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ABSTRACT

A small high-grade occurrence of palladium, platinum, gold, silver, selenium and mercury at Copper Hills in the East Pilbara
region of Western Australia exhibits a remarkable diversity of minerals and textures. Most of the mineralization occurs within a
malachite–quartz host, with particularly high concentrations in malachite nodules. The primary minerals include a number of
selenides, including oosterboschite, naumannite, chrisstanleyite, berzelianite, umangite, luberoite (?) and tiemannite, as well as
some unidentified minerals. Other ore minerals include native gold, native silver and potarite. Oxidation of the Pd and Pt selenides
has produced a range of fine-grained oxide mixtures. The Pd and Pt selenides and their oxidized products occur as fine-grained
dispersions, commonly as arborescent fronds, and as larger inclusions in the malachite nodules. The native silver has been
partially replaced by bromian chlorargyrite. The source of the mineralization is believed to have been acid, saline hydrothermal
solutions charged with the precious metals, mercury, selenium and copper. Interaction of these solutions with dolomitic carbonate
probably caused the precipitation of the minerals of economic interest.

Keywords: malachite, oosterboschite, naumannite, chrisstanleyite, berzelianite, umangite, gold, silver, platinum, palladium,
Copper Hills, East Pilbara, Australia.

SOMMAIRE

Un petit indice à teneur élevée en palladium, platine, or, argent, sélénium et mercure à Copper Hills, dans le secteur oriental
de la région de Pilbara, en Australie occidentale, fait preuve d’une diversité remarquable de minéraux et de textures. La zone
minéralisée se trouve surtout dans un hôte de malachite + quartz contenant une concentration de nodules de malachite. Parmi les
minéraux primaires se trouvent plusieurs séléniures, y inclus oosterboschite, naumannite, chrisstanleyite, berzélianite, umangite,
lubéroïte (?) et tiémannite, de même que quelques minéraux non identifiés. Parmi les autres minéraux d’intérêt économique se
trouvent or natif, argent natif et potarite. L’oxydation des séléniures de Pd et de Pt a produit une série de mélanges d’oxydes à
granulométrie fine. Les séléniures de Pd et de Pt et les produits de leur oxydation forment des traînées à grains fins, généralement
sous forme de frondes arborescentes, aussi bien que des inclusions dans les nodules de malachite. L’argent natif a partiellement
été remplacé par la chlorargyrite bromifère. La source de la minéralisation serait une saumure hydrothermale acide portant
métaux précieux, mercure, sélénium et cuivre. L’interaction de telles solutions avec un carbonate porteur de dolomite aurait causé
la précipitation des minéraux d’intérêt économique.

(Traduit par la Rédaction)

Mots-clés: malachite, oosterboschite, naumannite, chrisstanleyite, berzélianite, umangite, or, argent, platine, palladium, Copper
Hills, East Pilbara, Australie.

INTRODUCTION

The assemblage described herein is from the Cop-
per Hills occurrence (Lat. 22°55’, Long. 123°13’), at
the edge of the Great Sandy Desert, in the East Pilbara
region of Western Australia. It is designated as the PM
location on the Blanche–Cronin 1:100,000 Geological
Series map sheet of the Geological Survey of Western
Australia. The occurrence is within the Tabletop Ter-

rane of the Rudall Complex, which consists of early
Proterozoic schist, amphibolite and metasedimentary
rocks of lower amphibolite facies (Hickman & Bagas
1995, Bagas 1999). The Copper Hills occurrence is a
small vein-type polymetallic deposit (of the order of 100
tonnes) dominated by malachite and containing native
gold and silver, selenides of palladium, platinum, cop-
per, silver and mercury, and oxides of palladium and
platinum. Although samples collected during the early
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exploration phase contained remarkably high Pd, Pt, Au
and Ag values, subsequent intensive exploration efforts
have failed to reveal sufficient quantities of this mate-
rial to warrant mining operations.

The mineralogical features described in this paper
were obtained from the examination of some 29 pol-
ished sections produced from five hand specimens pro-
vided by geologists from the companies controlling the
deposit, originally Prosilver Nominees Pty Ltd. and,
later, Australian Platinum Mines NL. The specimens are
reported to be typical of the high-grade portion of the
occurrence, according to geologists responsible for the
project. Much of the original material has been de-
stroyed as a result of assay and analytical procedures
and metallurgical testing, and therefore a complete min-
eralogical description of the occurrence can never be
made. However, I believe that the minerals in the as-
semblage, and their textures, are of sufficient general
interest to warrant publication.

A mineralogical investigation of the assemblage was
initiated by Jiri Just, consulting mineralogist. After Mr.
Just’s premature death in 1994, I continued the investi-
gation on the basis of specimens left by Mr. Just and on
additional material provided by the exploration compa-
nies. A preliminary report on the occurrence was pre-
sented at the 17th General Meeting of the International
Mineralogical Association (Nickel 1998).

Specimens of the material are preserved in the min-
eral collection of Exploration & Mining, CSIRO, and a
specimen has been donated to the Museum of Victoria,
Melbourne, Australia.

MINERALOGICAL DESCRIPTION

The material available for study consisted of five
hand-sized specimens of rock containing mineralized
pods of a green to black mineral assemblage, up to about
60 mm across, in a pale brown dolomite-rich carbonate
assemblage. The pods exhibit irregular and contorted
banding. In general, the banding consists of a fine-
grained relatively homogeneous layer and a complex
layer displaying a botryoidal texture (Fig. 1). The fine-
grained layer consists largely of an intimate intergrowth
of malachite, quartz and goethite, whereas the complex
layer is composed of a heterogeneous assemblage of
dark nodules, nodular fragments and arborescent masses
in a malachite–quartz matrix (Figs. 2–4). These features
will be discussed in greater detail below.

Malachite, Cu2CO3(OH)2

The dominant mineral in the mineralized pods is
malachite, of which three main types can be discerned:
a bright green unmineralized malachite, a “ferruginous
malachite” consisting of a fine-grained greyish green
intergrowth with quartz and goethite, and mineralized

material that consists mainly of nodular malachite with
abundant inclusions of opaque minerals.

The unmineralized malachite is fine-grained and
generally contains finely intergrown quartz and occa-
sional chrysocolla. These minerals form the matrix for
the nodules of mineralized malachite and also occur as
irregular masses within the mineralized malachite.

The ferruginous malachite consists of a fine-grained
intergrowth of malachite, quartz and goethite, and hosts
sporadic concentrations of finely disseminated particles
of copper selenides and occasional gold grains. This
material forms the greyish green band shown at the bot-
tom of Figure 1.

The mineralized malachite is usually black owing to
fine-grained dispersions of opaque particles. In oil im-
mersion in transmitted light, it is opaque except at thin
edges of grains, where individual micrometric inclu-
sions can be seen. The mineralized malachite occurs in
a wide variety of forms, including nodules and nodular
fragments (Figs. 2, 3, 4, 5), arborescent fronds (Fig. 4),
balloon-like formations (Fig. 6), and irregular grains
(Fig. 7).

The finely dispersed particles in the mineralized
malachite occur as concentric zones in efflorescent nod-
ules (Fig. 8) and as “clouds” of arborescent fronds
(Fig. 9). As will be shown later, these finely dispersed
particles are probably luberoite, but it has not been pos-
sible to confirm their identity.

In addition to the fine-grained dispersions of
luberoite (?), some of the mineralized malachite con-
tains larger grains, mainly of palladium oxides, the dis-
tribution of which tends to conform to the external
morphology of the spherical nodules (Fig. 5). Pd oxides
also occur as thin concentric layers or crescents in the
malachite (Fig. 8).

Berzelianite, Cu2Se and umangite, Cu3Se2

Berzelianite and umangite occur as local concentra-
tions of finely disseminated grains in the ferruginous
malachite; individual grains of berzelianite are gener-
ally less than 20 �m in diameter, whereas those of
umangite are slightly larger. Berzelianite is isotropic and
bluish white in reflected light; umangite is pink and
highly anisotropic.

An electron-microprobe analysis of umangite (Table
1) shows that it contains an appreciable amount of Pt,
Ag, Hg and Pd. The standard deviations, particularly
that associated with Ag, are substantial, which indicates
that the minor elements are probably due to submicro-
scopic inclusions of extraneous minerals; this could also
be expected from crystallochemical considerations, as
the ionic radii of these elements are much greater than
that of Cu and would therefore not readily substitute for
this element in the umangite structure. The 2% S shown
in the analysis could reasonably be expected to substi-
tute for Se.
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Naumannite, Ag2Se

Naumannite occurs as grains up to 2 mm in diam-
eter comprising the core of some of the malachite nod-
ules. The mineral is yellowish grey and weakly
anisotropic in reflected light. An electron-microprobe
analysis (Table 1) gave a composition reasonably close
to theoretical Ag2Se; the high standard deviations for
the minor elements Cu, Pt and Hg cast doubt on their
incorporation in the structure. Minor amounts of
naumannite were also observed as inclusions in native
silver and as a core of grains rimmed by tiemannite
(HgSe).

The large grains of naumannite have a corroded ap-
pearance (Fig. 10), and are enclosed by chalcomenite, a
product of the oxidation of naumannite.

Chrisstanleyite, Ag2Pd3Se4 and
its Cu-dominant analogue

Chrisstanleyite is a relatively new mineral species,
described for the first time by Paar et al. (1998). In the
Copper Hills assemblage, the mineral is copper-bear-
ing, and occurs as an intergrowth with its Cu-dominant
analogue, possibly a new mineral (Roberts et al., in
prep.). Compositions determined by electron micro-
probe (49 spot analyses of eight grains) vary in Ag/(Ag
+ Cu) value from 0.02 to 0.87, with the two extreme
compositions shown in Table 2. This compositional
variation suggests that Ag2Pd3Se4 and Cu2Pd3Se4 form
a solid-solution series, a suggestion supported by the
observation that the two phases are indistinguishable in
reflected light. They are yellow in reflected light with
weak bireflectance and moderate anisotropy. They tend
to be closely associated with naumannite, in which they
occur as inclusions. In one polished section, they occur
as a crescent of grains in naumannite and the selenate
mineral, chalcomenite (Fig. 10), which suggests that
chrisstanleyite and its copper-rich equivalent probably

existed as a depositional layer in naumannite, and that
oxidation of the selenides to a selenate has proceeded
along the boundary between the two.

Oosterboschite, (Pd,Cu)7Se5 and
the product of its alteration

Oosterboschite was identified primarily on the basis
of its chemical composition (Table 3), which gives the
empirical chemical formula Pd3.9Cu2.6Se5.5, simplified
to Pd4Cu3Se5. The fact that the analytical total exceeds
100%, and that the empirical composition departs ap-
preciably from that of the type-locality oosterboschite,
(Pd,Cu)7Se5 (Johan et al. 1970), can probably be attrib-
uted to the lack of suitable electron-microprobe standards.
Confirmation of oosterboschite by X-ray-diffraction
analysis was not possible because of the small grain-
size and dispersed nature of the mineral. However, its
appearance in reflected light, i.e., yellow color, weak
bireflectance and moderate anisotropy, conforms to the
original description of oosterboschite.

Oosterboschite was seen only in nodules of mineral-
ized malachite, where it occurs as irregular grains
(Fig. 11) and veinlets (Fig. 12). The larger grains are
usually rimmed by a darker phase (Fig. 11), apparently
a product of the decomposition of oosterboschite. At
moderate magnification, the alteration product is grey
in contrast to the oosterboschite, and seems to be homo-
geneous, but at high magnification (Fig. 11), it is seen
to be an extremely fine-grained mixture of several
phases. Because of the small size of the grains in the
mixture, and the intimate intergrowth of the phases com-
prising it, it has not been possible to identify the indi-
vidual components. An electron-microprobe analysis of
the mixture (Table 3) shows a substantial Se content,
which suggests that one of the phases is a selenide or
selenate; the reflectance of the components is higher
than would be expected for a selenate, so the former is
more likely. The analytical shortfall from 100% may be
due to an oxide phase in the mixture. The main effect of
the alteration has apparently been a decrease in Se and
an increase in Cu.
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FIG. 1. A polished slab of the vein material illustrating the general nature of the mineralization. The greyish green layer at the
bottom is ferruginous malachite; above that is a heterogeneous layer of mineralized (black) and unmineralized malachite
(green). Width of field is 80 mm.

FIG. 2. Photograph of a polished surface in oblique illumination showing a large heterogeneous mass of mineralized malachite
(black), unmineralized malachite (green) and quartz (white), with some small grains of chlorargyrite (yellow). The large mass
is flanked by a number of dark nodules of mineralized malachite. Width of field is 7 mm.
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FIG. 3. Photograph of a polished surface in oblique illumination showing several nodules consisting of mineralized malachite
(black), unmineralized malachite (green under the microscope but blue in this photo) and quartz (white, grey) in a malachite
– quartz – goethite matrix (yellowish green). Width of field is 6 mm.

FIG. 4. Photograph of a polished surface in oblique illumination showing a fragment of a spherical nodule and several arbores-
cent fronds of mineralized malachite (black) in a matrix consisting mainly of unmineralized malachite (green under the
microscope but blue in this photo) and a quartz – malachite – goethite mixture (yellowish green). Width of field is 11 mm.
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Although some of the alteration of the oosterboschite
contains remnants of oosterboschite (Fig. 11), most of
it does not, and identification in these cases was based
on a comparison of energy-dispersion spectra with those
of material that contains remanants of oosterboschite.

The product of oosterboschite alteration exhibits a
wide range of textures, including disseminated small
particles (Fig. 7), larger irregular grains (Fig. 11), in-
tergranular veinlets (Fig. 12), branching veinlets
(Fig. 13), conformable layers in malachite nodules
(Fig. 8) and arborescent fronds (Fig. 14).

Luberoite (?), Pt5Se4

A Pt–Se mineral occurs in the mineralized malachite
and, to a lesser degree, in quartz as diffuse “clouds” of
dispersed particles, commonly as arborescent forms
(Fig. 9), but also as concentrically zoned concentrations
(Fig. 8). Electron-microprobe data on such clouds are
dominated by Cu, which is interpreted as being due to
the malachite host. On the assumption that all the Cu is
due to malachite, the composition shown in Table 4 has
been augmented by the amounts of CO2 and H2O re-
quired for the malachite composition. Disregarding the
small amount of recorded Ag, the remaining elements
give a (Pt,Pd):Se ratio of 5:4, which corresponds to that
of luberoite, Pt5Se4, a rare mineral heretofore reported
from only one occurrence, a placer deposit, and reported
to have granodioritic affiliations (Jedwab et al. 1992).
Unfortunately, the luberoite diagnosis could not be con-
firmed by X-ray diffraction, as diffraction patterns of
the Pt–Se “clouds” showed only malachite.

Native silver and chlorargyrite, AgCl

Native silver occurs in the form of veinlets and ir-
regular masses, in some cases large enough to be vis-
ible to the naked eye. The silver shows evidence of
partial replacement by chlorargyrite, which emphasizes
some of the internal textures, such as the cellular struc-
ture shown in Figure 15.

The chlorargyrite contains appreciable bromine, and
can therefore be termed a bromian chlorargyrite. Its
main occurrence is in the form of nodules (Fig. 16),
commonly rimmed by mineralized malachite. A sub-
stantial amount of chlorargyrite also occurs as veinlets,
which cut all the other minerals in the assemblage, indi-
cating that it is a late mineral in the paragenetic se-
quence. Some of the chlorargyrite is clearly a
replacement of native silver, but some, such as the nod-
ules shown in Figure 16, exhibit no evidence of a silver
precursor.

Gold

Gold is abundant in the both the mineralized and
ferruginous types of malachite. In the ferruginous mala-
chite, it occurs mainly as disseminated particles, the
largest of which are visible to the naked eye. In some
mineralized nodules of malachite, the gold occurs as
individual particles (Fig. 5), rather like the occurrence
of palladium minerals in the same nodules. In others, it
occurs as ramifying veinlets (Fig. 17), again like some
of the forms exhibited by the palladium minerals. In
places, it is closely associated with the silver mineral-
ization, commonly as veinlets and fine-grained disper-
sions in the chlorargyrite (Fig. 18).

Potarite, PdHg

An essentially isotropic mineral with a high
reflectivity and an energy-dispersion spectrum showing
only Pd and Hg was provisionally identified as the rare
mineral potarite, although the small grain-size and dis-
persed nature of the mineral precluded positive identifi-
cation by X-ray diffraction. In a review of the literature
on the occurrence of this mineral, Arai et al. (1999)
concluded that all the descriptions state or imply a sec-
ondary hydrothermal origin. At Copper Hills, potarite
was seen as tiny grains disseminated in coarse dolomite,
several millimeters from the mineralized malachite.
Potarite may also be a component in the Pd–Pt oxide
mixtures, described below.
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Tiemannite, HgSe

Tiemannite was identified on the basis of its energy-
dispersion spectrum and its optical properties; it is iso-
tropic and grey in reflected light. It occurs as small
irregular grains, up to about 10 �m in diameter, in the

mineralized malachite and as a rim around some grains
of naumannite.

Chalcomenite, CuSeO3•2H2O

Chalcomenite occurs as alteration rims around
naumannite and chrisstanleyite (Fig. 10), and may also
be an alteration product of other selenides as well. It
was not possible to obtain a reliable electron-microprobe
analysis of the chalcomenite because it decomposes
under the electron beam; its identity, however, was con-
firmed by X-ray-diffraction analysis. In reflected light,
it has a low reflectance (similar to that of quartz), and is
weakly anisotropic.

Unidentified Pd and Pt oxides

Oxides of palladium and platinum occur in the min-
eralized malachite mainly as spherical or subspherical
grains, commonly arranged in a pattern that conforms
to the shape of the nodules (Fig. 5).

Microscopic examination of these grains at high
magnification shows that they are an intimate mixture
of several phases, the individual components of which
could not be identified optically because of their fine-
grained nature. They are optically isotropic, with a re-
flectance similar to that of tetrahedrite (~30%). X-ray
powder-diffraction patterns of grains from two speci-
mens (Table 5) exhibit a relatively strong reflection in
the region of 2.34 Å, which is the strongest reflection in

FIG. 6. SEM back-scattered-electron image showing balloon-
like formations of mineralized malachite (grey) in quartz
(black). The larger white inclusions represent chlorargyrite,
and the smaller ones represent the product of alteration of
oosterboschite. The cloudy grey areas represent fine-
grained dispersions of luberoite (?).

FIG. 5. Photomicrograph of polished section in vertical illumination showing a nodule of
mineralized malachite containing grains of Pd oxides (grey under the microscope but
pale yellow in this photo) and gold (bright yellow); the darker high-relief grains are
quartz. Width of field is 2.2 mm.
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the diffraction pattern of potarite. Some of the other
weak reflections can be attributed to malachite and
quartz (indicated in Table 5). However, this leaves the
other reflections, including a strong reflection at 2.552
Å in one of the patterns, unaccounted for. Electron-mi-
croprobe analyses (Table 6) demonstrate the great com-
positional variability of this material. The relatively high
Hg contents indicated in two of the analyses (B and D)
tend to confirm the presence of potarite.

Unidentified Pt–Cu hydroxide mineral

An unusual Pt–Cu mineral in the assemblage occurs
as tiny transparent anisotropic crystals (Fig. 19) within
some of the quartz in the nodules of mineralized mala-
chite. An electron-microprobe analysis of these crystals
gave a composition corresponding to Pt0.42Cu0.56Pd0.01
Hg0.01Se0.10O2.06 on the basis of a cation total of 1.00.
However, the crystals decomposed under the electron

FIG. 8. SEM back-scattered-electron image of one of the
black nodules in Figure 2. Concentric layers in shades of
grey represent varying concentrations of finely dispersed
luberoite (?) in malachite. Pd oxides comprise the thin
white layers. Quartz is dark grey.

FIG. 9. SEM back-scattered-electron image of one of the ar-
borescent fronds in Figure 4. Large grains of oosterboschite
and its alteration product (white) are flanked by arbores-
cent “clouds” of finely dispersed luberoite (?) (in shades of
light grey).

FIG. 7. Photomicrograph of polished section in vertical illumination, showing an irregular
grain of mineralized malachite with abundant inclusions of Pd oxides (white) and a few
inclusions of gold (yellow); the faint grey mottling is due to clouds of dispersed luberoite
(?). Width of field is 1.1 mm.
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beam, and there was an analytical shortfall of 9.6%,
suggesting the presence of an unanalyzed volatile com-
ponent. Carbon was sought, but not detected. Possibly
it is a hydroxide, with an idealized composition approxi-
mating (Cu,Pt)(OH)2. A mineral of this composition has

not been reported in the mineralogical literature. The
crystals were found to be too small for characterization
by optical or by X-ray-diffraction methods. In polished
section, the mineral has a reflectance similar to that of
malachite (~10%) and is moderately anisotropic.

FIG. 11. Photomicrograph of polished section in vertical illumination, showing
oosterboschite remnants (yellow) in its alteration product (pale brown). Width of field
is 0.2 mm.

FIG. 10. Photomicrograph of polished section showing naumannite (grey) and the
intergrowth of chrisstanleyite and its Cu-dominant analogue (white), separated by
chalcomenite (black). Width of field is 1.1 mm.
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Unidentified Pd–Hg–Cu selenide

This mineral occurs as tiny yellow anisotropic crys-
tals, prismatic in section, closely associated with
umangite in the ferruginous malachite. Electron-micro-
probe analyses (Table 7) show that its composition cor-

FIG. 13. Photomicrograph of polished section in vertical illumination, showing branching
veinlets of the alteration product of oosterboschite (white) enclosing mineralized mala-
chite with clouds of dispersed luberoite (?) (grey). Width of field is 0.56 mm.

FIG. 12. Photomicrograph of polished section in vertical illumination, showing
oosterboschite (yellow) and its alteration product (light brown) as intergranular veinlets
surrounding mineralized malachite and quartz (dark grey), and several grains of goethite
(light grey). Width of field in 0.56 mm.

responds to (Pd,Cu,Hg)1.16Se, with additional minor
amounts of Pt and Ag. The generalized formula corre-
sponds reasonably well to that of palladseite, Pd17Se15
(Davis et al. 1977), except for the major amounts of Hg
and Cu present in the mineral. However, palladseite is
isotropic, whereas this mineral is highly anisotropic. It
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therefore appears to be a new mineral. It could not be
fully characterized because of its small grain-size.

DISCUSSION

The mineral assemblage in this occurrence has an
unusual bulk composition, with selenium dominant and

sulfur virtually absent in the primary minerals. The co-
existence of four precious metals, palladium, platinum,
gold and silver, in one mineral assemblage is also un-
common.

An ore deposit with some similarities to the Copper
Hill occurrence is the Coronation Hill deposit in the
Northern Territory of Australia. It contains several types

FIG. 14. Photomicrograph of a polished section in vertical illumination, showing veinlets
and fern-like fronds of the alteration product of oosterboschite (white) in a matrix of
malachite (light grey) and quartz (dark grey). Width of field is 0.2 mm.

FIG. 15. Photomicrograph of a polished section in vertical illumination, showing native
silver (white) with a cellular texture. Most of the cells are filled by chlorargyrite (grey).
Width of field is 2.2 mm.
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of mineralization, including a gold – platinum-group
element (PGE) – selenide assemblage (Carville et al.
1990). The results of microthermometry and low-tem-
perature laser Raman spectroscopy performed on min-
erals in this assemblage led Mernagh et al. (1994) to
conclude that the minerals were deposited from a hy-
drothermal solution of high salinity and low pH at a tem-
perature of about 140°C. Precipitation of the ore
minerals was attributed to the interaction of the hydro-
thermal fluids with feldspathic rocks. Macdonald (1987)
regarded the Coronation Hill deposit as a late diagenetic
or epithermal type. According to Mountain & Wood
(1987), platinum and palladium are soluble in saline flu-
ids at a level of 10 ppb or greater, at low pH and high
fugacity of oxygen. Confirmation that contemporary
hydrothermal systems can carry appreciable amounts of
Au, Ag and PGE has been provided by the chemical

analysis of fluid inclusions in sulfide minerals collected
from black smoker sulfide deposits in ocean basins
(Lysitsyn et al. 1999).

It seems, therefore, that a low-temperature hydro-
thermal origin can be invoked for the Copper Hills oc-

FIG. 16. Photograph of a polished surface in oblique illumination, showing nodules of
chlorargyrite (brown) in malachite (green under the microscope but blue in this photo).
The dark rims around the chlorargyrite represent mineralized malachite. Width of field
is 12 mm.
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currence. In spite of some similarities with the Corona-
tion Hill deposit, the Copper Hills mineralization is
unique because of its malachite host. The textural fea-
tures observed in the intimate association of malachite
with the platinum, palladium, gold, silver and mercury
minerals provides strong evidence for their cogenesis.

Malachite is generally regarded as a secondary copper
mineral, but in the botryoidal malachite there is no indi-
cation of a copper-bearing precursor, and therefore the
malachite is presumed to be a primary product of the
hydrothermal mineralization process (although there is
finely disseminated berzelianite and umangite in the

FIG. 17. Photomicrograph of a polished section in vertical illumination, showing ramify-
ing veinlets of gold (yellow) and of the alteration product of oosterboschite (medium
grey) in malachite (dark grey). Width of field is 1.1 mm.

FIG. 18. Photomicrograph of a polished section in vertical illumination, showing gold
(yellow) as veinlets and fine-grained dispersions in chlorargyrite (grey). Width of field
is 0.2 mm.
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ferruginous malachite, there is no evidence for them
being precursors of the botryoidal malachite). A pos-
sible explanation for the origin of this assemblage is that
acidic hydrothermal solutions containing Cu, Pd, Pt, Au,
Ag, Hg and Se reacted with the carbonate unit, result-
ing in the precipitation of malachite and coprecipitation
of the selenides of the various metals. To my knowl-
edge, this is the first reported occurrence of malachite
of probable hydrothermal origin.

Although the stability of malachite at room tempera-
ture has been well established (e.g., Symes & Kester
1984), less is known about its thermal stability.
Thermogravimetric experiments have shown that very
finely divided malachite decomposes at 240°C
(Simpson et al. 1964), so it would seem that its thermal
stability is consistent with the temperature regime pro-
posed for the Coronation Hill deposit.

The oxides of palladium and platinum are clearly
products of decomposition of the primary selenides, but
it is unclear whether this decomposition occurred dur-
ing emplacement of the mineral assemblage or as the
result of later supergene alteration. The literature on
PGE oxide minerals is rather sparse, but the following
observations can be made. Several mechanisms have
been suggested for the origin of PGE oxides found in
the Pirogues ophiolite (Augé & Legendre 1994), namely
oxidation of PGE alloys, and direct crystallization of the
oxides during lateritization). The Pd–Cu oxide reported
from an iron mine in the Itabira District of Brazil (Olivo
& Gauthier 1995) is believed to have been formed dur-
ing the hydrothermal mineralization event rather than

as a result of weathering processes. Jedwab (1995) fa-
vored a supergene origin for this class of minerals.

The mode of occurrence of the Cu–Pt hydroxide
mineral found in the Copper Hills assemblage is differ-
ent from that of the Pd–Pt oxides. It occurs as euhedral
crystals entirely enclosed in quartz, and must surely
have been precipitated during the hydrothermal crystal-
lization process.
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