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ABSTRACT

Aluminum phosphate–sulfate (APS) minerals occur as disseminated crystals in a wide range of geological environments near
the Earth’s surface, including weathering, sedimentary, diagenetic, hydrothermal, metamorphic and also postmagmatic systems.
Their general formula is AB3(XO4)2(OH)6, in which A, B and X represent three different crystallographic sites. These minerals are
known to incorporate a great number of chemical elements in their lattice and to form complex solid-solution series controlled by
the physicochemical conditions of their formation (Eh, pH, activities of constituent cations, P and T). These minerals are particu-
larly widespread and spatially related to hydrothermal clay-mineral parageneses in the East Alligator River Uranium Field
(EARUF) environment associated with uranium orebodies in the Proterozoic Kombolgie basin of the Northern Territories, Aus-
tralia. This field contains several high-grade unconformity-related uranium deposits, including Jabiluka and Ranger. Both petrog-
raphy and chemical data are used to discuss the significance of APS minerals in the alteration processes from the EARUF. The
wide range of chemical compositions recorded in APS is essentially due to coupled substitutions of Sr for the LREE and of S for
P at the A and X sites, respectively. The major variations of the APS solid-solution series mainly consist of the relative proportions
of svanbergite, goyazite and florencite end-members. The APS minerals result from the interaction of oxidizing and relatively
acidic fluids with aluminous host-rocks enriched in monazite. The spatial distribution of these minerals and their compositional
variation around the uranium orebodies allow us to consider them as good tracers of redox and pH paleo-conditions responsible
for the development of fronts during the alteration processes, and hence as potential tools for mineral exploration.

Keywords: aluminum sulfate–phosphate minerals, florencite, goyazite, svanbergite, unconformity-type uranium deposits, clay
minerals, paleo-conditions of redox and pH, East Alligator River Uranium Field, Australia.

SOMMAIRE

Les sulfates-phosphates d’aluminium (APS) sont des minéraux ubiquistes disséminés dans un grand nombre d’environnements
géologiques: sédimentaire, diagénétique hydrothermal, métamorphique, magmatique. Leur formule générale est AB3(XO4)2(OH)6,
dans laquelle A, B et X correspondent à trois sites cristallographiques. Ces minéraux sont connus pour intégrer un grand nombre
d’éléments chimiques dans leur structure sous la forme de nombreuses solutions solides dont la nature est contrôlée par les
conditions de formation (Eh, pH, activités des éléments chimiques, P et T). Ces minéraux sont particulièrement répandus dans le
district de l’East Alligator River Uranium Field (Territoires du Nord, Australie), où ils accompagnent les altérations argileuses
autour des gisements d’uranium de type discordance, d’âge protérozoïque. Ce district contient plusieurs gisements d’uranium, de
rang économique, tel que Jabiluka et Ranger. Les observations pétrographiques et les analyses chimiques effectuées lors de cette
étude ont été utilisées pour discuter de l’intérêt des APS au niveau des altérations observées dans le district de l’East Alligator
River Uranium Field. La diversité des compositions chimiques enregistrée par les APS dans ce district est essentiellement due aux
substitutions de Sr aux terres rares légères et de S à P, respectivement dans les sites A et X. Les variations majeures observées dans
ces solutions solides concernent la proportion relative des pôles purs svanbergite, goyazite et florencite. La formation des APS
résulte de l’interaction entre un fluide relativement acide et oxydant et des roches riches en monazite et minéraux alumineux. La
distribution spatiale de ces minéraux et leur variation cristallochimique par rapport aux gisements d’uranium nous permet de
considérer ces minéraux comme de bons marqueurs des paléo-conditions redox et pH responsables du développement des fronts
d’altération et, par conséquent, comme un guide potentiel pour l’exploration minière de ces gisements.

Mots-clés: sulfates-phosphates d’aluminium, florencite, goyazite, svanbergite, gisement d’uranium de type discordance, minéraux
argileux, paléo-conditions redox et pH, East Alligator River Uranium Field, Australie.
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INTRODUCTION

Aluminum phosphate–sulfate (APS) minerals occur
as disseminated grains in a wide range of geological
environments near the Earth’s surface, including weath-
ering, sedimentary, diagenetic, hydrothermal, metamor-
phic and postmagmatic systems (Dill 2001). APS
minerals belong to the alunite supergroup (Scott 1987,
Jambor 1999) and crystallize most commonly as
authigenic rhombohedral crystals. Their general formula
is ideally AB3(XO4)2(OH)6, in which A, B and X repre-
sent three different crystallographic sites: 12-fold coor-
dinated A sites, occupied by monovalent (H3O, K, Na,
Rb, NH4, Ag, Tl, etc.), divalent (Ca, Sr, Ba and Pb, etc.),
trivalent (Bi and rare-earth elements, REE) and, more
rarely, tetravalent (Th) cations; 6-fold coordinated B
sites, occupied by Al3+, Fe3+ and, more rarely, Ga3+ or
V3+; 4-fold coordinated X sites, occupied by S6+, P5+,
As5+, and, more rarely, by Cr6+, Sb5+ and minor Si4+.

APS minerals have been neglected by geologists and
geochemists because of the minute size of the crystals
(<0.1–10 �m) and their low concentration (generally
less than 0.05 wt%), which hindered their identification
by conventional microscopic techniques. At the same
time, their marked insolubility at low temperature also
rendered them inert to sequential extraction in solvents.
However, several studies in the last ten years have
pointed out the interest of APS minerals for Earth
scientists who deal with paleoconditions in natural sys-
tems and with environmental problems: (1) APS miner-
als are highly sensitive to their physicochemical
conditions of formation through a wide range of com-
positional variations, owing to complex solid-solutions
among more than 20 end-members (Stoffregen 1993,
Stoffregen et al. 1994, Jambor 1999, Mordberg et al.
2000). After crystallization, these minerals become very
resistant to weathering and dissolution, and are ubiqui-
tous minerals in near-surface environments. (2) APS
minerals represent an important sink for reactive P and
large amounts of trace elements incorporated in their
structure, which has been neglected in the global bud-
get of chemical elements at the Earth’s surface
(Rasmussen 1996).

APS minerals are particularly abundant in the clay
assemblages associated with some uranium fields in the
middle Proterozoic basins. These fields contain several
high-grade unconformity-type uranium deposits, and
several unexplored important prospects in Canada and
Australia (Miller 1983, Wilson 1984, Quirt et al. 1991,
Fayek & Kyser 1997, Lorilleux 2001, Beaufort et al.
2005). No systematic investigations have been per-
formed on the APS minerals in these deposits, and no
data are available on their compositional variations in
relation to the uranium deposits, though it is well known
that their emplacement was controlled by physicochemi-
cal conditions (Eh, pH, activities of constituent metals,
P and T), to which APS are particularly sensitive (Dill
2001, Kolitsch & Pring 2001).

The aim of this study are to clarify the nature and
the origin of the APS minerals on both sides of the
middle Proterozoic unconformity between the overly-
ing Kombolgie sandstones and the underlying metamor-
phic basement rocks that host the uranium orebodies of
the East Alligator River Uranium Field (EARUF). Spa-
tial variations of both crystal chemistry and phase rela-
tionships with clay minerals, on a regional scale, have
been investigated in order to improve our knowledge
on the suitability of these minerals to indicate the
paleoconditions at which the alteration processes rela-
tive to the uranium deposition operated.

REGIONAL GEOLOGICAL SETTING

The East Alligator River Uranium Field (EARUF)
is located to the east of the Pine Creek Geosyncline,
close to the Kakadu Group, which is a part of the North
Australian Craton. The oldest rocks of the EARUF cor-
respond to Archean granitic gneisses of the Nanambu
Complex, which form the basement to the west (in the
Jabiru area). The complex is overlain by a thick early
Proterozoic metamorphic sequence, composed of
arkosic metasedimentary units, in turn overlain by the
Cahill Formation, which includes calcareous rocks, car-
bonaceous schists and amphibolites, and host the major
uranium deposits (Ranger 1, Ranger 3, Jabiluka and
Koongarra) known in the Jabiru area (Needham 1988).
East of the East Alligator River, in western Arnhem
Land, the Cahill Formation grades into metamorphically
differentiated schists, gneisses and amphibolites of the
Myra Falls Metamorphic Complex, which contains the
Nabarlek deposit. These rocks partly surround the gra-
nitic and migmatitic Nimbuwah Complex.

This Paleo- to Mesoproterozoic basement is
unconformably overlain by a thick (5–15 km) middle
Proterozoic cover forming the large intracratonic
McArthur Basin. This sequence of nearly flat-lying sedi-
mentary rocks, interpreted to have formed in terrestrial
and marine environments (Kyser et al. 2000), corre-
sponds to the Kombolgie Subgroup, part of the
Katherine River Group (Sweet et al. 1999). The
Kombolgie Subgroup, which is about 1500 m thick, was
deposited in a mainly braided stream environment punc-
tuated by brief intervals of marine deposition
(Ojakangas 1986). The Kombolgie Subgroup consists
of at least three units of sandstones and conglomerates
separated by volcanic units. More details on the stratig-
raphy, lithology, and structure of the Kombolgie sand-
stones may be found in Gustafson & Curtis (1983). The
age of the Kombolgie Subgroup has been constrained
between 1822 and 1720 Ma (Sweet et al. 1999).

The main characteristics of the EARUF uncon-
formity-type uranium deposits were summarized by
Wilde et al. (1989) and Maas (1989). There is a close
spatial relationship between the mineralized zones and
the middle Proterozoic unconformity. The genetic mod-
els proposed for these uranium deposits are based on
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the interaction of hypersaline, oxidizing and acidic ba-
sinal fluids originating in the Kombolgie sandstones
with the underlying metamorphic basement rocks, and
in turn, a progressive reduction and neutralization of the
hydrothermal solutions with time (Komninou &
Sverjensky 1996). Most of the primary uranium miner-
alization (dominantly uraninite) is located within and
adjacent to reverse fault-zones and their associated brec-
cias, which are post-Kombolgie in age. Mineralization
is invariably accompanied by an intense alteration in
which clay minerals constitute most of the newly formed
minerals (Gustafson & Curtis 1983, Wilde et al. 1989,
Nutt 1989). Hydrothermal alteration occurred in halos
surrounding the mineralized zones, up to several hun-
dreds of meters from the ore (Gustafson & Curtis 1983,
Wilde et al. 1989), and extended along the structural
discontinuities that represent the permeable zones
(faults, fractures, and breccias) on both sides of the
middle Proterozoic unconformity (Beaufort et al. 2005).
In both the basement rocks and the overlying sand-
stones, alteration resulted in illite and chlorite forma-
tion, with accompanying dissolution of quartz. Minute
crystals of APS were observed in association with most
of the clay minerals formed during the various stages of
alteration that constitute the alteration halo associated
with uranium mineralization in the EARUF area (Beau-
fort et al. 2005).

SAMPLING

Eleven representative core samples were selected
from a set of 220 core samples from 25 diamond drill-
holes covering seven distinctive areas (Fig. 1). These
samples have previously been studied in detail for alter-
ation petrology and crystal chemistry of clay minerals
(Beaufort et al. 2005). These samples (Table 1) were
chosen on the basis of the following criteria: (1) host-
rock petrography, (2) lateral distance to the orebodies

or to identified uranium anomalies, (3) vertical distance
to the unconformity, and (4) lateral distance to faults or
brecciated zones. The samples are from the vicinity of
major uranium deposits (Jabiluka, Nabarlek and Ranger)
or mineralized prospects (Caramal, South Horn, SML
Boundary) and from exploration drill-holes in western
Arnhem Land. This sampling included a drill hole
(U65–3) considered representative of the regional back-
ground of the Kombolgie sandstones. This drill hole
intersects the lowermost Kombolgie units overlying the
unconformity far from any known uranium anomaly and
presents only minor traces of alteration close to the
unconformity (Patrier et al. 2003).

METHODS

Samples were examined in polished thin section us-
ing an Olympus BH2 polarizing microscope. Freshly
fractured rock fragments and polished thin sections were
studied with a JEOL JSM6400 scanning electron mi-
croscope (SEM) equipped with an energy-dispersion
spectrometer (EDS) for chemical analysis. SEM obser-
vations for morphological investigations were made in
secondary electron mode on gold-coated slabs and in
back-scattered electron (BSE) mode for identification
of APS on the basis of chemical contrasts in carbon-
coated polished thin sections. The conditions of obser-
vation were as follows: current intensity, 0.6 nA, and
accelerating voltage, 15 kV.

Electron-microprobe analyses were made with a
CAMECA SX50 using wavelength-dispersion spec-
trometer (WDS). We sought Al, Sr, P, Ca, La, Ce, Nd,
Pr, Fe, S, Th and U. The instrument was calibrated us-
ing the following synthetic and natural standards:
SrSiO3, apatite, monazite, pyrite, NdCu, glass doped in
rare-earth elements, UO2 and La3ReO8. Corrections
were made with a ZAF program. The analytical condi-
tions were as follows: current intensity 20 nA, acceler-
ating voltage 15 kV, spot size 2–4 mm, counting time
30 to 40 s per element. The relative error on the ele-
ments sought is below 1.5%. The structural formulas of
APS minerals were calculated on the basis of one atom
of A, two (XO4) groups, and three B-site atoms per for-
mula unit (Scott 1987).

RESULTS

Petrographic relationships between APS
and hydrothermal clay phases

Several APS-bearing clay-mineral assemblages have
been distinguished as a function of the distance from
the uranium orebodies or from the structural discon-
tinuities that focused the hydrothermal solutions during
mineralization events. At a regional scale, three main
types of alteration zones can be distinguished on the
basis of both the overall intensity of the alteration and
the nature of the clay paragenesis: (1) zones of proximal
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alteration, in which intense and zoned alteration-
induced features occur as far as several hundred of
meters around the economic uranium orebodies, located
in the basement rocks below the unconformity, (2) zones
of intermediate alteration, in which more or less intense
and zoned alteration-induced features occur as far as
several tens of meters around the unconformity and the
regional faults, in areas where anomalous but subecono-
mic amounts of uranium have been detected, and (3)
zones of distal alteration, in which weak alteration-in-
duced features occur only close to the unconformity
between the Kombolgie sandstone cover and the under-
lying metamorphic basement rocks, farther than 10 km
from any known uranium deposit or prospect.

In both the proximal and the intermediate zones, the
alteration halo is centered on the unconformity and the
major faults that cross-cut the overlying sedimentary
formations and the underlying basement rocks. The
main difference between these two zones consists in the
width of the alteration halo and the occurrence of mas-
sive chlorite near the uranium orebodies in the proxi-
mal areas. In both the proximal and the intermediate
zones, alteration involves the intense dissolution of all
the earlier silicates (including quartz) and the strong
transformation of both the sedimentary and the meta-
morphic rocks above and below the unconformity to
clay-mineral assemblages (Gustafson & Curtis 1983,
Wilde et al. 1989). Minute crystals of APS were ob-
served in the clay matrix by SEM because of their
brightness in BSE mode, due to their high content in
heavy elements such as Sr and LREE. Crystals of APS
occur as very small euhedral rhombs (2–10 �m in aver-
age width, exceptionally up to 50 �m) located in the
intergranular pore-space of the clay matrix, which con-
stitutes most of the alteration products (Fig. 2a). Locally
in the basement rocks, coarser-grained APS crystals
display features of growth zoning characterized by al-
ternation of thin concentric bright and light grey zones,
less than 1 �m wide (Fig. 2b), reflecting chemical varia-
tions.

Globally, the mineralogical composition of the APS-
bearing assemblages displays a zonal pattern as a func-
tion of the distance to the structures that focused the
hydrothermal solutions and probably controlled the ura-
nium deposition in these areas. The following assem-
blages have been identified: 1) illite + APS ± hematite,
in the sandstones farther than several tens of meters
above the unconformity (Fig. 2a), 2) illite + sudoite +
APS ± hematite, on both sides close to the unconformity
and close to the regional faults that reworked both sand-

stones and the basement rocks above and below the
unconformity (Fig. 2c), 3) illite ± sudoite ± trioctahedral
chlorite ± APS ± apatite, in the basement rocks at greater
depth below the unconformity, and 4) massive triocta-
hedral chlorite ± APS ± apatite ± uraninite, close to the
uranium orebodies (Fig. 2d).

In the distal zones, the alteration assemblage is com-
posed of assemblage 1. APS minerals are disseminated
in the clay matrix, whose illite crystals differ from dia-
genetic illite (in sandstones) or phengitic micas (in the
metamorphic rocks) by their texture and their structure.
Such illite consists of very fine-grained (less than 1 �m)
capillary particles and 1MTrans as the dominant polytype
(Beaufort et al. 2005). Close to the unconformity, this
illite matrix is superimposed upon the coarse-grained
diagenetic illite of the altered sandstones, whereas it
tends to replace the primary silicates in the underlying
basement rocks.

Petrographic relationships between APS
and other phosphate minerals

Several alteration-induced assemblages have been
observed within the basement rocks from both the proxi-
mal and the intermediate zones of alteration. The APS
± secondary apatite are closely associated with the al-
teration of monazite. Residue of strongly etched crys-
tals of monazite have been observed inside the APS
crystals from the zones of massive chlorite formation
that surround the ore deposits at Jabiluka and Ranger
(Fig. 2d). Numerous indications of alteration and re-
placement of monazite by secondary phosphate miner-
als have been observed along regional faults, along
metabasic rocks of the basement at more than one hun-
dred meters below the unconformity. In these samples,
ragged and frayed residues of coarse-grained monazite
still persist in the illite + trioctahedral chlorite clay ma-
trix, which replaces all the earlier silicate minerals (Fig.
2e). Grains of secondary subhedral to euhedral apatite
are only observed close to the residue of monazite (Fig.
2f), whereas euhedral APS crystals are disseminated in
the clay matrix slightly farther from the site of alter-
ation of the monazite (Fig. 2e). Observations of the clay
matrix surrounding the APS crystals at higher magnifi-
cation reveal the presence of tiny residual grains of
monazite and pyrite. The relationships between APS and
apatite are complex. Detrital apatite was not observed
in the altered sandstones, whereas coarse-grained, pore-
sealing, diagenetic apatite was locally observed in sand-
stone samples containing APS disseminated in the illite
matrix near the bottom of the sedimentary basin. These
coarse grains of apatite show many features attributed
to dissolution, but no evidence of a direct replacement
by APS. At least two distinct generations of apatite were
encountered in the basement rocks below the
unconformity: partially dissolved, coarse-grained and
globular crystals of primary apatite and fine-grained
subhedral to euhedral crystals of apatite that surround

FIG. 1. Location of the study area on a geological map of the
East Alligator River Uranium Field (EARUF), Northern
Territory, Australia (modified from Needham 1988).
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FIG. 2. SEM images of APS minerals from EARUF. a) Aggregate of small euhedral grains of APS minerals located in the
intergranular pore-space of the clay matrix in a distal alteration area. b) Features of growth zoning of APS crystal in the
basement rocks. c) Disseminated euhedral crystals of LREE–Sr Al-phosphates (white spots) in a matrix of hydrothermal
illite–sudoite close to the major discontinuities. d) Monazite replaced by APS minerals in a sample of metamorphic basement
almost totally chloritized (trioctahedral chlorite) close to the Ranger 3 uranium orebody of. e) Monazite relics in a clay matrix
containing illite–clinochlore below the unconformity in an intermediate area of alteration. f) Alteration sites of monazite and
pyrite, near which occur secondary apatite and APS associated with trioctahedral chlorite + illite below the unconformity in
area of intermediate alteration. Symbols: APS aluminum phosphate–sulfate minerals, Ap apatite, Sud sudoite, Bt biotite, Chl
trioctahedral chlorite, Ill illite, Mnz monazite, Py pyrite, and Qtz quartz.
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the residue of altered monazite. These observations sug-
gest that the dissolution of primary apatite was complete
in the altered sandstones but only partial in the base-
ment rocks. No direct replacement-induced feature of
apatite involving the APS has been observed.

CHEMICAL RESULTS

Representative results of electron-microprobe analy-
ses of APS minerals from the three zones of alteration
distinguished in the above section are presented in Table
2. The chemical elements sought in individual crystals
have been selected on the basis of preliminary qualita-
tive EDS investigations. The low analytical total (be-
tween 60 and 85 wt%) obtained in some of the analyses
is essentially due to the size of some APS grains (com-
monly <2 �m), which was commonly smaller than the
volume of sample emitting the secondary X-ray radia-
tion. Consequently, there is a partial integration of the
surrounding minerals and micropores in the volume
analyzed by the electron beam. It should be noted that
the chemically variable zones observed in some APS
crystals (Fig. 2b) are too thin to be analyzed individu-
ally with an electron microprobe.

All the analytical results agree with the general for-
mula of APS minerals [AB3(XO4)2(OH)6]. They indicate
a complex chemical composition corresponding to inti-
mate mixtures or solid solutions among various compo-
sitional end-members, which combine essentially the
following cations: Sr, LREE, Ca and Th at the A site, Al
and Fe at the B site; P and S at the X site. Globally, the
analytical results of APS crystals display a rather slight
compositional variation in each given type of alteration
zones, and a wide range of compositional variation from
one type of alteration zone to another (Table 2). The
major chemical variations measured in the APS from
the different domains of alteration in the EARUF in-
volve P, S, Sr and LREE (for comparison of these ef-
fects, the results of the analyses were normalized to 85
wt%, the anhydrous total in well-crystallized APS). The
highest amounts of SrO and SO3 (13.33 and 7.82 wt%,
respectively) and the lowest amounts of LREE2O3 and
P2O5 (6.33 and 22.49 wt%, respectively) were found in
APS minerals from the distal zones of alteration,
whereas the lowest amount of SrO and SO3 (2.32 and
0.53 wt%, respectively), and the highest amounts of
LREE2O3 and P2O5 (23.54 and 26.33 wt%, respectively)
were found in APS minerals close to or from the
Jabiluka, Ranger or Nabarlek orebodies. According to
these results, Ce is the predominant LREE element en-
countered in the APS minerals close to the Jabiluka and
Nabarlek deposits, whereas La predominates in the APS
minerals close to the Ranger deposit. APS minerals from
the intermediate alteration zones show amounts of P2O5,
SO3, SrO and LREE2O3 (24.07, 1.96, 4.24 and 17.43
wt%, respectively) intermediate but distinct from that
of the other zones of alteration. The APS minerals from
all the alteration zones identified in the EARUF contain

minor but significant amounts of Ca and Th at their A
site. Ca is roughly constant (CaO ranges from 1 to 2.3
wt%), whereas Th seems more variable, with lower
amounts in APS from the zones of distal alteration and
a slight enrichment in the APS surrounding the uranium
deposits (ThO2 ranges from 0.12 to more than 2 wt%).
Aluminum is by far the dominant cation, in association
with minor but variable amounts of Fe, in the B site of
all the APS minerals. It should be noted that the ura-
nium content of all the APS minerals analyzed is below
the detection limit of the electron microprobe.

INTERPRETATION

Both the alteration petrography and the chemical
data obtained in this study are used to discuss the sig-
nificance of APS minerals in the alteration processes
associated with uranium deposition in the EARUF. We
will discuss these APS minerals successively in terms
of crystal chemistry, element sources and signature of
thermodynamic conditions of the alteration processes,
which operated at a regional scale in the EARUF.

Crystal chemistry of APS minerals

The APS minerals from the EARUF have complex
compositions that are seldom close to the pure end-
members in the alunite supergroup described in the lit-
erature (Scott 1987, Dill 2001, Jambor 1999). Dill
(2001) indicated that such a chemical feature is typical
of APS from natural environments, which generally
belong to several complex solid-solution series. The
wide range of chemical compositions recorded in the
APS throughout the altered zones at EARUF (Fig. 3) is
essentially due to coupled substitutions of Sr for LREE
and of S for P at the A and X sites, respectively. These
substitutions change the relative proportion of end mem-
bers of the beudantite group, namely svanbergite
(SrAl3(PO4, SO4)(OH)6, and woodhouseite, CaAl3(PO4,
SO4)(OH)6, and of the crandallite group, namely
goyazite, SrAl3 [PO3•(O0.5(OH)0.5)]2(OH)6, crandallite,
CaAl3[PO3• (O0.5(OH)0.5)]2(OH)6, and florencite,
LREEAl3(PO4)2 (OH)6.

At every scale of observation, the major variation of
the APS series essentially involves the relative propor-
tion of svanbergite and florencite end-members. APS
from the zones of distal alteration have a very distinc-
tive compositional field, which differs from those of the
intermediate and proximal zones of alteration by the
predominance of svanbergite. Florencite predominates
in the APS from both the intermediate and proximal
zones of alteration, which form a compositional con-
tinuum. The proportion of florencite significantly in-
creases in the APS series from intermediate to proximal
zones of alteration.

Cross-plot diagrams between the major elements at
the A and X sites of the APS (Fig. 4) indicate that the
chemical variations are not exclusively due to a
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svanbergite-to-florencite transition. The linear regres-
sion curves between all the data points do not conform
to the ideal LREE-for-Sr and P-for-S substitutions in-
volved in a svanbergite-to-florencite transition. A slight
excess of Sr (5 to 10%) at very low S contents and a
depletion of S (40 to 50%) at high Sr content should be
noted. The cross-plot data for both S versus Sr and P
versus Sr suggest that goyazite is associated with
svanbergite and florencite in proportions that tend to
decrease with decreasing distance from the orebodies.
The Ca content of the APS does not significantly vary
throughout the alteration areas at EARUF and seems to
be mostly attributed to the crandallite end-member.

On the basis of the aforementioned chemical data,
the mean composition of APS from each alteration area
can be characterized as follows: 1) in the zones of distal

alteration, (Sr0.61Ca0.21LREE0.17Th0.01)(Al2.89Fe3+
0.11)

[PO3•(O0.76(OH)0.24)]1.57(SO4)0.43(OH)6, corresponding
to a solid solution svanbergite0.43 goyazite0.18 crandal-
lite0.21 ThAl phosphates0.01 florencite0.17; 2) in the zones
of intermediate alteration, (Sr0.22Ca0.16LREE0.61Th0.01)
(Al2.93Fe3+

0.07) [PO3•(O0.88(OH)0.12)]1.86(SO4)0.14 (OH)6,
corresponding to a solid solution svanbergite0.14
goyazite0.08 crandallite0.16 ThAl phosphates0.01 floren-
cite0.61; 3) in the zones of proximal alteration, (Sr0.09
Ca0.13LREE0.76Th0.02)(Al2.92Fe3+

0.08)[PO3•(O0.92
(OH)0.08)]1.96[(SO4)0.04](OH)6, corresponding to a solid
solution svanbergite0.04 goyazite0.05 crandallite0.13 ThAl
phosphates0.02 florencite0.76.

The overall variation of APS compositions deter-
mined above indicate an overall depletion in sulfates in
the aqueous solutions, and conversely, a general enrich-



PHOSPHATE–SULFATE MINERALS OF Al, EAST ALLIGATOR RIVER URANIUM FIELD 821

ment in phosphate with increasing proximity to the ura-
nium deposits. The concomitant enrichments of the APS
in P and LREE toward the ore deposits suggests a com-
mon source and an extensive mobility of both sets of
elements in the altered zones at EARUF.

Source material for APS minerals at EARUF

According to the wide range of environments docu-
mented for APS formation near the Earth’s surface, the
source materials for these minerals can be numerous.
We have considered as source material the products of
alteration (weathering, hydrothermal or diagenetic al-
teration) of primary minerals, including phosphates and
REE-bearing minerals (Dill 2001), and the precipitation
of reactive P and REE released from inorganic com-
pounds during early diagenesis of clastic sediments
(Rasmussen 1996). The source of the major elements
incorporated in the APS minerals associated with the
unconformity-type uranium deposits has never been in-
vestigated specifically. Several sources of elements have
been proposed for the APS minerals formed in the
Athabasca Basin, Canada. Diagenetic and hydrothermal
alteration of detrital or early diagenetic clay and phos-
phate minerals of the siliciclastic formations during the
basin evolution and the intense alteration of the meta-
morphic or magmatic monazite in the basement rocks
are considered as the two best candidates for the release
of the major elements incorporated in the APS on both
sides of the unconformity (Wilson 1984, Fayek & Kyser
1997, Quirt et al. 1991, Hecht & Cuney 2000).

Monazite replacement by APS seems common,
whereas no example of apatite replacement by APS has
been observed. The parental links between monazite and
APS, pointed out in our petrographic descriptions, are

supported by geochemical considerations pertaining to
the light rare-earths (LREE) and Th. Indeed, the rela-
tive proportions of cerium, lanthanum and neodymium
measured in the APS minerals are close to those mea-
sured in the monazite residue (Fig. 5), which persists in
the same altered samples of basement rocks or to a much
lesser degree in sandstones (exclusively as inclusions
in detrital quartz). In the same way, the increasing
amount of LREE in APS minerals from distal to proxi-
mal areas of alteration is correlated with a slight increase
of the average amount of Th, both suggesting a mona-
zite source. No correlative enrichment in Ca accompa-
nies the enrichment in P in the APS noted from distal to
proximal zones of alteration, suggesting that apatite is
not a major source of P and Ca.

All the above arguments indicate that the alteration
of monazite represents the major source for the chemi-
cal elements (P, LREE and Th) involved in the compo-
sitional variations of APS between the distal and the
proximal areas of alteration in the EARUF suite. Such
an inference is an important clue to understand the
geochemical links existing between the LREE-rich APS
and the uranium deposits near where they are currently
encountered. The monazite contains significant amounts
of uranium, which was not incorporated in the products
of alteration observed. Their U content is below the
detection limit of the electron microprobe in the APS,
whereas uranium-bearing minerals have been detected
near the alteration sites of monazite only close to the
uranium orebodies. At least a part of the uranium con-
tained in the orebodies and most of the P, LREE and Th
incorporated in APS minerals thus are genetically re-
lated. They are issued from the same process of alter-
ation of monazite.

The source material of the svanbergite-rich APS,
which characterizes the distal zones of alteration, is not
clearly identified. However, the Sr-enriched APS prob-
ably originated during the burial diagenesis of the
Kombolgie sandstones and could represent a stable
phase in coexistence with the sub-basinal solutions of
the diagenetic aquifers. Indeed, APS minerals with high
Sr and S contents have frequently been reported in lit-
erature on sandstones worldwide (Rasmussen 1996,
Spötl 1990, Dill 2001).

All the above considerations indicate that the crys-
tal-chemical nature of APS in the Kombolgie sandstones
could be indicative of the extent of alteration of mona-
zite. The chemical trend of the APS (Fig. 6) leads us to
interpret this as a signature of the degree of interaction
between the diagenetic fluids from the Kombolgie sand-
stones (producing APS near the svanbergite end-mem-
ber) with solutions enriched in P, LREE and Th (close
to the florencite end-member). In agreement with the
genetic model and the alteration patterns proposed for
the EARUF unconformity-type uranium deposits
(Komninou & Sverjensky 1996, Beaufort et al. 2005),
this origin could relate to the alteration of monazite
within the underlying basement rocks.

FIG. 3. Cross-plot diagram of P + LREE versus S + Sr show-
ing the wide range of chemical compositions recorded in
APS.
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APS minerals: markers of thermodynamic conditions

The chemical trend exhibited by the APS from the
EARUF suggests that their compositional variation is
controlled by large-scale variations in their physico-
chemical conditions of formation. Thermodynamic cal-
culations have been made to shed light on the respective
stability of svanbergite, goyazite, and florencite end-
members.

The thermodynamic calculations have been per-
formed for the following conditions: 1) constant tem-
perature and pressure fixed at 200°C and 500 bars, in
agreement with the data already used for geochemical
modeling (Komninou & Sverjensky 1996, Iida 1993) or

obtained from fluid-inclusion studies (Derome et al.
2003) of the EARUF unconformity-type uranium de-
posits; 2) tetravalent cerium has been neglected because
this ion is stable only in extremely oxidizing conditions;
3) a constant content of aluminum was assumed in all
the APS relations, and 4) the effect of pressure on equi-
librium between any two phases has been neglected.

Gibbs free energies of formation of these APS end
members are given in Table 3. Entropy and heat capaci-
ties of APS minerals were estimated from experimental
values for alunite and jarosite by the method proposed
by Helgeson et al. (1978). Enthalpies of formation were
calculated from Gibbs free energies of formation and
entropy given in Table 3. Equilibrium constants for the

FIG. 4. Cross-plot diagrams showing the major elements at the A and X sites in the different APS minerals encountered in all the
different geological units surrounding the EARUF deposits or prospects. � APS from zones of distal alteration, � APS from
zones of intermediate alteration, and � APS from zones of proximal alteration.
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dissolution reactions of the APS minerals were calcu-
lated with the SUPCRT program (Johnson et al. 1992) and
are given in Table 4.

The stability domains of svanbergite, goyazite, and
florencite have been plotted in a log [Sr2+/Ce3+] versus
pH for two different values of f(O2) and for total phos-
phorus (PT) and total sulfur (ST) maintained constant. It
can be seen that the stability of these minerals is highly
sensitive to pH. Svanbergite is the stable APS end-mem-
ber at low pH and relatively oxidizing conditions, i.e.,
at f(O2) equal 10–30 atm (Fig. 7a). More reducing condi-
tions in the system, i.e., at f(O2) equal to 10–38 atm
(Fig. 7b), will strongly narrow the stability domain of
svanbergite toward still more acidic conditions and
hence promote the stability of goyazite at high Sr2+:Ce3+

ratio, or florencite at lower Sr2+:Ce3+ ratio. In other
words, the transition svanbergite to florencite exhibited
by APS minerals around the EARUF unconformity-type
deposits can be explained by concomitant increase of
pH and reducing conditions and decrease of the
Sr2+:Ce3+ ratio in the hydrothermal solutions. No data
exist on the Sr2+:Ce3+ ratio of the fluids associated with
the uranium deposition in the EARUF unconformity-
type deposits. However, on the basis of petrography, it
seems reasonable to consider that the Sr2+:Ce3+ ratio is
strongly dependent on the degree of interaction between
the acidic diagenetic solutions and monazite in the base-
ment rocks.

FIG. 5. Projection in terms of Ce – La – (Nd + Pr) (elecron-
microprobe data) of the various monazite and APS miner-
als for a given sample encountered in all the geological
units surrounding the EARUF deposits or prospects. Sam-
ple 2, proximal alteration: � monazite, � APS minerals.
Sample 5, intermediate alteration: � monazite, � APS
minerals. Sample 7, intermediate alteration: � monazite,
� APS minerals.

FIG. 6. Projection in terms of S – Sr – LREE (electron-microprobe data) for the various
APS minerals encountered in all the geological units surrounding the EARUF deposits
or prospects. � APS minerals from zones of proximal alteration, � APS minerals from
zones of intermediate alteration, � APS minerals from zones of distal alteration.
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CONCLUDING REMARKS

The results of this study indicate that the APS min-
erals are genetically related to the alteration features
associated with uranium deposition in the unconformity-
type deposits of the East Alligator River Uranium Field.
The APS minerals are mostly products of alteration of
monazite and present significant compositional varia-
tions. These depend on chemical factors that are consis-
tent with those proposed in the genetic models for
unconformity-type uranium deposits. These models in-
volve the interaction of hypersaline, oxidizing and rela-
tively acidic fluids (i.e., sub-basinal brines derived from

the overlying sandstones) with the underlying basement-
rocks (Plant et al. 1999) and development of redox and
pH fronts during the overall process of alteration (Hoeve
& Quirt 1984). Once these fluids moved into the base-
ment, they were progressively reduced by interaction
with reducing agents such as graphite or ferrous-iron-
bearing minerals, and the pH of the fluid was increased
during the alteration. A major proportion of the uranium
in these deposits was deposited in zones of the base-
ment where high degrees of reduction and neutraliza-
tion of the hydrothermal fluids were attained.

We suggest here that the transition from svanbergite
to florencite in the APS series is a good marker to in-

FIG. 7. Activity–activity diagrams log [Sr2+/Ce3+] versus pH representing the stability domains of svanbergite, goyazite,
florencite for two different values of log a(O2).
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vestigate the distribution of the pH front that results
from the interaction of the diagenetic solutions with the
basement rocks below the unconformity. Svanbergite-
rich APS minerals were formed only from diagenetic
reactions in the Kombolgie sandstones, whereas the
florencite content of APS increases with increasing de-
gree of alteration of monazite-bearing rocks (mostly
basement rocks). The transition from florencite-rich
APS to apatite, which was observed at various scales
(i.e., alteration assemblages near individual grains of
monazite or regional zoning in basement rocks), is also
consistent with a higher degree of neutralization of
acidic diagenetic fluids by interaction with basement
rocks. Indeed, APS minerals are known to be more
stable in lower-pH environments (in which LREE are
relatively mobile) than apatite (Spötl 1990, Stoffregen
& Alpers1987, Vieillard et al. 1979).

Further investigations are needed to determine the
extent of the various solid-solutions in APS minerals
from unconformity-type uranium deposits, before one
can proceed to use them as an appropriate indicator of
paleoconditions and hence as a potential tool in mineral
exploration. We would like to see a comparative study
of the composition of APS minerals from the Protero-
zoic basins in Canada, containing high-grade uranium
orebodies (Athabasca, Thelon), the use of thermody-
namic models integrating solid-solutions for both the
APS and the associated clay minerals, and isotope stud-
ies on purified mineral fractions (stable and unstable).
These additional investigations are required to test the
general validity of our present findings and will con-
tribute to improve our knowledge concerning the con-
ditions of formation (P, Eh, pH) of such uranium
deposits.
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