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ABSTRACT: Sandstone type deposits are the most common type of uranium deposits in the world. A
large variety of sub-types have been defined, based either on the morphology of the deposits (e.g., tabu-
lar, roll front, etc), or on the sedimentological setting (e.g., paleovalley, paleochannel, unconformity), or
on tectonic or lithologic controls (e.g., tectonolithologic, mafic dykes/sills), or still on a variety of others
characteristics (phreatic oxidation type, interlayer permeable type, multi-element stratabound infiltra-
tional, solution front limb deposit, humate type, etc.), reflecting the diversity of the characteristics of
these deposits, but making it difficult to have a clear overview of these deposits. Moreover, uranium de-
posits occurring in the same sedimentological setting (e.g., paleochannel), presenting similar morpholo-
gies (e.g., tabular), may result from different genetic mechanisms and thus can be misleading for explora-
tion strategies. The aim of the present paper is to propose a new view on sandstone-related uranium de-
posits combining both genetic and descriptive criteria. The dual view is indeed of primordial importance
because all the critical characteristics of each deposit type, not limited to the morphology/
geometry of the ore bodies and their relationships with depositional environments of the sandstone, have
to be taken into account to propose a comprehensive classification of uranium deposits. In this respect,
several key ore-forming processes, like the physical-chemical characteristics of the mineralizing fluid,
have to be used to integrate genetic aspects in the classification. Although a succession of concentration
steps, potentially temporally-disconnected, are involved in the genesis of some uranium mineralization,
the classification here proposed will focus on the main mechanisms responsible for the formation and/or
the location of ore deposits. The objective of this paper is also to propose a robust and widely usable ter-
minology to define and categorize sandstone uranium deposits, considering the diversity of their origin
and morphologies, and will be primarily based on the temperature of the mineralizing fluid considered
as having played the critical role in the transportation of the uranium, starting from synsedimentary ura-
nium deposits to those related to higher temperature fluids.
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0 INTRODUCTION

Sandstone uranium deposits, also referenced as sandstone
related deposits, represent by far the most common type of ura-
nium deposits (662 deposits out of the 1 807 deposits listed in
the UDEPO database; IAEA, 2016) and are known on every
continent. The most recent classification of sandstone-hosted
uranium deposits is the one proposed by the IAEA (2018a, b),
integrating previous classification attempts such as those of de
Voto (1978), Nash et al. (1981), Dahlkamp (2009, 1993), and
IAEA (2009). Sandstone-hosted uranium deposits occur in a
large diversity of sedimentary settings, from medium- to
coarse-grained sandstone deposited in a continental fluvial, la-
custrine to lagunar conditions, or in channel, lagoonal, and

*Corresponding author: michel.cuney@univ-lorraine.fr
© China University of Geosciences (Wuhan) and Springer-Verlag
GmbH Germany, Part of Springer Nature 2022

Manuscript received May 6, 2021.
Manuscript accepted August 17, 2021.

beach-bar settings on the marginal plains of marine sedimenta-
ry environments. More rarely, uranium deposits may also occur
in sandstone of eaolian origin. Distribution of uranium and as-
sociated elements (e.g., V, Cu, Zn) are considered to be con-
trolled by oxidation states of the sandstones layers as well as
oxidizing water flow, which is chiefly controlled by sandstone
porosity, connectivity, and permeability. The fluids in these de-
posits are diverse, with variable oxidation states (oxidizing or
reducing) and with different origins: meteoric waters, diagenet-
ic brines, fluids migrated from hydrocarbon reservoirs or ema-
nating from a crystalline basement. Circulation of oxidizing
uraniferous and/or reducing fluids may be driven by gravity
(topography or salinity-related density controls), compaction,
convection, hydrodynamic regime (Chi and Xue, 2014), or tec-
tonic processes such as basin inversion (Cheng et al., 2020 for
roll front deposits; Cui et al. (2012) for basement/basin redox
controlled deposits) or seismic pumping (Sibson et al., 1975)
proposed for basin/basement redox controlled deposits. The
uranium deposition in sandstone uranium deposits are mainly
driven by circulation of fluids and distribution of redox barrier
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but, where lacustrine rocks and fine-grained organic-rich sedi-
ments dominate, the uranium deposits may be in part or entire-
ly syngenetic related to synsedimentary to early diagenetic con-
centrations.

Uranium and associated redox sensitive elements are pre-
cipitated either directly by intrinsic reducing agents occurring
within the sandstone, such as carbonaceous material, sulphides,
Ti-Fe-oxides, and ferro-magnesium minerals in the sandstone
or as basic volcanic layers or dykes, or by extrinsic reduced
compounds (fluids, bitumen, gas) infiltrated through faults, or
directly (i.e., biomineralisation) and indirectly through bacteri-
al sulphate reduction (e.g., Kyser and Cuney, 2015).

Sandstone uranium deposits are considered by some au-
thors as restricted to post-Silurian sediments, because of their
genetic relation with the presence of detrital vascular land
plants involved directly or indirectly in the deposition of urani-
um (Finch and Davis, 1985). However, the existence of sand-
stone uranium deposits in which the reductants are minerals
trapped in rocks or fluids migrated from oil/gas reservoir opens
up the time frame during which these deposits could have
formed. In this respect, sandstone uranium deposits have been
formed for almost 2 Ga, with the oldest occurrence known in
the Franceville Basin in Gabon. Although they do not represent
the oldest uranium concentrations on Earth, sandstone uranium
deposit are among the types of U deposits with a presence
among the longest known. Pre-2.2 Ga uranium mineralization
are known in Archean and Lower Paleoproterozoic coarse silic-
iclastic rocks (conglomerates), but they will not be included in
the present paper because they do not involve redox processes
as all other sandstone related uranium deposits.

Sandstone uranium deposits have been classically divided
into five major sub-types (IAEA, 2018a): (i) basal channel de-
posits hosted in wide paleochannels filled with poorly sorted
alluvial-fluvial unconsolidated sediments and generally occur-
ring in narrow valleys. Ore bodies usually form elongated rib-
bons or lenses, and more rarely present a roll shape. The urani-
um is essentially associated with detrital plants. The typical de-
posits of this type are those of the Vitim district in Russia
(Kochkin et al., 2017). They are also referred to as phreatic oxi-
dation type by the Soviet and Chinese geologists; (ii) roll-front
deposits with a typical crescent-shape ore bodies in cross sec-
tion, but occasionally with a more complex morphology. They
are developed at the interface (front) between originally re-
duced and secondarily oxidized poorly lithified arkosic sand-
stone between aquicludes. They typically present a color zon-
ing. In plane section the ore bodies are snake-shaped and elon-
gated nearly parallel to the strike of the sedimentary strata.
Roll front deposits are classified as “interlayer permeable
type” associated to an “interlayer oxidation zone” by Soviet
and Chinese geologists (Jin et al., 2020; Pechenkin, 2014),
“multi-element stratabound infiltrational” (Schmariovich et al.,
1988), or as “solution front limb deposits” by Klingmuller,
(1989). For most of them the reductant is intrinsic and repre-
sented by detrital carbonaceous debris (Bonnetti et al., 2020),
but for some of them the reductant is extrinsic and derived
from underlying hydrocarbon reservoirs (e. g., South Texas;
Hall et al., 2017). The sandstones are deposited in intracratonic
or intermontane basins, in the vicinity of U-rich granites and
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tuffs containing anomalous uranium concentrations (e. g., de-
posits from the Wyoming or Australia), or in continental to
marginal marine setting (e.g., Chu-Sarisu and Syr-Daria basins,
Kazakhstan, Mathieu et al., 2015), or still in marginal marine
environment (e.g., South Texas, Hall et al., 2017); (iii) tabular
deposits forming irregularly shaped sheet-like ore bodies, with
an elongation parallel to the depositional trend. They occur in
more or less consolidated fluvial to fluvial-lacustrine sandstone
or siltites, rich in organic matter, and intercalated with shale. A
more or less important pyroclastic contribution may be present.
Uranium is commonly associated with elevated contents of V,
Mo, Cu, Zn and/or Zr. Typical deposits are those of the Arlit
district in Niger and those of the Colorado Plateau (USA, San-
ford, 1992). In the Grants Region (USA), an extrinsic origin of
the humate/bitumen has been proposed but is controversial
(Turner-Peterson and Fishman, 1986); (iv) tectonic/lithologic
deposits with ore bodies hosted in sediments rich in organic
matter are controlled both by sedimentary and tectonic struc-
tures. The reductants can be intrinsic (detrital organic matter)
or extrinsic (migrated hydrocarbons). Lodéve in France
(Mathis et al., 1990) and Oklo in Gabon (Gauthier-Lafaye et
al., 1989) are considered as the reference examples for tectonic/
lithologic uranium deposits; and (v) mafic dykes/sills in Pro-
terozoic sandstones in which the location and shape of the ore
bodies are controlled by the presence of mafic dykes and/or
sills injected in the sandstones (e.g., Westmoreland District,
Australia, Polito et al., 2005).

The generic term “sandstone deposit” covers consequent-
ly a great variety of deposits occurring in a diversity of geologi-
cal environments and generated following a variety of physical
and chemical conditions, and thus cannot be used appropriately
without further qualification to define a deposit type. This clas-
sification of sandstone uranium deposits (IAEA, 2018a) is
dominantly based on the morphology/geometry of the uranium
ore bodies and to some extend to their relationships with the
depositional environments of the sandstone. However, sand-
stone uranium deposits presenting similar morphologies may
result from a variety of physical-chemical-biological processes
associated for instance with the circulations of a large variety
of fluids with variable Eh, pH, temperature, and salinity. Such
classification does not consider the genetic processes at the ori-
gin of the deposit and is therefore badly adapted to define ura-
nium exploration strategies. A striking evidence is the deposits
hosted by the FA sandstone of the Franceville Basin, in Gabon,
which are currently classified in the tectonic/lithological cate-
gory of TAEA (2018a). They were formed in fact in rather
equivalent genetic conditions as the so called unconformity-
related deposits from Canada and Australia, but as the latter are
not systematically hosted by sandstone, the two types of depos-
its are consequently attributed to a different deposit category in
most classifications. In addition, sandstone uranium deposits
are considered in most classifications as resulting from epigen-
etic processes, whereas some of them may be essentially of
synsedimentary origin. Moreover, synsedimentary deposits
generally have a tabular shape, but differing from a genetic as-
pect from that of the classical tabular deposits as defined
above. Another problem caused by previous classifications are
the terms basal channel or paleovalley setting used for a urani-
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um deposit, which can be also attributed to uranium deposits of
the calcrete type. Moreover, the definition of calcrete uranium
deposit is based on an implicit genetic concept, i.e., the evapo-
transpiration process at the origin of the calcrete, but not on the
shape of the ore body or the nature of the host rock as used for
conventional descriptive deposit-type classification. To finish
this list of examples, metamorphosed sandstone deposits are
classified in the category of metamorphic deposits, but in fact
most of them belong to one or the other type of the sandstone
uranium deposit group, but have been later variably modified
by metamorphism.

Considering these limitations, the aim of the present paper
is to propose a new view on sandstone-related uranium depos-
its combining both genetic and descriptive criteria. The dual
view is indeed of primordial importance because all the critical
characteristics of each deposit type, not limited to (but taking
them into consideration mainly for the definition of sub-types)
the morphology/geometry of the ore bodies and their relation-
ships with depositional environments of the sandstone, have to
be taken into account to propose a comprehensive classifica-
tion of uranium deposits. In this respect, several key ore-
forming processes, like the physical-chemical characteristics of
the mineralizing fluid, have to be used to integrate genetic as-
pects in the classification. The classification cannot be based
entirely on the depositional environments, which may have a
strong control on the localization of certain types of sandstone
related deposits, but have no specific role in others. Although a
succession of concentration steps, potentially temporally-
disconnected, are involved in the genesis of some the uranium
mineralization as currently observed, the classification here
proposed will focus on the main mechanisms responsible for
the formation and/or the location of ore deposit. The objective
of this paper is also to propose a robust and widely usable ter-
minology to define and categorize sandstone uranium deposits,
considering the diversity of their origin and morphologies. The
order of presentation of the six deposit types will be primarily
based on the temperature of the mineralizing fluid considered
as having played the critical role in the transportation of the
uranium, starting from synsedimentary uranium deposits to
those related to higher temperature fluids.

1 SYNSEDIMENTARY-EARLY DIAGENETIC SAND-
STONE SYSTEMS

Uranium can be incorporated either in mudstone-
dominated sediments rich in organic matter during their deposi-
tion or early diagenesis, such as peat, coal and black shales, or
in phosphorites, but uranium can be also deposited syngeneti-
cally in organic matter-bearing sandstone and siltstone (Bonnet-
ti et al., 2015a). The critical question being if such synsedimen-
tary to early diagenetic processes have been sufficient to gener-
ate significant economic or sub-economic mineralization or if
they lead only to the formation of low grade preconcentrations
which need to be reworked by other processes to form econom-
ic uranium deposits. For example, a syngenetic uranium precip-
itation in a reduced sedimentological environment has been
proposed for some of the tabular uranium deposits, in particu-
lar those from Niger by Cazoulat (1985). However, all recent
studies attribute the origin of the economic mineralization to
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much later diagenetic processes, which will be discussed later,
without denying that a part of the uranium may be initally of
synsedimentary origin.

The best example to illustrate synsedimentary uranium de-
posits hosted in sandstone is the relatively large Nehuting de-
posit (estimated resources of about 10 000 t U at 0.03% to
0.1% U, Dahlkamp, 2009), in the northern part of the Erlian
Basin, in northern China (Bonnetti et al., 2015a). It is domi-
nantly hosted in quartz-rich siltstone to silty mudstone of the
Late Cretaceous Erlian Formation, which were deposited within
fluvial-lacustrine environment. Uranium mineralization is con-
sidered as first concentrated in wetland environments, ad-
sorbed on clay mineral surfaces, Fe-Ti oxides and hydroxides
and organic matter. UO,” is initially adsorbed on organic mate-
rial and subsequently reduced (Nakashima et al., 1987). Then,
UO, forms nano- to micro-crystals disseminated in the clayey
matrix and organic matter. Synsedimentary/early diagenetic
uranium is remobilized during late diagenesis almost in situ
and redeposited locally as pitchblende and P-rich coffinite or
as replacement of pyrite crystals and pyritized organic matter.
The presence of framboidal pyrite and the phosphorus-rich na-
ture of the coffinite indicate that uranium deposition results
from H,S production by sulfate-reducing bacteria. Only a mi-
nor part of the U mineralization has been remobilized during
an epigenetic stage of cementation because of the very poor
permeability of the host silty-mudstone. Synsedimentary urani-
um mineralization is also known in other locations in the Erli-
an Basin (e. g., Naomugen and Subeng deposits, Dahlkamp,
2009) as well as significant primary uranium preconcentrations
(30.4 ppm U in average and up to 70 ppm) within the organic
matter-, Fe-sulphide-rich sandstones in the Saihan Formation,
which represent a sort of proto-ore for the Bayinwula roll front
deposits (Bonnetti et al., 2015b). In addition, similar syngenet-
ic to diagenetic uranium preconcentrations were also character-
ized in sandstones of the Yaojia Formation, which were consid-
ered as a major source of uranium for the epigenetic tabular de-
posits in the southern Songliao Basin in north China (Bonnetti
etal., 2017).

A dominantly syngenetic origin is also proposed for the
Mulga rock uranium deposits hosted in the Eocene Ambassa-
dor paleochannel along the southwestern margin of the Gunbar-
rel Basin at the western margin of the Officer Basin, Western
Australia (Douglas et al., 2011). Uranium resources are estimat-
ed at more than 30 000 t U at grades of 400 ppm to 600 ppm.
Uranium associated with a series of elements (Cu, Ni, Co, Se,
Pb) have been first concentrated within reduced lacustrine to
paludal carbonaceous sands and clays with peat-derived lignite
and clay-rich lignite layers. Uranium occurs mainly as diffuse
concentrations associated with organic matter or clay minerals,
with rare occurrence of coffinite and U-oxide. This last deposit
is transitional with the lignite-coal uranium deposit type, but
these deposits differ by the association of uranium with mas-
sive coal and lignite layers and a subordinate occurrence of
sandstone layers.

These syngenetic deposits (Nehuting and Mulga Rocks)
are classified as tabular sandstone deposits by Dahlkamp
(2009) and in the IAEA UDEPO data base, in the same catego-
ry as the deposits of Niger or Colorado which have yet a very
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different origin and geologic setting. Hence, using only the
morphological aspect to classify these deposits is not sufficient
because incorrect, and leads to confusion.

2 METEORIC FLUID INFILTRATION SYSTEMS

Five sub-types of uranium deposits derive essentially
from the solubilization of uranium by meteoric fluid infiltra-
tion (“exogenic infiltration” from the Russian authors) and its
deposition at low temperature within highly permeable silici-
clastic sediments. The persistence of moderately dipping, con-
tinuous strata, associated to basin uplift allowing for slow per-
colation of groundwater and a permeable environment are es-
sential for the genesis of economic uranium deposits linked to
meteoric infiltration systems.

2.1 Evapotranspiration

Deposits formed by meteoric near-surface phreatic waters,
occur dominantly in paleovalleys and to a lesser extend in pla-
ya lake settings, filled with Tertiary to Quaternary coarse, angu-
lar, and poorly sorted organic matter free, cobbles, gravels and
sandstone, with little evidence of chemical weathering. Palaco-
valleys are incised in basement rocks, and form relatively nar-
row steep-walled channels. The climatic conditions were hot
and varied from arid to semi-arid with sporadic rainfall (Carl-
isle, 1984). Such rainfall could also be occasionally torrential
causing deposition of poorly sorted immature conglomerates,
sometime with large boulders as at Langer Heinrich in Namib-
ia. They are most commonly cemented by variable amounts of
carbonates, with near-surface deposition of uranyl-vanadates in
arid to semi-arid desertic conditions. They are commonly re-
ferred to as calcrete uranium deposits in the literature but simi-
lar deposits may present a different cement: dolocrete, gyp-
crete, silcrete and other authigenic material (e.g., Chudasama
et al., 2018; Cuney and Kyser, 2015; Carlisle, 1984). Most if
not all economic deposits are of the calcrete type. The mineral-
ization occurs generally as tabular ribbon-shaped ore bodies (e.
g., 6 km long, 500 m wide and 8 m thick for the Yeleerie depos-
it in Western Australia, Cameron et al., 1980). The main urani-
um mineralization occurs where bed rock highs and a constric-
tion of the valley width decreases drainage, causing the migra-
tion of the water table closer to the evaporative surface. The
migration of the phreatic waters to the atmosphere induces
evaporation of these waters and subsequent oversaturation and
precipitation of uranyl vanadate minerals in valley calcrete or
playa lake siliciclastic sediments. The transfer of the phreatic
water to the surface also occur as a transpiration through the
pores of the siliciclastic formation in response to the dehydra-
tion of the upper part of the sediments by evaporation, evapora-
tion induced by the high surface temperature due to arid climat-
ic conditions. Mixing between uranyle-carbonate bearing wa-
ters with waters containing dissolved vanadium species is also
a possible additional mechanism (Chudasamaa et al., 2018).
The term “evapotranspiration deposits” is considered as it is
the most common feature shared by all these deposits and
which is not recognized in any other uranium deposit type.

2.2 Sealed Paleovalleys
Sealed paleovalleys deposits correspond to deposits occur-
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ring in paleovalleys filled with Tertiary to Quaternary coarse
and poorly sorted sandstone, but rich in organic matter unlike
the previous type, and generally sealed by basalt layers. They
are related to meteoric water infiltration and hosted in sand-
stone between impermeable layers like roll front deposits, but
they do not display the classical horizontal redox zonation of
these deposits and display a tabular shape. The so-called basal
channel deposits are associated to this category of deposit in
the IAEA classification (IAEA, 2018a) but these deposits oc-
cur near the base of much larger basins than the preceding ones
and are associated to much better sorted sandstone units and
are not sealed by volcanic rock. They are hosted in paleochan-
nels and have a tabular shape, descriptive characteristics which
can be observed within several other types of uranium depos-
its, such as the so called tabular deposits of Niger or Colorado,
calcrete deposits (“calcrete palaecochannel deposits of Namib-
ia” of Bowell et al., 2009), and syngenetic deposits (e.g., Mul-
ga Rocks, Western Australia). Hence, the so-called basal chan-
nel uranium deposits will not be considered in the sealed paleo-
valley category.

2.3 Valley Confined Amalgamated Sandy Meander Belts
(VC-ASMB)

Uranium deposits of this category will regroup mineraliza-
tion that were named in the previous classification as “basal
channel”. These deposits occur in large sedimentary basins (e.
g., Callabonna sub-basin, South Australia with the Beverley de-
posit, Western Chinle Basin, USA with the Monument Valley
and White Canyon uranium districts), but they are confined in-
to alluvial paleovalley meander belts, where the fluvial channel
and related overbank flood are not connected with adjacent in-
terfluves (Hartley et al., 2018). A series of these paleovalleys
can be amalgamated as in the case of the Shinarump member
of the Chinle Formation in the USA. The ore bodies are tabular
to lenticular shaped nearly conformable to the bedding and en-
longated parallel to scour trends. The Australian Beverley de-
posit hosted in Miocene sediments is of Pliocene age (Wulser
et al., 2011). It has never been buried to more than a few hun-
dreds of meters and the occurrence of framboidal pyrite attests
a bacterial activity connected to the genesis of the deposits, im-
plying low temperature conditions (<50 °C). It clearly results
from meteoric water infiltration at relatively shallow depth.
The depth at which the deposits hosted in the Shinarump sand-
stone have been formed is more difficult to precise because the
age of uranium deposition is not very well constrained. Some
authors have proposed a synsedimentary origin (Fischer,
1942). No recent radiometric dating exists. Recalculation of
*U-""Pb ages of Miller and Kulp (1963) by Ludwig et al.
(1984), provides a well-defined peak at about 201 Ma (limit
Permian—Jurassic) for the primary mineralization, which would
be 30 Ma younger than the age of the Lower Chinle Formation
(with maximum ages of deposition at ca. 234-229 Ma, Dickin-
son and Gehrels, 2008). This age indicates a moderate sedimen-
tary cover at the time of the primary uranium mineralization,
which would imply that the tight packing and detrital grains
have sutured surfaces and overgrowths observed in the Chinle
sandstone (Lewis and Trimble, 1959) suggesting deeper burial
than for the sediments hosting the Beverley deposit, would oc-
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cur well after the primary uranium mineralization. Other radio-
metric ages of the uranium mineralization have been estimated
at around 180 Ma by Young (1964), followed by several epi-
sodes of remobilization by ground water flow.

2.4 Roll Fronts

Roll front deposits generally occur in large to very large
sedimentary basins, filled dominantly with Mesozoic to Ceono-
zoic siliciclastic sediments. Deposition occurs in continental in-
termountain, vast foreland, to marginal-marine sedimentary ba-
sins. The ore bodies present an arcuate shape with a horizontal
color zonation and are developed in highly permeable arkosic
sandstones or sands located between two aquitars generally cor-
responding to mudstone-dominated layers. According to their
crescent shape they are generally called roll front deposits.
Some deposits may display an elongated tabular shape, when
the limbs of the roll become predominant because of the pres-
ence of carbonaceous-rich clayey-silty layers intercalated with-
in the sandstone unit (e. g., Kellner deposit in South Texas,
Dickinson and Duval, 1977). The flow of infiltrated meteoric
water is usually driven by gravity. Uranium is deposited at a re-
dox interface, the roll front, which migrates over time allowing
a gradual enrichment of the mineralization. Some of these roll
fronts are still active today.

The term roll front is presently kept because beyond its de-
scriptive meaning figuring the crescent shape of the ore bodies,
roll front also means a redox barrier between a secondarily oxi-
dized sandstone and a primarily or secondarily reduced sand-
stone, with a horizontal color zonation, a shape also controlled
by the confinement of the roll between two aquitards. The host
sandstones are unlithified and range from poorly consolidated
to completely unconsolidated. Most uranium deposits of roll
front type are hosted in arkosic sandstone of Upper Cretaceous
or younger in age, but a few occurrences have been described
in older host strata but they generally were formed by the remo-
bilization of older tabular ore (Finch and Davis, 1985). The
largest roll-front deposits in the world are located in Kazakh-
stan, the United States, China, and Mongolia (Dahlkamp,
2009; Finch, 1996). A single roll front have a thickness ranging
from less than one meter to tens of meters, but is generally less
than 20 m thick. In plan-view, along the same stratigraphic ho-
rizon, roll front deposits are typically sinuous and can extend
up to several hundreds of kilometers along strike. The width of
these deposit ranges from less than a meter to several hundred
meters (Dahlkamp, 2009). Roll front deposits can be stacked in
several superimposed stratigraphic layers at the same locations,
as observed in Kazakhstan.

Two subtypes are distinguished among the roll fronts in
the IAEA classification (IAEA, 2018a) according to the origin
of the primary reductants involved in uranium deposition:
either intrinsic reductant consisting of detrital organic matter,
or extrinsic reductant such as reducing fluids (liquid and/or
gas) migrated from deeper buried oil/gas reservoirs (e.g., Hall
et al., 2017 and references therein). Most of the recent studies
show that the organic matter represents only a nutrient for the
activity of the bacteria for the reduction of sulfates to dissolved
reduced sulfur species (H,S and HS") which are the reductant
for uranium (e.g., Bonnetti et al., 2020 and references therein).

Michel Cuney, Julien Mercadier and Christophe Bonnetti

When an extrinsic reductant is involved a structural control on
the occurrence of the roll front deposits predominates (e.g., Ad-
ams and Smith, 1981). Conversely to the intrinsic redox con-
trol, the reduced sandstone overprint primarily oxidized sand-
stone each side of the structure along which the reducing fluids
have percolated. The distribution of the redox zones can be still
more complex when the infiltration of the reduced fluids occur
after the formation of a roll front, leading to the re-reduction of
oxidized sandstone, making difficult the interpretation of the
color zonation during exploration of roll front uranium depos-
its (Zhang et al., 2019; Adams and Smith, 1981). For example,
the uranium deposits in the Oakville Formation, South Texas,
USA, are entirely hosted within reduced pyrite-bearing sand-
stone and they have a tabular shape rather than crescent shape.
Goldhaber et al. (1979) have found at least three to possibly
four stages of pyritization in the Lamprecht deposit in South
Texas. This pyritization has been related to the percolation of
hydrogen sulfide from oil deposits, or may even have caused
direct deposition of uranium (Eargle and Weeks, 1961).
Another sub-type is represented by roll front uranium de-
posits in North China (e.g., Yang et al., 2020; Bonnetti et al.,
2017) characterized by close spatial relationships between U
ore bodies and mafic dykes crosscutting the host sandstone. It
is proposed that the dykes may have represented an additional
reducing barrier to the primary reduced sandstones hosting the
mineralization. In the southern Songliao Basin, the sandstone-
hosted U mineralization of the Qianjiadian and Baxingtu depos-
its was attributed to roll front-type mineralization with tabular
to more crescent-shaped ore bodies. These deposits are hosted
in fluvial to deltaic sandstones of the Late Cretaceous Yaojia
Formation. The sandstones of the Yaojia Formation are domi-
nantly primarily oxidized with locally some remnants of prima-
ry reduced sandstones. They were then intruded by a series of
mafic dykes of basaltic composition during the Eocene (ca. 50—
40 Ma; Yang et al., 2020), which were emplaced before the for-
mation of the U deposits in the basin that occurred during the
Oligo—Miocene (ca. 40—10 Ma; Cheng et al., 2020). Although
the ore formation was mainly attributed to BSR-mediated pro-
cesses within the primary reduced sandstones of the Yaojia For-
mation (Bonnetti et al., 2017), the close spatial relation be-
tween mafic intrusions and the U ore bodies, dike-related sec-
ondary reduction, and secondary oxidation of the mafic rocks
in the Qianjiadian/Baxingtu area suggest that Eocene mafic
rocks and their alteration halo in the Songliao Basin may have
played a role as a reducing barrier for the U mineralization.
The hydrothermal alteration related to the mafic intrusions lo-
cally resulted in the secondary reduction of the host sediments
mainly characterized by bleached and green-altered sand-
stones. This alteration characterized by newly precipitated chlo-
rite, epidote, and carbonate as sandstone cement has likely
formed a secondary reducing barrier in oxidized sandstones or
strengthened the reducing character of the primary reduced
sandstones. Moreover, the secondary oxidation of some mafic
rocks together with anomalous U contents in the sandstones at
and near the contact with the dykes (Yang et al., 2020) also
demonstrates the interaction between the mafic intrusions and
U-bearing groundwaters in the Songliao Basin. Therefore, even
though the U mineralization of the Qianjiadian and Baxingtu
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deposits are dominantly of roll front type, part of it may have
been directly related to the reducing environment provided by
the mafic intrusions.

2.5 Interstratified Sandstone-Lignite-Coal Deposits

This sub-type of uranium deposit stands out among the
lignite-coal deposits as defined by the IAEA (2018a, b) by: (i)
its location precisely essentially within sandstone layers at the
contact or interlayed with lignite or coal strata and (ii) its epi-
genetic origin. This type of deposit occurs in coal/lignite basins
with numerous intercalations of coarse siliciclatic sedimentary
layers, which serve as channels for infiltration of oxidizing U-
bearing water. The deposits directly hosted within lignite or
coal horizons in which the uranium mineralization is generally
syngenetic and has no relation with sandstones are not incorpo-
rated in this category.

Interstratified sandstone-lignite-coal deposits uranium de-
posits are known in Palaeozoic, Mesozoic and Cenozoic coal-
fields all over the world (Seredin and Finkelman, 2008). The
highest uranium resources occur in Mesozoic to Cenozoic ba-
sins. The deposits form in the marginal parts of coal-bearing
basins, where infiltration of meteoric waters is possible. The
deposits usually consist of a series of wide ore lenses (1 to 15
km long, 0.1 to 2 km wide, and generally 0.1-0.5 m thick, rare-
ly exceeding 1—-2 m) occurring at the contacts between oxi-
dized sandstones and lignite or coal beds. Russian geologists
distinguish two types of epigenetic sandstone-lignite-coal de-
posits according to the mode of water circulation: (i) direct in-
filtration of meteoric water (ground-infiltration of unconfined
water of Maksimova and Shmariovich, 1993) and (ii) infiltra-
tion from formation waters (ground-infiltration of unconfined
water of Maksimova and Shmariovich, 1993). Water infiltra-
tion is favored when the sedimentation in the basin is followed
by weak uplift of the region. Each deposit sub-type is charac-
terized by different shapes and location in the lignite-coal se-
quences.

The first sub-type, illustrated by the Nizhne Iliskoye de-
posit (Kazakhstan) or the South Dakota deposits (USA), occurs
in monoclinally dipping Jurassic lignite beds and the mineral-
ization is located above these beds. The Nizhne Iliskoye depos-
it consists of 48 lenticular ore bodies occurring along a 40 km
long and 100-2 000 m wide zone. They are restricted to the up-
per 2 m from the lignite seam. The grade of the ore bodies var-
ies from 0.05% to 2% U, but with an average grade of 0.1% U.
Mo, +Ag, +Re are associated to uranium. Most of the uranium
is adsorbed onto carbonaceous matter and occur as pitchblende
and coffinite. The Nizhne Iliskoye deposit occurrs along a re-
dox front between oxidized sandstone and the upper part of the
reduced lignite beds according to the geologic cross section
provided by Fig. 15 of Seredin and Finkelman (2008).

The second sub-type occurs as classical roll fronts in sand-
stone with disseminated organic matter, or as elongated lenses
within sand horizons devoid of detrital plants parallel to the
contact with the lignite layers. The reductant is within the sand-
stone in the case of the roll front, whereas the redox front is lo-
cated between the sandstone and the lignite horizon in the case
of the elongated lenses, both at the base and to the roof of the
sandstone (according to Fig. 16 of Seredin and Finkelman,
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2008). However, the largest deposit (Koldzhatsk with 37 000 t
U) presents uranium mineralization in both situations: (i) be-
tween an oxidized sandstone and the top of a coal layer and (ii)
as roll front between coal layers. The deposit is 16 km long and
7 km wide and the ore bodies are associated with three lignite
and four sandstone horizons (Kislyakov and Shchetochkin,
2000).

Another subtype of interstratified sandstone-lignite-coal
deposits with a tectono-lithologic control can be defined when
the uranium mineralization results from infiltration of hydro-
thermal fluids along faults into the sedimentary layers (exfiltra-
tion type of Seredin and Finkelman, 2008). For example, in the
Tkhongchong basin in North Korea, the mineralization consists
of lens-shaped ore-bodies extending over several tens of meters
and up to 5—-6 m thick, with average U contents of 600 ppm—
800 ppm (Sozinov, 1966). The location of the mineralization is
controlled by faults bounding a granitic horst in the central part
of the basin and lithostratigraphic horizons with sandstone and
coal layer intercalations. The ore bodies occur in basal con-
glomerates and sandstones with lignite lenses covered by Mio-
cene coal-bearing sediments. The grade of the uranium miner-
alization increases towards the faults. The hydrothermal fluids
are related to an episode of volcanic activity. A similar interpre-
tation is proposed for uranium mineralization in coal beds inter-
stratified in a tuffaceous-sedimentary sequence filling the
northern block of the Streltsovska caldera in Transbaikalia
(Mashkovtsev et al., 1995). U contents are elevated in coal
beds and underlying sandstones and tuffs.

On the contrary the Ambassador polymetallic uranium de-
posit (Western Australia) (Douglas et al., 2011) despite being
hosted within fluvial palaeochannels, is not attributed to the in-
terstratified sandstone-lignite-coal deposit type, because the po-
tentially economic mineralization is entirely contained within
the top 1-2 m of lignite seams intercalated with sandstones and
was precipitated syngenetically with organic matter.

3 DIAGENETIC HYDROTHERMAL SYSTEMS

Unlike deposits of the preceding group, diagenetic hydro-
thermal uranium deposits involve the implication of a hot and
saline diagenetic brine (70 to 250 °C, 10 wt.% to 35 wt.% eq.
NaCl) (e. g., Cuney and Kyser, 2015; Cuney, 2014, 2011;
Hoeve and Quirt, 1987). The temperature of the fluid may be
in equilibrium or in disequilibrium with the enclosing rocks ac-
cording to the type of deposit. Some authors have considered
that some of the deposits included in this section, such as the
tabular deposits were formed at low temperature (e.g., Northrop
et al., 1990, for tabular deposits), but these estimations were
empirical, and more recent data on temperature estimation of
the fluids in these deposits give values of about 100 °C as dis-
cussed below. Five sub-types can be distinguished according to
the salinity and the temperature of the brine, as well as the loca-
tion of the redox interface and their depositional or structural
environments.

3.1 Intraformational Redox Control

The reducing agent of the uranyl-bearing solutions is pres-
ent within the sandstone, as dispersed detrital organic matter in-
herited from land plants, or as migrated humates, or as fluids
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deriving from deeper-seated oil/gas reservoirs. This deposit
sub-type can be further subdivided in three categories accord-
ing to the importance of the structural control on the develop-
ment of the mineralization:

3.1.1 Tabular deposits

They are transitional with the syn-sedimentary deposits,
because U may begin to precipitate shortly after sedimentation,
but dominantly during diagenesis. This deposit category main-
ly corresponds to previously name tabular deposits (IAEA,
2018a) from which we distinguished the deposits presenting an
important structural control. In tabular deposits, the ore bodies
are originally subhorizontal and peneconcordant with the sedi-
mentary bedding and occur within reduced coarse sandstone
layers intercalated between weakly permeable clay-rich hori-
zons. However, these tabular deposits may present some com-
plexities, with a structural control which appears in the remobi-
lized part of these deposits, the so called “stacked ores”
trapped along tectonic structures, or with the development of
roll fronts which may be occasionally a primary features, but
more commonly appear to result from the recent infiltration of
meteoric fluids (McLemore, 2010). In the present contribution,
tabular deposits regroup the formerly distinguished by IAEA
(2018a) as continental fluvial deposits, U associated with ex-
trinsic humate typically represented by the Grants district
(USA) and continental fluvial vanadium-uranium deposits, typ-
ically represented by the Salt Wash-type (USA) because recent
syntheses (Barton, 2018; Sanford, 1992) show that most of
their characteristics and genetic conditions are very similar.

The depositional environment corresponds to unconfined
amalgamated sandy meander-belt (ASMB) deposited across a
semi-arid landscape for the Salt Wash sandstone in Colorado
(Robbins, 2009). The major source of U and other elements
(Mo, Zr) is commonly represented by volcanic ash within the
sandstones. Uranium is generally leached by brine under oxi-
dizing and slightly acidic conditions, but interaction with volca-
nic ashes increases the alkalinity of the fluid. In tabular depos-
its from the Morrison Jurassic Formation in Colorado (Shawe,
2011) the sandstone is lithified, quartz grains present evidence
of pressure solution and variably developed overgrowths sug-
gesting deeper burial of the sediments compared to the sand-
stone units hosting roll front uranium deposits. Pressure solu-
tion becomes significant beyond a burial depth of about 2.5 km
(Ramm, 1992). In the sandstone, feldspars represent generally
less than 10 vol% of the rock. In the cement, chlorite is fre-
quently rich in vanadium, and associated with interstratified
clay minerals, illite and kaolinite. The tabular ore bodies are
completely enclosed by reduced, pyrite-bearing sandstone;
they are not localized along redox boundaries. No oxidation of
pyrite is observed. From these observations Granger and War-
ren (1979) suggest that unlike roll front deposits, the uranium-
bearing fluid in tabular deposits were devoid of free oxygen.
Another important parameter may be the difference in the type
of complexation of uranyl ions. In infiltrated meteoric water,
uranyl-carbonates are probably the main species in solution,
and carbonates are known to enhance pyrite oxidation (Caldei-
ra et al., 2010). Whereas, in tabular deposits, the ore fluid in-
volves a higher temperature (70 to 110 °C for the Colorado Pla-
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teau district, Shawe, 2011; Meunier, 1994; Meunier et al.,
1987) chloride diagenetic brine (0 to 14 wt.% equiv. NaCl for
the Colorado Plateau district, Meunier, 1994), in which uranyl
ions may be associated with other type of complexes (S, Cl)
which may be less reactive with iron sulfides and organic mat-
ter, preventing the formation of a distinct redox front. If this
brine is associated with the mineralization process, its tempera-
ture is not compatible with an activity of sulfate reducing bacte-
ria supported by the presence of framboidal pyrite and the very
negative values of 6S of the sulphides in mineralized samples
(e.g., Northrop et al., 1990). However, it is possible that these
sulphides and associated bacterial activity may have occurred
during an early diagenetic stage, before the circulation of the
hot diagenetic brines. Framboidal pyrite texture may survive
low-grade metamorphism (e. g., Hellerschmidt-Alber, 2008 in
the Forstau deposit, Austria). In addition, tosudite has been
identified in the Tidwell Member, just below the mineralized
section of the Salt Wash Member of the Morrison Formation
(Northrop et al., 1990). The temperature of tosudite crystalliza-
tion has been estimated between 100 and 200 °C from the data
on the thermal stability of tosudite in the literature (Beaufort et
al., 2015).

The lack of any obvious geologic feature controlling at
the local scale the striking tabular geometry of these deposits
has led several authors for the ore deposits of the Morrison For-
mation (e.g., Northrop et al., 1990, and references therein) to
propose a model involving a stable interface between two
density-stratified fluids, a brine and a meteoric fluid. However,
the most recent synthesis (Barton et al., 2018), suggests that
migrated hydrocarbons are likely responsible for the reduction
of the uranyl-bearing solutions. Ludwig et al. (1984) propose
however an age of about 132 Ma for the primary uranium min-
eralization of the Ambrosia Lake district hosted in the Morri-
son Formation, an age close to that of the deposition of the
Late Jurassic host rock. Although these results seem to be con-
sistent with the Rb/Sr age on ore-stage chlorite of Brookins
(1980), suggesting a primary mineralization age at 139+24 Ma
in the same district, they are in contradiction with the oldest
possible migration age of reducing fluids derived from an oil
reservoir in the area, estimated from modelled age of oil matu-
ration, at less than 100 Ma (Nuccio and Condon, 2000). A re-
cent contribution, on the small JD6 uranium mine (with a re-
source of about 50 t U), from the Uravan belt in Nebraska,
gives U-Pb ages with four stages of uranium deposition, the
earliest one is dated at 34+5 Ma on coffinite associated with
non-biogenic pyrite (Meek, 2014). It clearly appears that fur-
ther research is needed to clarify the nature of the mineralizing
fluids, to better evaluate the relative role of detrital organic
matter versus migrated reducing fluids, the mechanism of ura-
nium reduction, and the age of the primary uranium deposition
for this type of deposit.

More recently, evidences of hydrothermal fluid involve-
ment have been reported in a number of sandstone hosted ura-
nium deposits from China, such as the Hangjinqi uranium de-
posit in the Northern Ordos Basin (Zhang et al., 2017), the
Qianjiadian uranium deposit in the Songliao Basin (Jia et al.,
2020; Rong et al., 2020, 2019), and Tamusu uranium deposit,
Bayingobi Basin (Zhang et al., 2019). The Hangjingi uranium
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deposit represents an interesting example of a primary low
temperature mineralization followed several tens of million
years later by a uranium mineralization associated with hot
and saline fluids (120—180 °C and 8.00%—16.34% eq. wt.%
NaCl) (Zhang et al., 2017). However, it is not specified wheth-
er the hydrothermal stage represents only a reworking of the
primary low temperature mineralization or if it contributes to
an important part of the uranium resource in the deposit. Nev-
ertheless, the hydrothermal uranium stage dated at 39+2 Ma
by Zhang et al. (2017) likely contributed in local enrichment
as well as the preservation of the primary reduced U ore,
which was favored by the Eocene (~50—40 Ma) crustal exten-
sion and related mafic intrusions in northeast China (Yang et
al., 2020). On the contrary in the case of the Tamusu uranium
deposit, Zhang et al. (2019) show that the hydrothermal diage-
netic fluid is responsible for the formation of the high-grade
mineralisation. For the Qianjiadian uranium deposit, the forma-
tion of the high-grade mineralization is attributed to the ther-
mal effect of the intrusion of diabase dykes (Jia et al., 2020;
Rong et al., 2020, 2019). However, a more recent study (Yang
et al., 2020) constrains the emplacement of the basic dykes by
zircon U-Pb isotopic dating (between 51 and 40 Ma) prior to
the main stage of uranium mineralization (Zhao et al., 2018).
Therefore, if the mafic rocks have played a role as a reducing
agent in the genesis of the high grade U ore, as suggested by
the occurrence of the U ore bodies close to the mafic dikes,
the high temperature fluids do not seem to be related to the ore
forming processes.

3.1.2 Tectonolithologic deposits

The ore bodies are controlled not only by the host lithology-
permeable palacochannels rich in reducing organic compounds
as in the preceding deposit types-but also by tectonic struc-
tures. Typical examples are the deposits from the Arlit-
Akouta district in Niger (Pagel et al., 2005) and the Lodéve Ba-
sin, from southern France (Mathis et al., 1990; Comte et al.,
1985).

In Niger the location of the deposits and paleochannels
are controlled by the Arlit-Inazawa lineament and associated
structures, but the mineralization is stratabound (Gerbaud,
2006). Most of the deposits are hosted in the Pennsylvanian or
Jurassic Formations. Roll front type structures are particularly
obvious in the Akouta deposit, but result from uranium remobi-
lization from primary mineralization by later infiltration of me-
teoric fluids (Cazoulat, 1985), probably during the uplift of the
basin. In the Lodeve deposit, the uranium mineralization oc-
curs both within organic matter-rich sedimentary layers, with a
possible primary uranium preconcentration (Lancelot and Vel-
la, 1989), and along tectonic structures in association with mi-
grated bitumens (Martin, 1992).

The Permo-Pennsylvanian Lodéve Basin is an intermon-
tane basin with up to 3 000 m of sediments deposited in a
fluvial-alluvial to lacustrine setting. However recent interpreta-
tions propose that the stratigraphic relationships in the Lodeve
Basin may be the product of a progradational deposition on a
distributive fluvial system (DFS) (Weismann et al., 2013). A
DEFS is defined as ‘the deposit of a fluvial system which in
planform displays a radial, distributive channel pattern’ (Hart-
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ley et al., 2010). The main mineralization is localized in the
Lower Autunian and more specifically in the Loiras and Mas
d’Alary layers. They consist of alternating 0.5 to 2 m thick
strata, each comprising three types of lithology: fine-grained
sandstone at the bottom deposited in continental flood plains,
overlain by carbon matter-rich silt and shales, and finally
pelites at the top deposited in lagoonal environments. Twenty
layers of centimeter-to-decimeter-thick cinerites are interbed-
ded within the Autunian shales. Another particularity of this de-
posit is that the organic matter is of mixed origin, with most of
it deriving from planctonic organisms and algae with a small
proportion of detrital plants. The fluids present in quartz and
dolomite veins within the deposit have the characteristics of a
diagenetic brine with varied salinities (3 wt.%—14 wt.% eq. Na-
Cl) and homogenization temperatures (130—-250 °C), but tem-
peratures up to 300 °C were reported (Mendez Santizo et al.,
1991; Landais and Connan, 1986). The new formation of K-
feldspar indicates that the fluids were alkaline.

In the Arlit-Akouta district in Niger the depositional envi-
ronment of the mineralized sandstone is essentially fluvio-del-
taic (Valsardieu, 1971). At a more detailed scale, the mineral-
ization is preferentially located along bottom and basal fore set
layers of palacochannels where carbon (organic) matter is pref-
erably accumulated and replaced by pyrite (Sanguinetti et al.,
1982). The sandstone is lithified with quartz grains presenting
evidence of pressure solution and variably developed over-
growths suggesting deep burial of the sediments. In the ore de-
posits, the temperature of the fluids (85 to 175 °C) estimated
from chlorite composition and fluid inclusion studies (Mama-
dou, 2016; Mamadou et al., 2016; Forbes, 1988), and their sa-
linities correspond to those of a diagenetic brine (3 wt.% to 22
wt.% eq. NaCl). The fluids were alkaline, as attested by the
abundance of analcime and carbonate in the sediments, and the
new formation of albite. The location of the deposits is con-
trolled at the reginal scale by the Arlit-Inazaoua lineament and
the paleochannels are controlled by associated diverging struc-
tures (Gerbeaud, 2006). In this area, the structural control of
the mineralization is the most evident in the newly discovered
Dasa uranium deposit about 80 km south of the Arlit district,
which is located in a N70 trending graben structure (Sani et al.,
2020).

The major source of U is represented by volcanic ash pres-
ent within the sandstones in the Arlit-Akouta district (Forbes et
al., 1984) as well as in the Lodeve deposit (Ahamdach et al.,
1993). However the surrounding U-rich granitic and or volca-
nic rocks have certainly also contributed to the early uranium
enrichment of the organic matter-rich sediments during their
deposition. Regarding uranium deposition, its reduction by the
intrinsic organic matter is the favored hypothesis for the depos-
its in the Arlit-Akouta district, although migrated hydrocarbons
have been recently evidenced in these deposits (Salze et al.,
2018). Concerning Lodéve, the control of the uranium mineral-
ization by migrated bitumen is clear for the structurally con-
trolled mineralization in addition to the intrinsic organic matter
control for the stratabound mineralization.

3.1.3 Diagenetic-hydrothermal karst
Although this type of deposit is not hosted in sandstone, it
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is proposed to integrate it to the sandstone type uranium depos-
it classification because it occurs in the same sedimentary ba-
sin as the valley-confined amalgamated sandy meander - belts
and the tabular deposits from Colorado, and the fluids de-
scribed in the ore bodies are diagenetic brines similar to those
observed in the tabular or tectono-lithologic deposits described
above.

They are generally referred to as solution collapse breccia
pipes (IAEA, 2018a). They are nearly only known in the Grand
Canyon region in the Colorado Plateau, USA, but similar oc-
currences have been reported in China. They form almost verti-
cal cylindrical pipes of 30 to 175 m wide located in the Upper
Carboniferous to Triassic flatlying sediments (Wenrich and Tit-
ley, 2008). Karstification developed in the Mississippian Red-
wall Limestone mainly along and at fracture intersections.
Overlying sedimentary formations have collapsed up to a dis-
tance of 1 000 m from the karst cavities. Several thousands of
pipes have been identified but only about 100 of them are min-
eralized. Ore grades are elevated (0.4% to 1% U), but resourc-
es are relatively small (some hundreds to 1 500 t U). Pitch-
blende is the main U mineral, and is associated with a variety
of Cu, Zn, Pb sulphides and arsenides and locally bitumen dis-
seminated in the matrix of the pipe filling breccias and as fill-
ings of minor fractures. The fluids trapped in sphalerite, dolo-
mite and calcite are typical diagenetic brines, infiltrated from
deeper part of the basin, with homogenization temperatures of
80-173 °C and salinities of 4 wt.%—17 wt.% equiv. NaCl (Wen-
rich and Titley, 2008). All these characteristics are quite similar
to those of Mississippi Valley-type deposits. Interestingly, the
U-oxides from several breccia pipe deposits (Pigeon, Kanab N,
and Hack 2) display similar chemistry and REE patterns (Wen-
rich et al., 2018; Lach, 2012), to U-oxides from unconformity-
related uranium deposits (Mercadier et al., 2011), which gene-
sis is also related to the circulation of diagenetic brines. The re-
ductants is not very well defined but may be represented by mi-
grated hydrocarbons preserved as bitumens in some of the
pipes (Landais, 1986). Two mineralization events have been
dated at 260 and 200 Ma (Ludwig and Simmons, 1992), imply-
ing that the brine would have circulated much earlier than the
one associated with the valley-confined amalgamated sandy
meander-belts hosted in the Triassic Chinle Formation and the
tabular deposits of the Jurassic Morrison Formation also occur-
ring in the Colorado Plateau region. However, thermal model-
ling of the Permian Toroweap Formation associated with urani-
um deposits in Colorado Plateau breccia pipes, gives a maxi-
mum age of 120+10 Ma for the migration of the hydrocarbons
in the pipe (Landais, 1993), which would be similar to some of
the ages obtained by Ludwig et al. (1984) for the primary urani-
um mineralization of the tabular deposits of the Ambrosia Lake
district at about 132 Ma.

In South China, Devonian—Carboniferous carbonate strata
host several uranium deposits (Sanbaqi, Sanqilinyi, and Saq-
isan), with characteristics similar to those of the Colorado Pla-
teau breccia pipes (Min et al., 2002). For example, the Saqisan
uranium deposit occurs in solution collapse breccias as well as
in solute on-fault breccias with a mineralization consisting of
pitchblende, coffinite and Fe-, Cu-, Zn-, Pb-, and Ni-sulphides.
The breccia matrix is composed of limestone clasts, clays and
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organic matter. An early uranium mineralization associated
with organic matter synchronous with karst formation, is later
enriched during the percolation of a saline basinal brine at 110—
251 °C.

3.2 Interformational Redox Control

The reducing interface is located between the top of an ox-
idized sandstone formation and an oil generating black shale
formation as exemplified by the deposits of the Early Protero-
zoic Franceville Basin in Gabon (Gauthier-Lafaye, 1986). This
example shows that uranium deposits hosted in sandstone oc-
cured well before the apparition of the land plants, by the cre-
ation of reducing conditions in the sandstone through the mi-
gration of hydrocarbons generated in marine sediments. The
Franceville basin is filled with a 4 to 5 km thick, unfolded and
unmetamorphosed, sedimentary succession deposited at about
2.1 Ga.

The basal FA Formation (500—1 000 m thick) is mainly
composed of conglomerates and fine- to coarse-grained red
sandstones, deposited in a fluvial to deltaic environment (We-
ber, 1968). The FA sandstone being of Proterozoic age, synsedi-
mentary organic matter was absent, whereas the shales of the
overlying FB formation deposited in marine environment are
very rich in organic matter. All uranium deposits of the
Franceville basin (e. g., Oklo, Mounana, Okelonbondo) occur
in the upper part of the FA formation, in the vicinity of the con-
tact with the FB black shales (Gauthier-Lafaye, 1986). Gancarz
(1977) has dated uranium deposition by U-Pb isotopes at 2.05+
0.03 Ga. The development of the mineralization is controlled
both by the stratigraphy and the tectonic structures. The fluids
presumed to be associated with the ore forming processes have
the same characteristics as those of unconformity-related de-
posits: maximal burial temperature of about 200 °C and 1 kbar,
and with high salinities (28.7 wt.% NaCl to 30 wt.% CaCl, eq.)
(Mathieu et al., 2000). The main uranium source is believed to
come from the alteration of the detrital monazites particularly
abundant in the FA formation (Cuney and Mathieu, 2000). It
has been calculated that the amount of U liberated from mona-
zite alteration by the oxidizing diagenetic brines was largely
sufficient to account for all the uranium deposits of the
Franceville basin (27.635 t U at 0.38%). The reduction of ura-
nium is controlled by the hydrocarbons generated by the ther-
mal maturation of the marine organic matter of the FB black
shales, which have migrated in the permeable sandstone in the
upper part of the FA Formation, and have mixed with the oxi-
dizing uranium-bearing diagenetic brines (Lecomte et al.,
2020). The hydrocarbons have migrated thanks to the develop-
ment of longitudinal normal faults (Ndongo et al., 2016), and
hydrofracturing of highly silicified sandstones. Hydrofractur-
ing was related to the development of overpressures in under-
compacted zones, and have favored fluid circulation and mix-
ing (Gauthier-Lafaye and Weber, 1989). The main generation
of uranium oxides in the deposits of the Oklo district displays
similar chemistry and REE patterns (Lecomte et al., 2020) to
the U-oxides from unconformity-related uranium deposits
(Mercadier et al., 2011) and also U-oxides from the Pigeon,
Kanab N, and Hack 2 breccia pipe deposits (Wenrich et al.,
2018; Lach, 2012).
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The Mountain Lake deposit hosted in the Paleoproterozo-
ic Hornby Bay Basin, in the Bear Structural Province (Cana-
da), presents a location in the basin similar to that of the Oklo
district uranium deposits. It is located in sandstone of the LeR-
oux Formation, close to its upper boundary with black shales
of the Fort Confidence Formation. Dayboll et al. (2010) pro-
pose that downward-moving hydrocarbons, originating from
the overpressured shales of the Fort Confidence Formation,
represent the reducing agent for the reduction of uranium.
They classify this deposit as a tabular, sandstone-hosted depos-
it, despite the strong dissimilarities with the typical tabular de-
posits as originally defined in Colorado. This example shows
once again that a purely descriptive classification of uranium
deposits can be misleading.

3.3 Basement/Basin Redox Control

They are usually referred to unconformity-related deposits
due to their location close to surface of unconformity between
an undeformed siliciclastic sedimentary cover and a metamor-
phic basement. These deposits are integrated in the classifica-
tion of sandstone type deposits because the sandstone repre-
sents the reservoir of the ore forming fluids and at least a part
of the uranium forming the deposits, even if some of the depos-
its are not hosted in the sandstone, but in the basement or strad-
dle the unconformity. The basement is usually represented by
Archaean granitic domes rimmed by metamorphosed Palaeo-
proterozoic U-rich epicontinental sediments, and intruded by
granitic/pegmatic bodies. The basal formation in these basins
consists of continental fluvial, acolian to marginal marine, oxi-
dized, sandstone with minor siltstone which deposition begins
at about 1 750 Ma (Jefferson et al., 2007). In the heavily miner-
alized basins, the sandstone is very mature, comprising well-
rounded detrital quartz with generally well-developed over-
growths, minor clay cement consisting mainly of kaolinite, and
feldspars are generally absent. The mineralization is essentially
controlled by tectonic structures, commonly corresponding to
reverse faulting. These faults have a long tectonic history, from
pre- to post-basin, and are deeply rooted in the basement in gra-
phitic schists (referred also as graphitic conductor). Along
these structures, quartz dissolution in both basement and basin
is an important phenomenon that provides most of the space
for the deposition of the uranium mineralization (Lorilleux et
al., 2002). When silicified, the sandstones are brecciated (Le
Carlier et al, 2009). The two major provinces hosting
basement/basin redox-controlled deposits are the Athabasca,
Saskatchewan in Canada and the East Alligator River, North-
ern Territory in Australia, uranium Provinces. Other basins that
share some of the characteristics of the Proterozoic Athabasca
and McArthur basins and hosting basement/basin redox-
controlled deposits are known the Proterozoic basins of Pasha
Ladoga in Karelia, Russia, with the Karku deposit (Velichkin
et al., 2005), Thelon in Nunavut (Renac et al., 2002), Otish in
Northern Québec (Beyer et al., 2012, both in Canada, and the
metamorphosed Coolbro Sandstone in Australia, with the
Kintyre deposit (Hanly, 2005). A complete review of the base-
ment/basin redox-controlled uranium deposits is available in
IAEA (2018a). A thorough discussion concerning the deposits
that have been improperly attributed to this deposit type is also
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provided.

Possible U sources of basement/basin redox-controlled de-
posits are some lithologies from the basement and the sand-
stone cover. Archaean rocks underlying the Athabasca Basin
are mainly composed of U-poor tonalites and cannot have rep-
resented a U source, a few are slightly enriched in uranium, but
high-K-Th-U Archaean granites do exist (Nanambu Complex)
in the Northern Territory. These Archaean domes in both prov-
inces are rimmed with Palaeoproterozoic metasediments made
of epicontinental clastic to chemical deposits. Graphitic schists
representing former black shales deposited during the Shunga
event just after the Great Oxygenation Event are enriched in
uranium and represent probably the dominant source of U and
associated elements (Partin et al., 2013; Cuney, 2010). Many
other additional potential uranium sources are present especial-
ly in the basement of the Athabasca Basin. Meta-arkoses and
calcsilicates, as well as pegmatoids and leucogranites derived
by anatexis of the Palaeoproterozoic meta-sediments, are rich
in uranium and contain uraninite, which represents a particular-
ly easily leachable U source (Mercadier et al., 2013; Annesley
et al., 2003; Parslow and Thomas, 1982). Palacoproterozoic U-
Th-rich high-K calc-alkaline granitoids, and the late Hudsonian
U deposits of the Beaverlodge-Gunnar district may also repre-
sent significant U sources.

The sandstone cover may have represented an additional
or a main U source (Fayek and Kyser, 1997). However, the
mean U content of the conglomeratic and sandstone formations
in the Athabasca and McArthur basins is about 1 ppm, and pre-
dominantly hosted in zircon. Only the alteration of monazite
has represented a potential notable U source, as already dis-
cussed above for the uranium deposits of the Franceville basin,
Gabon (Cuney and Mathieu, 2000; Hecht and Cuney, 2000).
However, a significant part of the U liberated by monazite al-
teration was trapped in Fe-Ti oxides and in altered zircons (up
to to several thousand ppm), but not leached out from zircon as
proposed by Fayek and Kyser (1997). In contrast with these ob-
servations, Chi et al. (2019) propose, from the study of fluid in-
clusions in the diagenetic overgrowths of detrital quartz from
the Athabasca sandstone, that the early diagenetic fluids were
already relatively rich in uranium up to a few tens of ppm.

Uranium solubility was favored by the high temperature
(120-200 °C), f,, and chlorinity (25 wt.%—35 wt.% eq. NaCl)
and low pH of the basinal diagenetic brines derived from evap-
oration of seawater at surface (Richard et al., 2011; Derome et
al., 2005, 2003). The high temperature is the result of a deep
burial of the sandstone (4 to 5 km), the high f resulted from
the lack of detrital or migrated organic matter in Palacoprotero-
zoic continental sandstones, the high chlorinity from the high
degree of evaporation leading to evaporates in upper horizons
of the basin, and the low pH from the lack of detrital feldspar
and the presence of a quartztkaolinite+illite paragenesis in the
cement of the sandstone. The efficiency of these brines for U
transport has been confirmed by the laser ablation ICP-MS
analyses, which have revealed that the brines have U concentra-
tions reaching several hundreds of ppm (Richard et al., 2012),
the richest U concentrations in natural fluids known so far. An
alternative hypothesis considers a shallow burial of the Atha-
basca sandstone and that the high temperatures were resulting
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from an anomalous heat flow induced by the intrusion at depth
of basic magmas (Chi et al., 2018).

The oldest uranium mineralization age in the Athabasca
Basin district is at ca. 1 590 Ma, from U-Pb dating of U-oxides
and “Ar-"Ar dating of syn-ore illite, for both sandstone- and
basement-hosted deposits (Alexandre et al., 2009). In Austra-
lia, an age about 1 680 Ma has been determined for the main
diagenetic-hydrothermal uranium mineralization (Skirrow et
al., 2016). However, it is still uncertain if all the U has been de-
posited during a single event or if accretion of multiple stages
of U deposition have occurred, as the uranium oxides and clays
are marked by an extremely large dispersion of measured ages
(from 1.7-1.5 Ga to present time)

To explain uranium reduction, as well as the source of bo-
ron and magnesium in the alteration haloes and of the metals
(Ni, Cu, Co, Zn, Au) in the polymetallic deposits, a reduced
fluid derived from the basement has been proposed by various
authors (e.g., Dargent et al., 2015; Bray et al., 1988; Hoeve and
Quirt, 1987). However, direct evidences for the mixing of a
basement derived reduced fluid with the basinal brines are still
very weak. The deposition of the Ni-Co-Cu-As-S stage at Ci-
gar Lake U deposit (Athabasca Basin) is moreover temporally
disconnected from the first stage of U deposition and consid-
ered to be related to the McKenzie dykes emplacement at 1.27
Ga (Chernonozhkin et al., 2020). Other hypotheses have been
proposed for the reduction of uranyl ions (see Kyser and Cu-
ney, 2015 for a synthesis).

3.4 Basin/Basement Redox Control

The definition of this type of deposits is based on the fact
that the conceivable reductants are located in the basin and are
not available in the basement. The redox zonation is inverted
relative to the basement/basin type discussed just above. Such
deposits have been described in the northern part of the Pro-
terozoic Cuddapah Basin located in the eastern Dharwar Cra-
ton in India (Verma et al., 2009). Typical examples of this type
are the Chitrial (5 000 to 10 000 t U at 0.05% to 0.10% U) and
Koppunuru (700 t U at 0.07% U) deposits associated to the Sri-
sailam and Palnad sub-basins. The mineralization occurs as
thin, elongated sheets parallel to an Archaean unconformity
surface either mostly at the top of the Archean U-Th-rich gra-
nitic basement in the Chitrial deposit, or as horizontal lenses
concordant with the sedimentary bedding in the Banganapalle
Formation above the unconformity with minor mineralization
in the basement for the Koppunuru deposit. The Banganapalle
Formation consists of a basal conglomerate, quartz arenites
with intercalation of carbonaceous shales.

A chlorite alteration is essentially developed in the upper
part of the granite and rarely in sediments, and illite occurs
both in the granite and the arkosic quartzite. Organic matter
and pyrite commonly occur with the uranium mineralization,
which suggests that they may have been involved in the reduc-
tion of uranium. The fluid inclusions associated to these depos-
its have the characteristics of diagenetic fluids (1.9 wt.% to
23.2 wt.% NaCl eq.; 82 to 226 °C) (Thomas et al., 2014). The
large salinity variation associated with the range of homogeni-
zation temperatures of the fluid inclusions has been interpreted
by Thomas et al. (2014) as a mixing between a low saline fluid
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which is attributed to a basinal brine, and an evolved brine re-
sulting from hydrothermal alteration. However, another inter-
pretation is preferred. The brines probably derive from deeper
part of the Cuddapah Basin, where the temperatures were high-
er, and have migrated to the marginal part of the basin follow-
ing the unconformity contact as observed in other basins
(Boiron et al., 2010). The source of the uranium is most proba-
bly the U-Th-rich granites from the basement. The reductants
are probably the organic matter derived from the pyritic black
shale layers.

3.5 Mafic Intrusion Redox Control

The uranium mineralization occurs in the vicinity of or
within mafic dykes and sills that crosscut or are concordant
with Proterozoic sandstone strata. For example the Red Tree
deposit hosted in the McArthur Basin, Westmoreland District,
Australia, is essentially stratabound within the sandstones and
parallel to the lithological contacts with dolerite sills. The
McArthur Basin was filled by several kilometers of siliciclas-
tics, carbonates, and volcanic tuffs, between 1 800 and 1 600
Ma. The Westmoreland Conglomerate overlay the felsic Cliff-
dale Volcanics, both representing the basal part of the Tawallah
Group. The Cliffdale Volcanics comprise ignimbritic tuffs and
rhyolitic lavas (Orth, 2010). The Westmoreland Conglomerate
is mainly composed of conglomerates and sandstones reaching
a thickness of up to 1 800 m, representing proximal fluvial de-
posits with debris flows, alluvial fans, and braided river sys-
tems that are overlain by well-sorted sandstones (Ahmad and
Wygralak, 1989). The Conglomerate is covered by the mafic
Seigal Volcanics, followed by dolomite, sandstone, felsic and
mafic volcanic rocks of the upper part of the Tawallah Group.
The Westmoreland Conglomerate is highly immature and poor-
ly sorted, and consists of detrital cobbles and coarse sand
grains consisting in reworked quartz veins, cherts, and clasts of
felsic to mafic volcanic rocks and feldspar. The conglomerate
is the host of most of the uranium mineralization. After deposi-
tion of these sediments, the Isan Orogeny produced an east-
west shortening, associated with low-temperature metamor-
phism followed by strike slip faulting (Garven, 1999). The age
of peak metamorphism for the Isan orogeny is estimated at ca
1 600—1 580 Ma (Giles and Nutman, 2002). The oldest ages
were obtained on the Redtree U-oxides, with *’Pb/**Pb ages of
1 606+80 and 1 655+83 Ma (Polito et al., 2005). The oldest
age is similar to the 1 680+21 Ma “Ar/”Ar age determined on
diagenetic illite from the Westmoreland Conglomerate (Polito
et al., 2005) and to the 1 685+65 Ma age determined on apatite
associated with U-oxides from the Junnagunna deposit (Gigon
et al., 2021). Therefore, first stage of U-oxide deposition may
have occurred at ca. 1 680 Ma and followed by several epi-
sodes of deposition and/or remobilization (Gigon et al., 2021;
Polito et al., 2005). The location of the uranium mineralization
is not controlled by sedimentology, but by basic dyke and sill
intrusions, and by tectonic structures.

For Polito et al. (2005) these deposits share similar miner-
alogical, geochemical, and age characteristics to that described
for the uranium deposits associated to the Kombolgie and Atha-
basca basins, suggesting that they result from similar genetic
processes. In addition, fluid inclusions studies by Mernagh and
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Wygralak (2011) have identified NaCl-rich and CaCl,-rich
brines mixed in varying degrees with a low-salinity fluid, as al-
ready documented for the basement/basin redox controlled de-
posits related in the North of the McArthur Basin. Despite
these similarities, the physical and chemical conditions that
have prevailed during the formation of the deposits differed be-
tween the two districts (Gigon et al., 2021). The temperature
estimated from chlorite thermometry (>300 °C; Gigon, 2019)
and fluids inclusions (99 —380 ° C; Mernagh and Wygralak,
2011) were significantly higher than in the deposits related to
the Kombolgie sub-basin, for the early U mineralization stages,
and the characteristic Mg- and B-alteration paragenesis associ-
ated to the basement/basin redox controlled U deposits is lack-
ing in the Westmoreland district. Alumino-phosphate-sulphate
minerals are also absent. In addition, most minor and trace ele-
ments, including REE, are in significantly higher concentra-
tions in the uranium oxides from the Westmoreland area, which
may result from the higher temperature of genesis of these de-
posits (Gigon et al., 2021; Gigon, 2019). The typical bell-shape
of the REE patterns of uranium oxides of the basement/basin
redox controlled U deposits is also lacking, but these patterns
are similar to those of the metamorphic-hydrothermal deposits
of the Otish Basin (Gigon, 2019). All these data points to spe-
cific ore-forming processes for this type of basin-related U de-
posits in the Westmoreland district. The Matoush deposit in the
Otish Basin, Canada, (Alexandre et al., 2015) which occurs
along the margins of vertical dykes, represents the closest ana-
logue of the uranium deposits of the Westmoreland district.

Uranium deposits with mafic intrusion redox control are
small to medium (300—10 000 t) in size and have low to medi-
um grades (0.05%—-0.40%) (IAEA, 2018b).

4 SEDIMENTARY-VOLCANIC SYSTEMS
Volcanic-sedimentary deposits consist of carbonaceous
fluvial/alluvial or lacustrine sandstone with a more or less sig-
nificant trachytic-rhyolitic volcanic tuff contribution. Low
grade (50 ppm—200 ppm U), peneconcordant and extensive ura-
nium accumulations associated with anomalous contents of V,
Mo, Li, F, B, Cu and Ni encompass zones with higher grade
mineralization. There is in fact a complete transition between
sandstone from hardly detectable to dominant volcanic contri-
bution. In many sandstone uranium districts, the volcanic con-
tribution has been mostly identified from repeated cinerite lay-
ers within the sedimentary succession, but distinct from the
mineralized sandstone horizons, such as in the roll front district
of Wyoming, USA (Zielinski, 1983) or the Lodéve district in
France (Mathis et al., 1990). In the Sierra Pintada district in Ar-
gentina (Kleiman, 1999) with a resource of 11 000 t U at a
grade of 0.1% U, or the Anderson Mine in the USA (Mueller
and Hallbach, 1983) with a resource of 11 000 t at a grade of
about 300 ppm U, the volcanic contribution becomes predomi-
nant in the mineralized sandstone horizons themselves. More
discrete volcanic contribution can be evidenced by the pres-
ence of glass shards, embayed quartz texture, pumice stones.
However advanced diagenesis may destroy these evidences.
An interesting identification of a volcanic contribution can be
made by studying magmatic inclusion in volcanic-detrital
quartz from the sandstone (Ahamdach et al., 1993; Forbes et
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al., 1984), that allows to get the chemistry of the melts and in
particular their initial uranium contents.

The Sierra Pintada uranium district (Kleiman, 1999), San
Rafael, Mendoza, Argentina is hosted by Permian sandstones
of the Areniscas Atigradas Member belonging to the lower part
of the Cochicd Group. The Cochicé Group represents the low-
er section of the large Choiyoi volcanic province of Chile and
Argentina, which emplaced between ~280 and 250 Ma at the
western Palaco-Pacific margin of Gondwana. The Cochico
Group is a succession of alluvial fan deposits, of dacitic ignim-
brite flows and interbedded aeolian and fluvial sandstones. The
mineralized sandstone itself includes a very important pyroclas-
tic material component, as acid plagioclase, quartz, and volca-
nic lithic fragments. The ignimbrites are crystal rich and are
considered the main source for the uranium. The largest occur-
rence in the district is the Dr Baulies deposit with reserves
close to 6 000 t U. The uranium mineralization displays a tabu-
lar shape. Primary uranium minerals are uraninite, coffinite
and brannerite. Sulphides, organic matter, chlorite and abun-
dant Fe-Ti minerals are considered as the reducing agents for
uranium precipitation.

5 SYNMETAMORPHIC SYSTEMS

Some deposits hosted in sandstone have been formed by
high temperature fluids that have characteristics of metamor-
phic fluids rather than diagenetic brines. This type of deposit is
for example illustrated by the uranium mineralization associat-
ed with the Paleoproterozoic Otish Basin and particularly the
Camie River deposit on which several recent studies are avail-
able (Lesbros-Piat-Desvial et al., 2017; Beyer et al., 2012). The
Paleoproterozoic Otish Basin is located at the southeastern mar-
gin of the Archean Superior Province, Québec, Canada, and is
mainly filled with continental clastic sediments of the Otish Su-
pergroup (Genest, 1989). Sedimentation starts with the high-
energy fluviatile syn-rift depositional environment of the Indi-
cator Group characterized essentially by greenish clastic fluvi-
al poorly sorted siliciclastic rocks, and evolves towards lower-
energy sedimentation of the Peribonca Group consisting of red-
dish clastic deltaic sedimentary rocks. The Indicator Group
comprises the Matoush Formation overlain by the Shikapio
Formation. The sedimentation of the Otish Supergroup should
be older than the baddeleyite U-Pb ages of the Otish Gabbro
dykes and sills that intruded the Otish Supergroup (2 172 —
2 162 Ma) (Hamilton and Buchan, 2016), much older than the
Athabasca or McArthur basins hosting basement/basin redox
control deposits presented above.

In addition, unlike the Athabasca and McArthur basins,
the Otish Basin was subjected to brittle deformation and vari-
able degree of metamorphism (Chown, 1979). The northwest-
ern part of the basin has been subjected to sub-greenschist met-
amorphic grade restricted to fault zones, while in its southeast-
ern part regional metamorphism increases from greenschist to
the amphibolite grade towards the Grenville Front. These
events have promoted diagenetic/metamorphic hydrothermal
alteration, and U mobilization within the Otish Basin.

More than 30 uranium occurrences are known in the Otish
Basin and underlying basement. Four types of deposit have
been defined by Gatzweiler (1987) and Hohndorf et al. (1987):
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stratiform and vein-type mineralization in the basement, miner-
alization at the unconformity (Camie River), and vein-type
mineralization in the Otish Supergroup sediments at the con-
tact with faulted mafic dykes (e.g., Matoush et al., 2016).

The Camie River deposit is located at the southwestern
margin of the Otish Basin. The uraninite and brannerite miner-
alization occurs in a reverse faulted-contact at the unconformi-
ty between the massive sulfide and graphitic schist of the base-
ment and the sedimentary Matoush Formation. The deposit ex-
tends from 20 to 50 m above and below the unconformity
along the fault (Gatzweiler, 1987; Hohndorf et al., 1987). The
deposit has been dated at about 1 724 Ma on uraninite and mo-
lybdenite (Lesbros-Piat-Desvial et al., 2017; Beyer et al.,
2012). Despite its location at the unconformity, its structural
control by reverse faulting, the presence of a polymetallic asso-
ciation and the presence of graphitic schists in the basement,
the Camie River deposit presents a series of major differences
with basin/basement redox-controlled deposits. The sandstones
of the Matoush Formation are reduced and therefore were prob-
ably deposited before 2.2 Ga, e.g., before the Great Oxidation
Event, this means that no redox contrast between the basin and
the basement existed; the sediments of the Matoush Formation
are immature with large amounts of detrital feldspars com-
pared to the mature quartzose sandstones of the Athabasca or
Kombolgie Basins, indicating more alkaline diagenetic brines
in the sandstones in accordance with the observed albitic altera-
tion (Lesbros-Piat-Desvial et al., 2017; Beyer et al., 2012); the
carly albite cementation of the basal sedimentary sequence at
Camie River have occluded its permeability preventing signifi-
cant fluid flow of the diagenetic fluids within the basin; the
temperature of uranium deposition occurred at a much higher
than for typical basin/basement redox controlled uranium de-
posits; the characteristic alteration paragenesis (i.e., sudoite,
dravite, APS) is lacking at Camie River and other uranium de-
posits from the Otish Basin; finally the rare earth element pat-
tern of the Camie River uranium oxides are typical of high tem-
perature, syn-metamorphic uranium mineralization, such as the
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syn-metamorphic uranium deposits of Mistamisk, Canada
(Kish and Cuney, 1982) and of the Lufilian Belt (Eglinger et
al., 2013), formed at similar temperatures.

This type of deposit requires a better characterization of
the ore forming fluids from fluid inclusion studies. An interest-
ing question is the fact that the Camie River deposit was dated
with rather good accuracy at about 1 724 Ma on uraninite and
molybedenite (Lesbros-Piat-Desvial et al., 2017 and references
therein), with little evidence of the effect of the intense Gren-
ville deformation and metamorphism developed at 1 090—980
Ma (Hynes and Rivers, 2010), only at a few tens of kilometers
from these deposits, and the rather strong metamorphic foot-
print present in the Otish Basin, although the age of this meta-
morphic event has not been determined.

6 METAMORPHOSED DEPOSITS

This type of deposit represents a mineralization hosted in
sandstone, which has been subjected to deformation and meta-
morphism. These deposits have been deformed and heated up,
but without any new uranium supply during the metamorphic
event. This type of mineralization has been poorly recognized
especially when occurring in terranes with high grade of meta-
morphism and partial melting. Uranium mineralization in meta-
arkoses appears in continental to epicontinental sediments after
the Great Oxygenation event at about 2.0 —2.3 Ga (Cuney,
2010). Typical examples are those of the Wollaston belt, North-
ern Saskatchewan, Canada (Parslow and Thomas, 1982),
which may be one of the major protolith of U-rich pegmatoids
deriving from partial melting of the Wollaston metasediments
(Mercadier et al., 2013). For example at Duddrige Lake, U-Cu
mineralization, with 176 t U at 900 ppm, occurs within a metar-
kose with dark gray carbonaceous laminations and mottled areas
(Delaney, 1993). The carbonaceous metarkose forms irregular
lenses within a hematitic metarkose, which may be cut by peg-
matoidic pods. Lewry and Sibbald (1979) already suggested
strong similarities between the Duddridge Lake mineralization
and uranium deposits from the Colorado Plateau area. Due to the
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Figure 1. Schematic section illustrating the different types of sandstone related uranium deposits and the types of fluids involved in their genesis (I). (1) Synsedimen-

tary uranium deposit; (2) evapotranspiration related uranium deposit; (3) sealed paleovalley; (4) valley confined amalgamated sandy meander-belts (VC-ASMB);

(5a) roll front with intrinsic reductant; (5b) roll front with extrinsic reductant; (6) interstratified sandstone-lignite-coal uranium deposit; (7a) tabular deposit with in-

trinsic reductant; (7b) tabular deposit with extrinsic reductant; (8) tectono-lithologic deposit; (9) diagenetic-hydrothermal karst; (10) sedimentary-volcanic deposits.
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absence of continental plant in Proterozoic sandstone, the carbon
matter present within these metarkoses, which probably repre-
sent the reductant for the initial uranium deposition in these
rocks, may derive from oil migration from black shale layers
abundant within the Wollaston belt metasedimentary succession.

More recent and lower grade metamorphosed uranium
mineralization in sandstone is known in the Permian forma-
tions of the Eastern Alpine Range in Switzerland, France and
Austria. The sediments of Permian age are known to be the
host of epigenetic, non-metamorphosed or metamorphosed,
uranium mineralization all over Europe from Romania, Bulgar-
ia to Italy and France (Dahlkamp, 2016). The Forstau uranium
deposit located in the Austrian Alps described as a synmeta-
morphic deposit by Dahlkamp (2016 and references therein), is
in fact a metamorphosed sandstone-hosted deposit. It is strat-
abound within a narrow belt of Permian formations mineral-
ized discontinuously along a trend of about 10 km. The deposi-
tional environment varies from continental to near-shore envi-
ronment from Forstau to Obertauern (Dahlkamp, 2016). Urani-
um resources of the Forstau deposit are estimated at 1 000—
2 000 t U. The average grade is of 700 ppm—800 ppm U, but
the uranium content varies significantly from place to place,
from 0.005% to 2% U. The mineralized Permian horizons be-
long to thick pile of Triassic to Permian overthrust sheets.
Most uranium mineralization in the Eastern Alps are hosted in
Lower Permian sericitic quartzite and schists considered to be
of continental origin and which have suffered low-grade meta-
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morphism (400450 °C) (Petraschek et al., 1977). The individ-
ual ore bodies are lenticular, with dimensions of 5-20 m along
strike and down-dip, and with a thickness up to 2 m. They are
tabular, parallel to the schistosity, but display an angle of about
20° to the general stratification, although no discordance be-
tween ore lenses and host strata has been observed. Uraninite
and pitchblende are associated with framboidal pyrite and base
metal sulphides and locally with black organic matter
(Hellerschmidt-Alber, 2008). All these characteristics are typi-
cal of the epigenetic uranium mineralization from the Permian
Basins all over Europe. It is remarkable that despite the meta-
morphic imprint, the texture of the framboidal pyrite has been
preserved. More globally the metamorphism has not remobi-
lized significantly the initial epigenetic uranium mineralization
in the sandstone, probably because of the reducing conditions
imposed by the presence of organic matter in the sediments, on-
ly local reconcentrations are observed in shear zones and in
hinges of folds.

Another interesting example to discuss is the Eureka de-
posit in Catalonia, Spain recently reinterpreted as a metamor-
phite deposit (Castillo-Oliver et al., 2020). The Eureka V-Cu-U
occurrences are located in the central Pyrenees, to the NW of
the Pallars Jussa region in Catalonia. The Paleozoic basement
was metamorphosed during the Hercynian orogeny. It was cov-
ered by Upper Carboniferous to Late Permian redbed unit with
coal seams and calk-alkaline lavas and volcanoclastic inter-
beds, and Triassic to Cretaceous sediments. During the Alpine

Black shale

Figure 2. Schematic section illustrating the different types of sandstone related uranium deposits in oxidized Proterozoic sandstone basins, and the types of flu-

ids involved in their genesis (IT): (11) interformational redox control; (12a) basement/basin redox control, perched mineralization; (12b) basement/basin redox

control, unconformity hosted uranium mineralization; (12¢) basement/basin redox control, basement hosted mineralization; (13) basin/basement redox control;

(14) mafic intrusion redox control. The blue arrows indicate the percolation of the diagenetic fluids into the basement to produce the Ca-U-rich brine from the

Na-brine. Same symbols as in Fig. 1, except the orange arrows which indicate the Ca-U-riche brine.
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orogeny in the Paleogene, deformation of the sedimentary/
volcanic cover evolved to a pile of thrusts. The Triassic rocks
have been submitted to very low-grade metamorphism, in the
prehnite-pumpellyite facies. The Eureka V-Cu-U deposit is
hosted in an Early Triassic (Buntsandstein) red-bed clastic se-
ries. The Early Trias consists in alluvial-fan polymictic con-
glomerates, followed by braided-river sandstone and mudstone
with coal seam interbeds. The ore bodies are found in a 5 m
thick greyish-green siliciclastic sedimentary unit, which over-
lay 50 m of reddish mudstones, interbedded with fine-grained
sandstones. The greenish sediments are enriched in organic
matter, present as detrital land plants and bituminous impregna-
tions. The uranium mineralization is stratabound and occurs in
up to 2 m thick lenses rich in organic matter. U-minerals are
fine-grained and occur in the cement of the coarse sandstone
units or follow the schistosity in the shale layers. The mineral-
ization consists in a complex metallic element association: Cu-
U-V-Ni-Co-As association. The cement comprises carbonates,
quartz, roscoelite, V-rich muscovite, Ti-V oxides (schreyerite),
xenotime, monazite, apatite, and a series of arsenides, sul-
phides, selenides, and U-oxides. Small veinlets, up to 1 cm
wide, occur between the boudins developed in the competent
sandstone layers. They are filled with drusy ankerite, barite, do-
lomite, and disseminated Cu-sulphides, but they are devoid of
U-oxides.

Castillo-Oliver et al. (2020) suggest that the Eureka depos-
it corresponds to low-temperature metamorphite U deposit,
hosted in sandstone. However, most of the features of this de-
posit correspond to an epigenetic tabular sandstone deposit:
mineralization hosted in a reduced Triassic sandstone alternat-
ing with oxidized strata which represent one of common envi-
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ronments of U deposits in Europe (Dahlkamp, 2016), presence
of disseminated detrital land plants, V-rich clay/mica minerals,
a typical Cu-U-V-Ni-Co-As association, and the stratabound
nature of the U mineralization. In addition no uranium is remo-
bilized in the veinlets developed during the metamorphism, in
coherence with the fact that uranium is not mobile during the
metamorphism because of the reducing conditions imposed by
the presence of synsedimentary organic matter.

7 CONCLUSIONS

Sandstone-related deposits are not only the most common
type of uranium deposit on earth, but they are also probably the
most diverse ones in terms of morphology, tonnages and
grades of the ore bodies and of the conditions of their genesis.
The present article proposes a new view on these deposits and
on their classification, based on morphologic and genetic mark-
ers, and considering the main processes at the origin of the ura-
nium accumulation (Table 1).

Many sandstone related deposits present transitional char-
acteristics between the different deposit types defined above
that are representing in fact endmembers: from purely meteoric
fluid-driven to purely metamorphic fluid-driven deposit,
through diagenetic fluid-driven, from wholly intrinsic reduc-
tant control to wholly extrinsic reductant control, from tabular
to roll front shape, from entirely sedimentological-controlled
deposits to entirely tectonic-controlled deposits, from purely
syngenetic to purely epigenetic uranium concentration, from a
fully intra-basin to fully basement setting, through deposits
straddling the unconformity, from monometallic to polymetal-
lic associations, with low to moderate temperatures of genesis,
with very low to highly saline fluids, from non- to highly-

Table 1 Comparative characteristics of the various types of sandstone related uranium deposits
Type Reductants Temperature  Salinity Type example
(°C) wt.% eq.
NaCl
Synsedimentary Vascular land plants Ambient Very low Nehuting, China
Meteoric fluid infiltration
- Evapotranspiration None 20-50 Very low Yeleerie, Australia
- Sealed paleovalleys Vascular land plants 10-20 Very low Vitim, Russia
- VC-ASMB Vascular land plants, bacterial sulfate red 20-40 Very low Beverley, Australia
- Roll fronts Vascular land plants, fluid from oil/gas basin, bacterial sulfate red 20-40 Very low Wyoming, USA
;cl’zlte;zgj:lized sandstone-lignite- Vascular land plants, Lignite-coal 2040 Very low Koldzhatsk, Russia
Diagenetic hydrothermal
- Intraformational redox control
» Tabular Vascular land plants, fluid from oil/gas res. 70-110 0-14 Uravan Belt, USA
» Tectonolithologic Vascular land plants, fluid from oil/gas res. 130-250 3-14 Lodeve, France
» Diagenetic-hydrothermal karsts Fluid from oil/gas res. 80-170 4-17 Colorado Plateau USA
- Interformational redox control Fluid from oil/gas res. 200 29-30 Oklo, Gabon
- Basement/basin redox control Basement deriv. fluid, graphite/Fe-minerals 120-200 25-35 Athabasca, Canada
- Basin/basement redox control Fluid from oil/gas res. 82-230 2-23 Koppunuru, India
- Mafic intrusion redox control Fe minerals 99-380 Brines  Westmoreland, Austral.
Sedimentary-volcanic ? ? ? Sierra Pintada, Argent.
Synmetamorphic - 300450 ? Camie River, Canada
Metamorphosed 400-750 - Forstau, Austria
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metamorphosed deposits. Sandstone deposit may occur from
small intermontaneous basins to wide foreland, to marginal-
marine sedimentary basins, from valley confined to laterally
extensive amalgamated sandy meander-belt. Most sandstone-
type uranium deposits have well-defined orebody boundaries,
but some grade out progressively into less mineralized zones.
Tabular uranium deposits seem to float within a sandstone lay-
er without any visible relation to siltstone interbeds and overly-
ing or underlying mudstones, whereas roll-front deposits are
developed all over a sandstone layer between two bounding
mudstones and their shape is also strongly controlled by the
presence of mudstone interbeds.

Sandstone-related deposits are not limited to post-Silurian
sedimentary basins, because mobile reductants (fluids or gases)
necessary for the reduction of uranyl ions may be introduced
into continental sandstone from other underlying geologic for-
mations in which organic matter of marine origin is present.
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