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ABSTRACT

The Al-phosphate minerals augelite, AI2PO4(OH)3,
trolleite, Al4@oddorD3, gatumbaile, caAl2@od2(olD2.
H2O, and lazulite, (Mg,Fe)Al2@Oq)z(OH)2, occur in a
suite of hydrotlermally altered Triassic andesites at Mount
Perry, eastern Queensland, Australia. This is only the
second documented occurrence of gatumbaite worldwide,
and the frst reported Australian occurrence of augelile and
trolleite. Associated minerals include quartz, andalusite,
rutile, zircon and topaz. The Al-phosphates are considered
to have formed initially by hydrothermal alteration of the
volcanic rocks at relatrvely high temperatures (ca. 5m"C),
but later equilibrated at 38M50"C and 2 kbars P(HzO).
Small blebs of scorzalite, (Fe,Mg)Al2(POq)z(OH)2,
included in lazulite may be exsolution features and suggest
that a miscibility gap may exist in the lazulite-scorzalite
series.

Keywords: phosphates, augelite, trolleite, gatumbaite, Luu-
lite, scorzalite, Mount Perry, Queensland, Australia.

SotvtMarne

Nous avons trouv6les phosphates d'aluminium augelite
AI2PO4(OH)3, troll6ite AI4(PO/3(OH)3, gatumbaite
CaAl2@Or2(OH)z.HzO, et lazulite (Mg,Fe)Alz@Odz
(OH)2 dans une suite d'anddsites triassiques alt6r6es au
mont Perry, dans le Queensland oriental, en Australie. C'est
le deuxibme exemple de la gatumbaite d l'€chelle mondiale,
et la premibre fois que I'augelite et la troll€ite sont signa-
l€es en terre australienne. Leurs sonl associ6s quartz, anda-
lousite, rutile, zircon et topaze. Les phosphates se seraient
form6s d'abord par l'alt€ration hydrothermale des roches
volcaniques a rcmpgrature relativerrent 6lev6e (500oC, envi-
ron), e1 auraient r6-6qirilibrd entre 380 et 450oC ir une pres-
sion d'eau de 2 kbars. Des petites inclusions de scorzalite,
(Fe,Mg)Al2@O q)z(OH)2, dans la lazulite pourraient r6sul-
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ter d'un ph6nombne d'exsolution, et indiqueraient la pr6-
sence d'une lacune de miscibilit6 entre lazulite et scorzalite.

(Traduit par la Rddaction)

Mots-clds: phosphates, augelite, trolldite, gatumbaite, lazu-
lite, scorzalite, mont Perry, Queensland, Australie.

INTRODUCTION

Augelite AI2(PO4)(OH)3 and trolleite Al4(POr3
(OtI): are rare phosphate minerals characteristic of
relatively high-temperature, Al-rich hydrothermal
deposits, where they form by metasomatic replace-
ment of aluminosilicate minerals (Wise 1975, Wise
&Loh1976), This paper describes an occurrence of
augelite and trolleite, together with an even rarer
Ca-Al phosphate, gatumbaite CaAl2(POn),
(OH)2.H2O, near Mount Perry (Fig. l), 75 km
southwest of Bundaberg in eastern Queensland. This
is apparently the first reported Australian ocqurence
of augelite and trolleite and only the second recorded
occurrence of gatumbaite worldwide after the type
occurrence in the Buranga pegmatite, Rwanda (von
Knorring & Fransolet 1977).

OCCURRENCE

The phosphate occurrence is located within a
hydrothermal alteration system in a sequence of
Triassic andesites 7 km east of Mount Perry Town-
ship. The alteration belongs to the class termed
"high-Al alteration" by Schmidt (1985), marked by
central zones of extreme acid leaching consisting pri-
marily of quartz (98q0) and rutile (2q0), with or
without pyrite, andalusite, sillimanite and lazulite.
At Mount Perry, accompanying zones of (adjacent)
quartz-sericite and (outer) propylitic alteration have
been recognized but not fully mapped. Andesites
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Ftc. 1. Simplified geological map of the Mount Perry area.

showing propylitic and quartz-sericite alteration
retain all the textural features of the igneous precur-
sors, including abundant relict plagioclase phe-
nocrysts up to 1.5 mm in length. By contrast, rocks
in the zone of high-Al alteration retain no textural
evidence of igneous parentage, which is predicated
wholly on the basis of relationships in the field,
where partial replacement of individual flows may
be observed. The contact between replaced and unre-
placed zones is quite sharp, and intermediate textu-
ral variants have not been recorded.

The phosphate-bearing specimens studied contain
quartz, andalusite, augelite, trolleite, gatumbaite,
rutile, zircon and, in one specimen, abundant topaz
(>50 vol. 9o). Small amounts of lazulite occur spo-
radically throughout the rock as irregular patches
and thin veins. Traces of berlinite AIPOa are in-
cluded in q\afiz.

There is no unequivocal textural evidence ofrepla-
cement phenomena among these phases, apart
perhaps from the rather ragged anhedral appearance
of some grains of gatumbaite. However, there is
some alteration of the phosphate phases to variscite
AlPOo.2gr6, which seems to have occurred much
later and at a lower temperature than the main
assemblage.

MINERALOGY

Results of microprobe analyses of the phosphate
minerals are given in Tables I and2. Analyses were
carried out by wavelength-dispersion methods with
a Cameca Camebax Microbeam electron-probe
microanalyzer using an accelerating voltage of 15 kV,
atake-offangle of40o and abeam current of0.034
mA. Volatilization of structurally combined water
in the phosphates was minimized by using a rastered
electron beam. The following primary standards were
used: pure metal @e) and synthetic phases TiO2
Cft), MnO Mn), MgO (Mg), CazPzO? (P), CaAl2O4
(Al) and CaSiO3 (Ca,Si). Secondary standards
included natural apatite, pyroxene and garnet. In all
phosphates, Na, K, Cr, As, Ni, Ba, Sr, Cu and Zn
are below the limit of detection (typically 100-200
ppm).

Augelite

Augelite typically forms stumpy prismatic grains,
up to 6 mm but usually less than 2 mm in length.
The grains generally consist of a turbid core (owing
to abundant microscopic to submicroscopic inclu-
sions) surrounded by a water-clear rim. Small
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€rmounts of Ti detected in augelite (Table l, No. 1)
may substitute for Al or may represent sub-
microscopic inclusions of rutile, which is an abun-
dant associated mineral.

Trolleite

Trolleite usually occurs as small, equant, anhedral
grains typically less than 0.5 mm in diameter, com-
monly included in augelite, and rarely in quartz or
gatumbaite. A microprobe analysis (Table I, No. 2)
indicates the presence of minor Fe (0.29-0.60 wt.9o
FEOs), presumably substituting for Al, and a trace
of Mg (0.08-0.16 wt.9o MgO).

Gatumboite

Gatumbaite, which is less abundant than augelite
and trolleite, occurs as bladed, anhedral prismatic
crystals up to 5 mm in length. This coarsely crystal-
line habit contrasts markedly with the fine-grained,
radiating fibrous habit of gatumbaite from the only
other known locality, in the Barunga pegmatite,
Rwanda (von Knorring & Fransolet 1977). At Mount
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Perry, gatumbaite (Table I, No. 3) contains traces
of Fe (up to 0.08 wt.Vo FqO) and Ti (0.05-0.18
wt.9o TiO), but is otherwise close to the ideal com-
position. In contrast, von Knorring & Fransolet
(1977) reported significant Fe Q.2 wt.9o Fqo3), Mn
(0.3 wt.9o MnO) and Na (0.3 fi.90 Na2O) in the
type gatumbaite. However, these differences can
probably be attributed to analysis by electron
microprobe, which excludes impurities, in contrast
to the standard wet-chemical analysis performed on

the fibrous type specimen, with attendant problems
of sample purity of the separate. A detailed optical
and single-crystal X-ray study of the Mount Perry
gatumbaite is in progress and will be presented in
a separate paper.

Berlinite

Berlinite is restricted in occurrence to rare sub-
spherical blebs up to 0.05 mm in diameter included
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in quartz. Microprobe analytical results indicate lit-
tle substitution and a close approach to stoichiome-
rry (Table I, No. 4).

Lazulite

Lazulite occurs as small, irregular polycrystalline
patches and veins throughout the rock. It is relatively
Fe-rich (Table 2, Nos. 1-3), with measured
l00Mg/(Mg + Fe) values in the range 65-76 (av.72).
Trace amounts of Ti (0.03-0.09 wt.9o TiO) and
Mn (0.05-0.25 wt.r/o MnO) also are present.
Included in the lazulite are small blebs of scorzalire
up to 0.03 mm in diameter, which have variable
l00Mg/Mg+Fe) values in the range 4.0-26.7 (av.
15.5; Table 2, Nos. 4-6). These blebs may be exso-
lution features and strongly suggest, contrary to
previous suggestions (Abernathy & Blanchard 1982),
that there is a miscibility gap in the lazulite - scor-
zalite solid-solution series. To further test this pos-
sibility, specimens of lazulite-scorzalite from three
other localities were examined with the electron
microprobe. The compositions of lazulite from
Rapid Creek, Yukon (Table 2, No. 7) and Werfen,
Austria (Table 2, No. 8) are homogeneous in terms
of Fe and Mg, but fall outside the proposed mis-
cibility gap. However, microprobe data on a speci-
men of scorzalite from the Victory mine, South
Dakota (Table 2, Nos. 9, l0) again appear to sup-
port a miscibility gap. In this case, very pale blue
and faintly pleochroic scorzalite [00M9/(Mg + Fe)
in the range 20.6-24.2lis the major phase, but it con-
tains small inclusions and outgrowths up to 0.1 mm
across of deeper blue and strongly pleochroic Fe-rich
lazulite [100Mg/(Mg + Fe) in rhe range
52.1-57.51.The boundary between the Mg-rich and
Fe-rich phases is extremely sharp, and intermediate
compositions are not resolvable even with a finely
focused electron beam.

Experimental data on intermediate members of the
series apparently are unavailable-, but equivocal sup-
port for the presence of a gap is offered by avail-
able analyses of lazulite and scorzalite (Meyers 1948,
Pecora & Fahey 1950, Palache et ql,1951, Camp-
bell 1962, Fransolet 1975, Abernathy & Blanchard
1982), which show a paucity of intermediate
l0OMg/(Mg + Fe) values. Indeed, the data of Aber-
nathy q Bhnchard (1982) show a clear gap in
l00Mg/(Mg+Fe) over the range 33-63. Further-
more, all previously published data have been
obtained by wet-chemical methods, and the possi-
bility of fine-scale heterogeneity being more
widespread cannot be discounted. The presence of
separate Mg-rich and Fe-rich phases is easily over-
looked in thin section, in spite of moderate differ-
ences in index of refraction and possibly pleochro-
ism. Furfher data on intermediate members of the
series.are clearly desirable, especially since, if con-

firmed, such miscibility in an Fd+-Mg isomor-
phous series is highly unusual, if not unique.

Variscite

Turbid areas of commonly fibrous variscite com-
prising up to 30 vol.9o of the phosphate-bearing
rocks appear to replace earlier Al-phosphates (auge-
lite and trolleite). For example, embayments and
fractures in some large augelite grains are infitled
with the fine-grained variscite. Elsewhere, several
ragged patches of optically continuous augelite are
totally enclosed in the variscite. On the basis of this
textural evidence and the usual low-temperature
paragenesis of variscite, it is assumed to be of later,
lower-temperature origin than the other phosphates.

Rutile

Rutile is wiCes-pread in the phosphate-bearing
rocks as a minor phase, but is also concentrated in
small, highly irregular veinlets and occurs as euhedral
inclusions in quartz. The specimens studied here are
less quartz-rich than those described from Mount
Perry by Putnis & Wilson (1978), but analyses con-
firm the iron-rich compositions they reported and
also indicate that a small but consistent amount of
Nb (av. 0.08 fi.90 MrOs) is present. However, the
analyses failed to reproduce the high levels of Si and
V reported by Putnis & Wilson (1978). Their ana-
lyses were obtained by energy-dispersion microprobe
analysis, and the reported high V contents (0.28-1.25
wt.9o V2O5) almost certainly result from overlap of
the TiKP and VKa peaks. The superior resolution
of wavelength-dispersion analysis allows better cor-
rection for this overlap. The new data suggest that
the high levels of V reported by Putnis & Wilson
(1978) are in error. Similarly, failure to reproduce
the high reported Si contents (up to 1.28 wt.qo
SiO) supports their suggestion that these are the
result of fluorescence from surrounding quafiz
grains.

Zircon

Zrcon is relatively common in the phosphate-
bearing rocks as small euhedral prisms up to 0.1 mm
in length, usually associated with rutile or included
in quartz.

Topaz

Topaz is irregularly distributed but locally very
abundant as a fine-grained (<0.1 mm) granoblastic
aggxegate with minor rutile, quartz and phosphates.

DIscUSSIoN

The silicate-phosphate assemblage at Mount Perry
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are from Haas & Holdaway (1973).
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is strikingly similar to that described from the Cham-
pion mine, White Mountains, California, where the
minerals also occur in faulted and hydrothermally
altered metavolcanic rocks (Wise 1977). Such
unusual concentrations of Al-silicates (andalusite,
pyrophyllite, topaz) and Al-phosphates (lazulite,
augelite, trolleite) are believed to form by the action
of voluminous highly acidic fluids (hydrogen
metasomatism: Wise 1975). This proposal is consis-
tent with the geological setting of the Mount Perry
deposit, which occurs in hydrothermally altered
andesites intruded by Triassic highJevel granites and
microgranites.

If the silicate-phosphate association represents
an equilibrium assemblage, then experimental data
can constrain the P-Zregime under which it formed.
Stability relations in the system AI2O3-P2O5-H2O
were determined by Wise & Loh (1976), but reac-
tions involving excess silica have not been studied
experimentally. However, Wise & Loh (1970 calcu-
lated a P-Z diagram for the relevant portion of the
system AI2O3-SiO2-AIPO4-H2O using available
thermodynamic data and their data on the system
AI2O3-P2O5-H2O. A revised version of this diagram
is presented in Figure 2. The position of the univar-

iant curves has been determined using ther-
modynamic data from Wise & Loh (1976)' Bass &
Sclar (1979) and Robie et al. (1978) by solving equa-
tion (8) of Fisher & Zen (1971) for P at various values
of Z. The stability field of the assemblage augelite-
trolleite-andalusite-quartz is restricted to the hatched
area of the diagram, i.e, the area bounded mainly
by the reactions

andalusite=kyanite (1)
trolleite = augelite+2 berlinite A)
pyrophyllite = andalusite + quarlz+H2O (3)

Preservation of traces of berlinite as inclusions in
quartz suggests that the P-Iregime initially involved
somewhat higher temperatures (1o the right of the
univariant curve for reaction 2). The common occur-
rence of trolleite as small round granules closely
associated with augelite is consistent with its forma-
tion by reaction of berlinite and augelite during (iso-
baric?) cooling from these higher temperatures.
However, textural evidence does not discount con-
clusively the possibility that augelite and trolleite
formed simultaneously during the main metasomatic
episode.
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A lower-temperature limit of the assemblage may
be deduced from the presence or absence of
pyrophyllite, which breaks down to andalusite +
quartz + H2O above 360-380'C (Haas & Holda-
way 1973). Pyrophyllite is not present in the speci
mens studied here but does occur elsewhere in the
phosphate-bearing zone at Mount Perry (Putnis &
Wilson 1978), so that final equilibration of the
assemblage probably involved temperatures not
much above that of pyrophyllite breakdown. A best
estimate of the temperature of formation is there-
fore in the range 380-450'C. Total pressure and
P(H2O) are more difficult to estimate, but the
presence of andalusite and absence of kyanite pro-
vide an upper limit of about 3.8 kbars (Holdaway
1971). However, given tlte relatively highJevel nature
of the associated intrusive activity, the products of
which are dominated by porphyries and high-level
granites, P(total) and P(H2O) were probably sub-
stantially less than this value and are unlikely to have
exceeded about 2 kbars.

No data are available on the stability of gatum-
baite, but the type occurrence in a pegmatite and its
close association with augelite and trolleite at Mount
Perry indicate that it is also a relatively high-
temperature phosphate. Note that its presence is not
recorded in experiments at 2@oC and about 17 bars
P(IIzO) in t}te water-saturated portion of the system
CaO-AI2Or-P2O5-H2O (Yuh & Rockett l98l).

Members of the lazulite-scorzalite series are sta-
ble to relatively high temperatures. At 2 kbars, and
an/(O) controlled by the Ni-NiO buffer, lazulite
breaks down at 635'C and scorzalite at 515"C (Wise
&Loh 1976).

In summary, "field and petrographic data on the
Mount Perry silicate-phosphate assemblage, and
published experimental data on the system
AI2O3-P2O5-H2O, are consistent with an origin by
hydrothermal alteration of volcanic rocks, initially
at relatively high temperarures (450-5m'C), followed
by (isobaric?) cooling dongaP-Tpath such as that
indicated by the broad arrow in Figure 2. The
hydrothermal solutions were highly acidic and appar-
ently carried relatively high concentrations of P and
F, leading to development of the Al-phosphates and
topaz. Lower-temperature alteration of the assem-
blage was restricted to limited breakdown of the
high-temperature phosphates to yariscite.
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