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Abstract

The Prince Lyell copper—gold—silver deposit occurs in the late Cambrian Mt Read Volcanics, at Queenstown, Tasmania.
Steeply plunging, broadly conformable lenses of disseminated and stringer pyrite—chalcopyrite mineralisation occur in
quartz—sericite—chlorite rocks derived from intense alteration of predominantly felsic lavas and volcaniclastic rocks. Middle
Devonian deformation has substantially modified primary sulphide textures.

Although extensively fractured, pyrite grains in the ore have retained their original pre-deformation internal structure and
chemistry which are revealed by etching and electron microprobe analysis. Earliest sulphide mineralisation produced
oscillatory zoned, cobalt-rich pyrite (Pyrite I), coeval with chalcopyrite mineralisation. Cobalt-rich pyrite is commonly
associated with Cambrian volcanic rocks in western Tasmania and suggests a volcanogenic origin for the ore fluids at Prince
Lyell. Pyrite [ was corroded by later hydrothermal fluids and reprecipitated as unzoned, trace element-poor pyrite (Pyrite 1),
commonly as overgrowths on Pyrite I cores. Minor amounts of a second cobalt-rich pyrite (Pyrite II) occurs with Pyrite II in
composite pyrite overgrowths. Sulphur isotope ratios from all pyrite generations fall within a small range (3 to 11%o). In situ
isotopic analyses showed no consistent 8>*S variation between the various pyrite generations, suggesting recycling of
sulphur derived from a single Cambrian volcanogenic source.

Hematite alteration, derived from oxidised fluids possibly from the adjacent hematitic Owen Conglomerate, occurs in the
structural footwall volcanics and the Great Lyell fault zone. Hematite inclusions in Pyrite I and III indicate that these pyrite
generations occurred after or during deposition of the conglomerate. It is postulated that Pyrite II and IH were deposited
during waning volcanism, contemporaneous with Owen Conglomerate sedimentation in the late Cambrian or early
Ordovician. The Great Lyell fault would have acted as a growth fault margin between a terrestrial basin, filling rapidly from
the east, and the volcanic terrane to the west. The scenario raises the possibility that the concentration of mineral deposits
and hematitic alteration along the Great Lyell fault resulted from the subsurface interaction of reduced volcanogenic fluids
and oxidised basin waters along the growth fault contact.

1. Introduction mineral deposits have been discovered on the field.
Early mining was centred on the high grade copper

The Mount Lyell mining field at Queenstown on deposits in the North Lyell area and on The Blow
the west coast of Tasmania has supported continuous deposit. Subsequently, the majority of ore from the
mining for over a century. Seventeen significant Mount Lyell field was extracted from the West Lyell
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area, comprising the Prince Lyell, ““‘A’’ Lens and
Royal Tharsis copper orebodies. More than 110 Mt
of ore at an average grade of 1.8% Cu, 3.0 g/t Ag
and 0.6 g/t Au had been mined from the field to
June 1993.

This study arose from an investigation of the
more recently exposed, southern parts of the Prince
Lyell orebody below 14 Level or zero RL (ap-
proximately 250 metres below the original open cut).
Microtextural and geochemical examination of pyrite
mineralisation by etching and electron microprobe
analysis have provided some constraints on mineral
paragenesis and fluid composition not previously
recognised.

2. Geological setting

The Mt Lyell mineral field occurs within the
Central Volcanic Complex of the Mt Read Vol-
canics, an arcuate belt of middle Cambrian (503 Ma;
Perkins and Walshe, 1993), calc-alkaline volcanics
which host a number of polymetallic volcanic hosted
massive sulphide (VMS) deposits including Rose-
bery, Hercules, Que River and Hellyer (Fig. 1). The
Mount Read Volcanics are interpreted to have been
erupted in an extensional regime onto ophiolitic rocks
previously obducted over continental crust (Berry
and Crawford, 1988). Solomon and Groves (1994)
suggested that the volcanics formed in a back-arc
basin well to the west of the site of subduction
following plate collision, while sedimentation took
place in the Dundas Trough to the west. The predom-
inantly rhyolitic—dacitic rocks of the Central Vol-
canic Complex at Mt Lyell are faulted against the
late Cambrian—early Ordovician siliciclastic Owen
Conglomerate on the east along the Great Lyell fault
(Fig. 2). The overlying Pioneer Beds and Gordon
Limestone are locally unconformable on the Owen
Conglomerate along the Haulage Unconformity, re-
flecting slumping or drag folds in the Owen Con-
glomerate adjacent to the Great Lyell growth fault
(Solomon, 1967; Berry, 1990b), or perhaps an early
Ordovician phase of deformation (Amold and Car-
swell, 1990).

The Mt Lyell rocks were deformed during the
middle Devonian Tabberabberan orogeny, so that the
Prince Lyell orebody occurs within the steeply

west-dipping, overturned limb of a large D, anticline

(Cox, 1981). The D, cleavage (S,) is not preserved

in the altered volcanic rocks, but is in the Owen

Conglomerate. A later phase of generally N-S com-

pression (D,) produced WNW-trending folds and

faults. During this phase, a fault-bounded zone
through the Mt Lyell area known as the Linda

Disturbance deformed D, structures and the Great

Lyell fault, and a regionally penetrative upright

cleavage was imposed throughout the altered vol-

canics (S,). This foliation in the Prince Lyell area
dips steeply to the southwest, parallel to the regional
volcanic layering and to the orientation of the Prince

Lyell copper mineralisation (Fig. 3). The strong

down-dip continuity of the orebody is parallel to an

L, mineral lineation. Major discrete faults or shears

through the Prince Lyell sequence are rare as most of

the strain has been accommodated by movement
along the S, cleavage. Metamorphic conditions dur-
ing the Devonian did not exceed lower greenschist

facies (Cox, 1981).

Volcanics which conformably and disconformably
overlie and underlie the altered mine sequence vol-
canics (Cox, 1981) are not hydrothermally altered,
illustrating the grossly strata-bound nature of the
zone of alteration (Walshe and Solomon, 1981). Four
main types of sulphide mineral deposits are recog-
nised in the Mount Lyell field (Walshe and Solomon,
1981):

1. disseminated and stringer pyrite—chalcopyrite
(e.g., Prince Lyell, A lens, Royal Tharsis, West-
ern Tharsis),

2. bornite—chalcopyrite (e.g., North Lyell, 12 West),

3. massive pyrite—chalcopyrite (e.g., The Blow),

4. massive stratiform pyrite—galena—sphalerite~
chalcopyrite (e.g., Tasman, Comstock open cut).

Several small deposits containing native copper and
cuprite, derived from leaching or erosion of Cam-
brian sulphides, occur within clay-rich horizons of
the Ordovician Gordon Limestone (Markham, 1968;
Solomon, 1969). Although largely recrystallised, the
massive sulphide ores (types 3 and 4, above) pre-
serve some laminated and colloform textures, sug-
gesting a possible sea-floor exhalative origin. The
larger but lower grade disseminated pyrite—chal-
copyrite deposits (type 1) are generally found strati-
graphically beneath the massive sulphide deposits
and the bornite—chalcopyrite ores.
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3. Theories of ore genesis

The evolution of ore genesis theories at Mount
Lyell is summarised in Fig. 4. Earliest workers on
the Mt Lyell field considered the mineralisation to be
of epigenetic replacement origin, with fluids fo-
cussed along the Great Lyell Fault at its intersection
with the Linda Disturbance during Devonian tectonic
activity (e.g., Gregory, 1905; Hills, 1927; Nye et al.,
1934). Hall and Solomon (1962) first suggested a

genetic link between the mineralisation and the Cam-
brian host volcanics, proposing that Devonian fluids
may have derived ore components from an earlier
Cambrian mineralisation.

By the 1970°s to early 198(0’s, prevailing thought
favoured a Cambrian volcanogenic origin for the
Mount Lyell orebodies. Petrographic studies recog-
nised the deformation of original sulphide textures,
limiting the age of mineralisation to pre-D, deforma-
tion (e.g.. Markham, 1968; Cox, 1981). Recent stud-
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ies of lead isotope ratios (Gulson and Porritt, 1987)
confirmed a Cambrian connection, with ratios from
Mt Lyell ores being similar to those from Cambrian
VMS mineralisation at Rosebery, Hercules and Que
River. The massive sulphide bodies at Mt Lyell were
considered to be sea-floor exhalative mineralisation,
while cogenetic disseminated sulphides formed by
replacement of more permeable subsurface horizons
(e.g., Reid, 1975; Walshe and Solomon, 1981). The
mineralising fluids were thought to be circulating
seawater that leached metals from the volcanic pile,
and were localised by the junction of the proto-Great
Lyell Fault and a Cambrian precursor to the Linda

Disturbance. Sulphur was derived from reduced sea-
water sulphate with variable contributions from ig-
neous rock sulphur (Solomon, 1976; Walshe and
Solomon, 1981). Hematite—barite and silica—hema-
tite alteration zones, associated with high grade bor-
nite—chalcopyrite mineralisation adjacent to the Great
Lyell Fault (Fig. 2), were thought by Solomon (1967)
to be fossil gossans, developed from weathering of
sulphides. Reappraisal of this alteration (Solomon,
1976; Walshe and Solomon, 1981) suggested that it
may have formed from Cambrian fumarolic siliceous
sinter deposits.

Considerable debate was rekindled in the mid
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Fig. 4. Progression of Mt Lyell ore genesis theories since 1905.

1980’s when a post-Cambrian, possibly metamorphic
origin for the mineralisation was revived by consul-
tant and mine geologists (Bird, 1982; Brook, 1984;
Sillitoe, 1984, Sillitoe, 1985). These authors showed
that alteration extended at least into the Owen Con-
glomerate and perhaps into the overlying Pioneer
Beds. This led to theories of Devonian (or perhaps
Ordovician) metamorphic or porphyry copper type
ore formation by fluids focussed along the Great
Lyell fault. Berry (1990b), however, considered the
alteration to be absent above the Haulage Uncon-
formity, constraining the age of the Mount Lyell
mineralisation to pre-Pioneer Beds, invoking possi-
ble volcanogenic mineralisation during deposition of
the Owen Conglomerate.

In order to explain the juxtaposition of pyrite—

chalcopyrite and bornite—chalcopyrite ores, authors
have invoked substantial in situ modification (e.g.,
Arnold, 1985; Arnold and Carswell, 1990) or remo-
bilisation (e.g., Solomon et al., 1987) of Cambrian
volcanogenic mineralisation by pre-D, Devonian
metamorphic fluids circulating below the Haulage
Unconformity. However, Devonian metamorphic flu-
ids were unlikely to have added ore components to
the Cambrian mineralisation (Solomon et al., 1987).

4. Alteration and mineralisation at Prince Lyell
The Prince Lyell deposit is hosted by steeply

plunging, overturned, altered rhyolitic to dacitic vol-
canics at the contact with a sequence of altered
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intermediate to mafic volcanics which form the
stratigraphic footwall to the deposit. In general, alter-
ation of the felsic lavas and breccias is texturally
destructive, with embayed quartz phenocrysts being
the only relict volcanic material. Sheared feldspar
pseudomorphs may be preserved in less strongly
altered dacitic lavas and relict fragmental textures
are preserved in some coarse breccias. A ‘‘pseudo-
fragmental’’ texture is imparted on these rocks by
the development of siliceous alteration domains sep-
arated by a network of domains consisting of sericite
+ chlorite + sulphides. The small-scale intercalation
(a few centimetres to metres) of felsic and intermedi-
ate-mafic volcanics at their contact and relict breccia
textures in the altered felsic units suggest that vol-
cano-sedimentary units comprised a significant part
of the volcanic pile.

The orebody is composed of a series of lenses: the
North Lens, South Lens and Footwall Lens. The
Footwall Lens is named according to the local mine
terminology which refers to the present structural
attitude of the mine sequence (i.e., overturned) and
not its stratigraphic position. The distribution of
sulphides is strongly controlled by the host litholo-

gies. Intercalated intermediate-mafic and dacitic vol-
canics contain significantly less sulphides than the
altered felsic units. Veinlet pyrite mineralisation in
the intermediate-mafic volcanics increases irregu-
larly towards their stratigraphic top from less than
5% up to 20% in some areas adjacent to the ore
horizon. The rapid decrease in sulphide content
stratigraphically below the orebody suggests there is
no footwall feeder zone below the orebody. Instead,
ore fluids appear to have moved laterally through
more permeable units in the felsic volcanic pile.

In the ore lenses, disseminated and veinlet pyrite
and chalcopyrite occur within quartz—chlorite—seri-
cite altered rocks. Disseminated sulphides are con-
centrated within domains consisting of anastomosing
networks of phyllosilicate alteration that separate
relatively sulphide-free siliceous alteration domains.
Pyrite is the dominant sulphide mineral and occurs
as fractured anhedral to euhedral grains up to several
millimetres across (Fig. 5A). Some areas of the
orebody contain up to 30% pyrite, but concentrations
of less than 10% are typical. Although the pyrite
veinlets are mostly oriented sub-parallel to the strati-
graphic layering and S,, the strong layer-parallel

Fig. 5. (A) Fractured pyrite grains (py) with remobilised chalcopyrite (cpy) filling fractures and pressure shadows of pyrite (polished section
518307.9, PPL, unetched). (B) Pyrite grains showing different responses to etching due to crystallographic orientation. The upper grain is
strongly pitted and displays no internal structure. The lower grain exhibits a core of corroded cobaltiferous Pyrite 1 overgrown by
cobalt-poor Pyrite 11 containing abundant gangue mineral inclusions (polished section 115003. PPL, etched).
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Devonian shearing is likely to have resulted in sig-
nificant rotation of original veinlet orientations to-
wards S,.

Chalcopyrite most commonly occupies fractures
and pressure shadows in and around pyrite grains
(Fig. 5A). 1t also occurs without pyrite as inter-
growths with the foliated phyllosilicate groundmass
and may be smeared out along cleavage planes. No
primary mineralisation textures can be interpreted
from chalcopyrite as all textures are due to remobili-
sation during D, deformation. Rare grains of elec-
trum are associated with chalcopyrite in fractured
pyrite. Accessory minerals include disseminated
magnetite, siderite, hematite, flourapatite and mon-
azite.

Finely laminated textures are observed in discon-
tinuous tabular bodies of massive pyrite +
chalcopyrite + sphalerite + galena and magnetite +
quartz + pyrite + hematite. These textures are most
likely the result of intense cleavage development
within massive sulphides (Berry, 1990a) and incre-
mental vein opening, although McDonald (1968),
Amold (1985) and Solomon and Carswell (in Cor-
bett and Solomon, 1989) suggested that some sul-
phide bodies were the result of syngenetic sea-floor
deposition. Highly elongate lenses of vein mag-
netite—apatite alteration replace chalcopyrite result-
ing in low grade regions in the orebody (Fig. 3) and
may indicate the passage of a magmatic fluid
(Raymond, 1992). Disseminated hematite + siderite
alteration in the structural footwall volcanics in-
creases in intensity towards the Great Lyell fault
(Fig. 3). A pervasive, extremely siliceous quartz—
pyrite—minor sericite assemblage overprints the
above alteration assemblages in the North Lens and
in narrow zones in the South Lens.

5. Pyrite paragenesis and trace element composi-
tion

Interpretation of primary mineral paragenesis in
the Mt Lyell field is often impossible due to the
deformation or destruction of original mineral rela-
tionships during the major Devonian metamorphic
event. Pyrite, on the other hand, is one of the few
minerals that has not been entirely remobilised. Al-
though much of the pyrite has been deformed by

brittle fracture, minimal movement of pyrite frag-
ments has occurred and internal structures are pre-
served.

Loftus-Hills and Solomon (1967) and Loftus-Hills
(1968) were the first to investigate the geochemical
characteristics of Prince Lyell pyrite in a regional
study of the cobalt, nickel and selenium contents of
western Tasmanian sulphides. Their work revealed
contrasting trace element signatures of sulphides,
especially pyrite, in a range of ore deposits and
suggested that Cambrian volcanogenic and Devonian
metamorphic deposits could be fingerprinted by their
pyrite composition. Walshe (1971, Waishe (1977)
and White (1975) also analysed trace elements in
pyrite from the Mt Lyell field and the Mt Read
Volcanics. Walshe (1977) noted some zoned pyrite
at Prince Lyell and suggested that cobalt was not
homogeneously distributed in pyrite.

The above mentioned works were carried out
using wet chemical analyses of pyrite flotation sepa-
rates, so that analyses were not selective of trace
element variation within pyrite grains. As a result,
many samples included multiple generations of geo-
chemically distinct pyrite (see below). The present
study has sought to combine the results of previous
work with a detailed investigation of pyrite paragen-
esis and the composition of individual growth stages.

S.1. Internal structure of Prince Lyell pyrite

Polished sections of pyritic ore were etched for 30
to 60 s in a solution of sulphuric acid and KMnO,
(modified after Ineson, 1989) to highlight the inter-
nal structure of pyrite grains. Etching of pyrite re-
vealed a complex and previously unrecognised para-
genesis of growth zoning, dissolution and multiple
overgrowths within individual pyrite grains. Differ-
ent pyrite generations could not be correlated on the
basis of the depth of etching or amount of pitting in
a given time, as the rate of etching of pyrite is
dependant on the crystallographic orientation of the
etched surface (Ramdohr, 1969) (Fig. 5B).

Composite pyrite grains commonly consist of a
finely zoned core with corroded margins. Up to five
subsequent generations of unzoned, anhedral to eu-
hedral pyrite overgrowths may occur around the
core, commonly separated by dissolution boundaries.
Disseminated pyrite grains with no apparent internal
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zoning or other structures are also common. Rarely,
incremental widening of pyrite veinlets can be dis-
cerned with symmetrical growth of pyrite genera-
tions along the edges of the veins. By far the major-
ity of the pyrite mineralisation is pre-S,, with grains
being fractured but not recrystallised by Devonian
deformation. However, healing of brecciated pyrite
grains by later pyrite and growth of pyrite in pres-
sure shadows has also occurred on a very small
scale.

5.2. Analytical methods

Over 400 trace element analyses of pyrite for Co,
Ni, Cu, As, Ag, Zn and Se were performed on a
Cameca SX-50 electron microprobe at the University
of Tasmania. Optimum detection limits on the micro-
probe were 100 ppm for Co, Ni and Cu, 150 ppm for
Ag, and 350 ppm for Zn and Se. Although individual
generations and growth zones of pyrite could be
analysed in this way, detection limits were far higher
than for earlier bulk pyrite studies mentioned above
which employed wet chemical methods. Overlap of
the Pb 1., peak on the As K, peak resulted in a
skewed As distribution with few analyses below 300
ppm. This suggests that the Pb overlap inflated the
As data by around 300 ppm and consequently As
data were regarded as semi-quantitative only.

5.3. Copper, zinc, silver, selenium and arsenic in
pyrite

Most of the analyses for Zn, Ag and Se and a
high proportion of the Cu data were below the
detection limits for this study. The distributions of
Zn and Cu above the detection limits were erratic
and in most cases were interpreted to be due to
submicroscopic inclusions of sphalerite and chal-
copyrite in the pyrite. However, high Zn levels were
recorded in pyrite from a sphalerite—barite vein where
it is probable that Zn diffused into the pyrite lattice
from the enclosing sphalerite. Pyrite with levels of
Cu consistently above detection limits was observed
in only one sample; the host rock did not contain
significant chalcopyrite and it is not clear why the
pyrite in this sample should have contained uni-
formly high levels of Cu.

The lack of Ag and Se data above detection limits

prevented a meaningful interpretation of their distri-
bution. No samples contained pyrite with consistent
levels above detection limits and no further consider-
ation of these data was given. Pyrite containing high
levels of arsenic was observed within a zone of
silicification from the northern part of the South
Lens. The pyrite contained up to around 1% As, with
levels of all other trace elements below detection
limits. The consistently high arsenic analyses within
grains suggested that arsenic was contained in solid
solution in the pyrite lattice and not as inclusions of
arsenopyrite.

5.4. Cobalt and nickel in pyrite

In general, cobalt and nickel are the most com-
mon trace elements found in pyrite, exhibiting exten-
sive isomorphous solid solution with iron (Fleischer,
1955; Hawley and Nichol, 1961; Riley, 1968). Both
cobalt, and to a lesser extent nickel, are strongly
chalcophile and are preferentially incorporated into
the pyrite structure relative to iron (Springer et al.,
1964). Complete substitution of cobalt for iron
(pyrite—cattierite series) is not achieved at tempera-
tures below 700°C. However, up to 9 wt% Co can be
accommodated in the pyrite structure up to 400°C
under equilibrium conditions (Klemm, 1962). Al-
most all ratios of Co:Ni:Fe occur in nature (Springer
et al., 1964). Brown and Bartholmé (1972) observed
up to 20 wt% Co in Zambian copper belt pyrite, but
suggested that such high cobalt levels were
metastable and the result of disequilibrium condi-
tions during deposition.

The Co:Ni ratio in pyrite has been used by many
authors as an empirical indicator of the environment
of pyrite deposition. Although regarded by some as
of dubious value to ore genesis interpretation (e.g.,
Campbell and Ethier, 1984), Co:Ni ratios of less than
one with a low standard deviation are generally
accepted to represent pyrite of sedimentary origin.
Low cobalt and nickel concentrations are also char-
acteristic of such pyrite. Conversely, highly variable
Co:Ni ratios, usually greater than one, are thought to
be the result of hydrothermal mineralisation (Bralia
et al., 1979).

At Prince Lyell, cobalt and nickel are by far the
most abundant and useful trace elements for discern-
ing chemically distinct generations of pyrite. These
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elements exhibit relatively uniform distribution
within growth zones and individual pyrite over-
growths, indicating their inclusion in the pyrite struc-
ture in solid solution rather than as mineral inclu-
sions. However, levels of cobalt and nickel do not
show sympathetic variation (Fig. 6), indicating that
equilibrium partitioning did not occur, probably due
to undersaturation of one or both of the elements
with respect to pyrite. This undersaturation meant
that buffering of the cobalt and /or nickel concentra-
tion in the ore fluid could not occur, with rapid
variation of cobalt and nickel concentrations as new
pulses of hydrothermal fluid were introduced or
physicochemical conditions varied. Equilibrium con-
centrations of cobalt in pyrite under saturation condi-
tions would also be significantly higher than those
observed at Prince Lyell (Klemm, 1962).

Despite the poor correlation between the elements
in solid solution, the concentrations of cobalt, and to
a lesser extent nickel, exhibit the most consistent
relations of all the trace elements to different pyrite
morphologies. Three main groups of pyrite have
been defined on the basis of cobalt content and
morphology and are described below.

5.4.1. Pyrite I

Pyrite I, forming the cores of many composite
pyrite grains, exhibits idiomorphic oscillatory growth
zoning (Figs. 7 and 8). Individual growth zones may
be as narrow as 0.5 uwm. The margins of Pyrite I are
characteristically corroded and euhedral outlines are
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very rarely preserved. Grains which show only a
small degree of dissolution have complex finely
zoned cores followed by simpler wider growth zones
nearer the margins.

Growth zones contain cobalt at levels generally
between 1000 and 10,000 ppm, although some zones
may have as low as 300-500 ppm cobalt. In the few
specimens where the outer, wider zones have not
been corroded, there is a poorly defined trend to-
wards lower cobalt values in the outer zones. Nickel
concentrations in Pyrite I are variable, ranging from
below detection limits (< 100 ppm) to almost 5000
ppm. The majority of Pyrite I contains very little
arsenic. Some elevated arsenic levels were observed
in inner zones of Pyrite I which were also very high
in cobalt, however, no overall correlation of arsenic
and cobalt was observed.

No diffuse zoning of trace elements was observed
in pyrite (Figs. 7 and 8), although the behaviour of
trace elements at very low levels ( < 100 ppm) could
not be examined. Compositional changes across dis-
solution boundaries were sharply defined. This indi-
cates that in situ redistribution of trace elements in
pyrite did not occur during the lower greenschist
Devonian metamorphism. This is consistent with the
findings of other authors (¢.g., Brown and Bartholmé,
1972; Itoh, 1973; Fleet et al., 1988) who found that
primary compositional heterogeneities in pyrite ap-
pear to be preserved through low grade metamor-
phism.

A few grains of Pyrite I contain small inclusions
of pyrite with very high cobalt levels, up to 3% Co.

Co:Ni=1

Co:Ni =10
- . v
X
' . -
LT "
. ,.-." - -
LA o
2un, € fuy I ‘: . L} . .
‘.ﬁﬁtb . - - N
T ¥ T T 1
2000 4000 6000 8000 10000

ppm Co

Fig. 6. (left) Plot of cobalt and nickel concentrations from 413 electron microprobe analyses of Prince Lyell pyrite, illustrating the lack of
correlation between the two trace elements. (right) Detail of shaded. Co:Ni ratios are highly variable with the majority being greater than

one.
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These inclusions may be the remnants of a very early margins of Pyrite I cores within later pyrite over-
cobaltiferous pyrite, evidence of which has been growths.

almost entirely removed by dissolution by later flu- Hematite inclusions do not occur in Pyrite I.
ids. Pyrite I rarely contains gangue mineral inclu- However, in areas of disseminated hematite alter-
sions, which are commonly clustered around the ation of the host rock, hematite inclusions occur

gangue inclusions
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Fig. 7. Electron microprobe traverse across a complex pyrite grain showing cobalt and nickel distribution. Multiple generations of
cobalt-poor Pyrite 11 and cobalt-rich Pyrite ITT overgrow a zoned and corroded core of Pyrite I (polished section 618051.0, PPL, etched).
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Fig. 8. Electron microprobe traverses across a complex pyrite grain showing cobalt and nickel distribution. Pyrite I becomes less
cobaltiferous in wider zones towards its margin. Pyrite II contains abundant bladed hematite inclusions and is overgrown by thin Pyrite 111
rims in part. SHRIMP 83§ ratios in all three pyrite types are also shown (polished section 599377.3, PPL, etched).

around Pyrite 1 grain margins enclosed by later contrast to the suggestion of Walshe and Solomon
pyrite overgrowths (Fig. 8). This relationship indi- (1981) that the bulk of hematite alteration was an
cates that Pyrite I was earlier than hematite and is in early pre-sulphide event.
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5.4.2. Pyrite Il

The term ‘‘Pyrite II'" does not refer to a single
episode of pyrite deposition. Several overgrowths of
Pyrite II can occur within a single composite pyrite
grain (Figs. 6 and 7) and there may be dissolution
boundaries between them. Pyrite II does not have
internal zoning and typically contains cobalt and
nickel at levels below the detection limits for this
study (< 100 ppm). It is volumetrically by far the
most common type of pyrite in the southern part of
the Prince Lyell deposit.

Pyrite Il forms euhedral to anhedral overgrowths
on Pyrite I cores, but may also form discrete dissem-
inated pyrite euhedra and irregular grains. No evi-
dence was observed of any Pyrite II predating Pyrite
I. Fractured grains of Pyrite II occur where Pyrite II
veinlets have been dismembered by shearing along
the Devonian cleavage. Where dissolution bound-
aries between generations of Pyrite II are not high-
lighted by etching, lines of gangue inclusions may
define overgrowth boundaries (Figs. 7 and 8). Pyrite
II contains many types of inclusions, including
quartz, sericite, chlorite, siderite, apatite, magnetite,
hematite, monazite and rutile. Inclusions of spha-

lerite and galena were also observed in samples of
Pyrite II from the Great Lyell fault zone.

5.4.3. Pyrite lIl

Pyrite III is a small but important pyrite popula-
tion at Prince Lyell. It occurs as thin unzoned,
anhedral overgrowths on Pyrite I and II, and as
minor veinlets. It typically contains cobalt above
5000 ppm, but rarely as low as 500 ppm (Figs. 7 and
8). As with all the cobaltiferous pyrite at Prince
Lyell, nickel contents are variable, ranging from
< 100 to 800 ppm. Repeated thin rims of Pyrite I
and Pyrite III may overgrow each other within a
single pyrite grain, reflecting variations in the com-
position of the mineralising fluids.

6. Sulphur isotope ratios of Prince Lyell pyrite

Study of down-dip and across-dip 6*S variation
was carried out. Conventional analyses of pyrite
separates were carried out by the method of Robin-
son and Kusakabe (1975), with precision of +0.75%c¢
or better. These samples were obtained by drilling

Fig. 9. Internal textures and SHRIMP 834§ ratios of Prince Lyell pyrite. (A) Corroded Pyrite I core (7%c), overgrown by two more euhedral
Pyrite I generations (7%c) and anhedral finally anhedral Pyrite II (4%c). Apatite (ap) inclusion occurs in Pyrite IT at the margin of Pyrite L.
Chalcopyrite (dark coloured due to the etching process) occurs in the pyrite pressure shadow (polished section 115003, PPL, etched). (B)
Finely zoned and corroded Pyrite I (6%0) overgrown by anhedral, cobalt-rich Pyrite III (7%0) (polished section 589259.7. PPL. etched).
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Table 1

Conventional sulphur isotope analyses of Prince Lyell pyrite
Sample no. 83*S (%o) Sample no. 83*S (%o)
115002A 5.9 619055.3 7.2
115002B 8.8 619086.8 6.8
568A289.5 8.5 619134.0 8.3
584326.5 7.3 622095.5 7.4
584389.0 7.8 624050.4 10.8
596320.7 7.4 634044.4 79
596343.9 79 634085.6 7.3
596401.6 9.0 634131.0 7.0
596431.6 9.1 635010.0 7.3
596454.8 9.8 635024.4 6.3
605023.0 8.9 635069.9 7.3
605050.2 7.3 635085.0 10.8
605074.1 79 6351304 8.1
607068.8 11.1 636040.9 8.5
607104.3 7.6 637029.6 9.2
619017.3 8.1 698100.4 7.6

Other %S data used in this study: (i) Solomon et al. (1969): 8
samples, range +6.3-10.0%c, mean +8.0%c. (ii) Walshe and
Solomon (1981): 13 samples, range +5.6—8.7%o, mean + 7.2%e.

pyrite from polished blocks after microscopic inspec-
tion to eliminate impurities and were not selective of
any individual pyrite generations. These analyses
were used in conjunction with previous bulk pyrite
8*8 studies from shallower levels at Prince Lyell
(Solomon et al., 1969, Solomon et al., 1988; Walshe,
1977, Walshe and Solomon, 1981) to determine
spatial variation of 8*S ratios in and around the
orebody.

Secondly, in situ 8**S microanalysis was carried
out using the SHRIMP ion microprobe at the Aus-
tralian National University, Canberra. The §S val-
ues of sulphur ions, liberated from a site 30-40 pwm
wide and 10 um deep on a polished pyrite sample,
were analysed with an analytical error of +2%o
(Eldridge et al., 1989). The technique enabled inves-
tigation of §*S variation between different genera-
tions of pyrite growth (Figs. 8 and 9), albeit with less
precision than conventional methods.

The distribution of conventional pyrite 6*S ra-
tios is tightly constrained around a maximum at
7—-8%ec, with a range from 5.6 to 11.1%0 (Table 1).
This range is consistent with a mixed Cambrian
seawater (= 10%c) and igneous rock (~ 0%o) re-
duced sulphur source. The data show no zonation
either down dip or along the strike of the orebody,

apart from a poorly defined central core of lighter
values (8™S < 8%0) corresponding to the copper
mineralised zone. Values above 8%o generally occur
in the hangingwall and footwall rocks to the ore
horizon. The zonation to lighter values may reflect a
greater contribution to the copper mineralising fluid
from igneous sulphur, relative to the fluid depositing
the more widespread pyrite alteration. Large et al.
(this volume) document other evidence for a possible
magmatic influence in Prince Lyell copper minerali-
sation. Alternatively, the zonation may reflect a
gradual change in 6**Syg of the hydrothermal fluid
as lighter igneous rock sulphur contributed less to a
seawater-derived fluid over time (see Green et al.,
1981; Solomon et al., 1988). By this process, later
formed isotopically heavier pyrite may have been
deposited as the fluid permeated further into the
wallrocks.

A greater variation in 8**S values may have been
expected from the SHRIMP analyses, given that the
mixed provenance of conventional &*S analyses
would have resulted in averaging of 8**S values of
discrete pyrite generations. The range of values was
from 3%o to 9% (Table 2), with four analyses falling
outside the range of the conventional method. How-
ever, taking into account analytical error (4 2%o),
these values fall close to or within the range of bulk
pyrite analyses. There is no evidence to suggest that
sulphur was derived from a source other than re-
duced Cambrian seawater sulphate (> 10%q) with

Table 2

SHRIMP 8>S analyses of Prince Lyell pyrite
Sample no. Pyrite type 838 (%o)
115003 I 7
115003 I 7
115003 I 4
598259.7 1 6
598259.7 11 7
599377.3 I 3
599377.3 I 7
599377.3 I 7
619098.6 11 9
619098.6 m 8
619098.6 I 9
624096.9 I 6
624096.9 I 6
6391213 I 4
639121.3 11 5
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some influence from Cambrian igneous rock sulphur
( ~ 0%0).

No consistent §**S variation was observed be-
tween individual pyrite generations. For example,
sample 115003 showed a decrease in 6*S from
cobalt-rich core to cobalt-poor rim, whereas sample
599377.3 showed the reverse trend (Figs. 8 and 9).
The highest SHRIMP §*S values occurred in sam-
ple 619098.6 from a zone of late overprinting
quartz—pyrite alteration and may reflect a lower tem-
perature of the hydrothermal fluid at this time.

7. Implications of pyrite composition for pyrite—
chalcopyrite mineralisation

7.1. The pyrite—chalcopyrite association

The association of cobaltiferous pyrite and high,
variable cobalt /nickel ratios with volcanic rocks and
volcanogenic sulphide deposits has been established
in western Tasmania (Loftus-Hills, 1968; White,
1975) and elsewhere (e.g., Bralia et al., 1979), sug-
gesting a volcanogenic origin for Pyrite I and I1I. A
positive correlation of cobaltiferous pyrite with cop-
per mineralisation was established at Prince Lyell by
Walshe (1977) (fig. 26 in Walshe and Solomon
(1981)). This is consistent with numerous studies in
Tasmania and elsewhere which have documented the
association of cobaltiferous pyrite with copper min-
eralisation (e.g., Loftus-Hills, 1968; Bartholmé et al.,
1971; Itoh, 1973). Green et al. (1981) also noted a
zone of highly cobaltiferous pyrite in the altered
footwall volcanics of the Rosebery massive sulphide
deposit and interpreted it as a conduit for vol-
canogenic hydrothermal fluids. Although there is no
textural evidence to link a single pyrite generation to
chalcopyrite at Prince Lyell due to the metamorphic
remobilisation of chalcopyrite, the relationship be-
tween the cobalt content of pyrite and copper grade
suggests chalcopyrite was deposited with cobaltifer-
ous pyrite.

The oscillatory zoning of Pyrite I may reflect
fluctuations in temperature, pH or fO, of the hy-
drothermal fluid during volcanogenic mineralisation
(Klemm, 1962; Walshe, 1977). Bogush (1983) re-
garded compositional zoning such as that displayed
by Pyrite I to be uncharacteristic of pyrite of meta-

morphic origin. Fluctuations in fluid parameters are
not expected from a regional metamorphic fluid
which evolved in equilibrium with the host rocks.

The timing of Pyrite II (after Pyrite D) inferred
here differs from that proposed by Walshe (1977)
who suggested that deposition of cobalt-poor pyrite
was followed by cobalt-rich pyrite in response to a
drop in fO, and increase in pH accompanying
chalcopyrite mineralisation. It is possible that the
contrasting low cobalt composition of Pyrite II was
due to a significant drop in temperature or pH result-
ing in a lesser amount of cobalt partitioning into
pyrite. However, it is more likely that the principal
factor was a lower primary concentration of cobalt in
the fluid (Fleischer, 1955; Loftus-Hills, 1968; Bar-
ton, 1970). This may reflect a decrease in tempera-
ture or salinity, both of which could suppress the
solubility of cobalt and copper in the hydrothermal
fluid. Alternatively, or as well, it may have been
caused by an influx of volcanogenic fluid which had
derived little cobalt and copper from an already
strongly leached volcanic pile. Minor sporadic pulses
of a more mineralised fluid would have resulted in
the deposition of cobaltiferous Pyrite III, possibly
due to the fluid passing through different pathways
in the volcanics.

7.2. The hematite—pyrite association

Disseminated hematite + siderite alteration is
common in the structural footwall rocks of Prince
Lyell and becomes markedly stronger towards the
contact with the hematite-bearing Owen Conglomer-
ate. The Great Lyell fault zone is commonly strongly
hematitic and has most probably acted as a focus for
the hematite alteration fluid. Hematite alteration
zones further from the Great Lyell fault at Prince
Lyell and Western Tharsis were probably formed by
the fluid moving away from the fault along perme-
able horizons in the volcanics. The presence of the
Great Lyell fault during this alteration implies that
the growth faulted margin of the Owen Conglomer-
ate basin had formed during mineralisation at Prince
Lyell.

The hematite may have been deposited by a fluid
derived from the evolving volcanogenic hydrother-
mal system as it cooled and reductants in the vol-
canic pile were consumed, with the fluid focussed
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along the Great Lyell fault. An alternative source of
an oxidised fluid for hematite alteration at this time
could have been basin fluids from dewatering of the
Owen Conglomerate. Erosion of hematite-altered
volcanics into the basin may account for hematitic
detritus in the Owen Conglomerate reported by
Solomon (1967).

Hematite blades occur as inclusions in Pyrite II
and III, but not in Pyrite 1. Although Walshe and
Solomon (1981) documented some pyrite replacing
hematite, the hematite inclusions in Pyrite II and III
are in apparent equilibrium with the pyrite with no
evidence of replacement textures. The presence of
hematite inclusions in Pyrite II and III implies that
this pyrite was deposited after formation of the Great
Lyell growth fault, constraining the age of Pyrite II
and I to late Cambrian—early Ordovician or
younger.

Pyrite I mineralisation from a Devonian meta-
morphic fluid is a possibility (Fig. 10A). Its cobalt-
poor composition is similar to that of pyrite and
other sulphides typically associated with Devonian
mineralisation and granitoids in western Tasmania
(e.g., Loftus-Hills, 1968; Patterson et al., 1981). The
similar 8348 ratios in all Prince Lyell pyrite indicate
that any Devonian mineralisation event would have
recycled Cambrian volcanogenic sulphur and there is
ample textural evidence for dissolution of early vol-
canogenic Pyrite I to provide that sulphur. Cobalt in
early formed Pyrite I would have been expelled from
the pyrite lattice during dissolution and redeposition
as Pyrite II. Loftus-Hills (1968) demonstrated that
pyrite remobilised from altered volcanics into Devo-
nian metamorphic quartz veins contained far less
cobalt than pyrite in the host volcanics. This trend of
cobalt depletion in remobilised metamorphic pyrite
is mirrored by the in situ diffusion of cobalt out of
the pyrite lattice observed in moderate to high meta-
morphic grade rocks (Bartholmé et al., 1971; Brown
and Bartholmé, 1972; Itoh, 1973).

A Devonian age for Pyrite III is more difficult to
sustain. The repeated overgrowths of Pyrite II and
Pyrite III in some pyrite grains would require the
deposition of both cobalt-poor and cobalt-rich pyrite
from the metamorphic fluid. Cobaltiferous Pyrite III
may have resulted from local concentrations of cobalt
liberated during Pyrite I dissolution. However, its
cobalt-rich composition is in stark contrast to that of

cobalt depletion observed in Devonian pyrite miner-
alisation in western Tasmania.

7.3. An Ordovician mineralisation scenario

The relationship between hematite and pyrite may
be explained by considering that the last stages of Mt
Read volcanism were active during deposition of the
Owen Conglomerate in the late Cambrian to early
Ordovician. However, the small amount of volcanic
detritus in the conglomerate suggests that eruptive
volcanic activity had ceased by the time Owen Con-
glomerate sedimentation commenced and suggests
that volcanic activity was restricted only to subsur-
face circulation of fluids in the volcanic pile heated
by subvolcanic plutons. The notion of Cambrian
volcanism and hydrothermal activity continuing into
the early Ordovician has been suggested by several
authors (e.g., Sillitoe, 1985; Berry, 1990b). Jago et
al. (1977) reported early Ordovician Mt Read-type
intrusive rocks in the Dial Range area, some 100 km
northwest of Mt Lyell. Sillitoe (1985) noted that if
alteration observed in the Owen Conglomerate was
of volcanogenic origin, it would require rapid accu-
mulation of the conglomerate in the typical life time
of a hydrothermal system (~ 2—3 million years). It
is possible also, that fluid circulation was promoted
by local deformation of the Mt Read Volcanics and
Owen Conglomerate during formation of the Haulage
unconformity in the early Ordovician.

In this hematite mineralisation scenario (Fig. 10B),
an oxidised fluid from the waning volcanogenic hy-
drothermal system, or perhaps an Owen Conglomer-
ate formation water, was focussed along the Great
Lyell fault margin of the sedimentary basin, and
migrated back into the volcanic hydrothermal sys-
tem. A volcanogenic fluid could have been initially
oxidised as a normal consequence of a cooling hy-
drothermal system or could have become oxidised as
it interacted with the Owen Conglomerate as it was
channelled along the faulted contact. Hematite would
have been deposited as the fluid was back circulated
along permeable horizons in the volcanics.

Alternatively, an oxidised connate fluid, derived
from dewatering of the hematitic Owen Conglomer-
ate, would have encountered an abrupt redox change
across the Great Lyell fault and may have dissolved
pyrite and deposited hematite in the volcanics. There
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Fig. 10. {A) Scenario for Pyrite II and I1I and hematite mineralisation during Devonian metamorphism. An oxidised metamorphic fluid from
the Owen Conglomerate deposited disseminated hematite in the footwall volcanics while Pyrite I was corroded and redeposited as Pyrite II
and I11I. (B) Scenario for Pyrite II and Il and hematite mineralisation during the early Ordovician. Volcanic activity was limited to
circulation of subsurface fluids heated by subvolcanic plutons. Hematite was deposited from fluids either from the cooling hydrothermal
system or from dewatering of the Owen Conglomerate which were focussed along the Great Lyell fault and into the volcanic pile.

is no evidence of very low or negative 8**S values
which may be expected of later pyrite (Pyrite II and
1) deposited in equilibrium with hematite (Ohmoto
and Rye, 1979). However, a fluid could have dis-
solved Pyrite I and precipitated it as Pyrite II with
similar §*S ratios under essentially closed system
conditions, deriving the bulk of its sulphur from
dissolution of the pre-existing pyrite. Alternatively,
with a minor influx of oxidised fluid relative to a
dominant reduced volcanogenic fluid and with little
mixing of the two, Pyrite II and III could have been
deposited from the volcanogenic fluid in disequilib-
rium with the hematite-bearing fluid.

Significantly lower pyrite 8*8 ratios occur in the
strongly hematitic North Lyell orebodies (Walshe
and Solomon, 1981) and are more consistent with
re-equilibration of a hydrothermal fluid with a more
oxidised, open environment. This feature raises the
possibility that much of the mineralisation along the
Great Lyell fault in the North Lyell area may have
been concentrated by an oxidation—reduction trap.
Hot, reduced volcanogenic fluids circulating through
the volcanic pile would have encountered a cooler,
oxidised environment at the growth fault contact
with the Owen Conglomerate. Mixing with oxidised

basin waters which migrated along and across the
Great Lyell fault could also have initiated precipita-
tion of sulphides from the hydrothermal fluid.

8. Summary

The trace element and stable isotope geochemistry
of Prince Lyell pyrite suggests that pyrite associated
with chalcopyrite was precipitated from a vol-
canogenic hydrothermal fluid. The predominantly
seawater-derived fluid was focussed along permeable
horizons in the felsic volcanic pile and deposited
veinlet and disseminated mineralisation. Early miner-
alisation produced cobaltiferous Pyrite I and chal-
copyrite. The bulk of the pyrite (Pyrite II) was
deposited after chalcopyrite mineralisation by fluids
poor in base metals. As a result of fluctuations in
physico-chemical conditions of the fluid, generations
of early formed pyrite were repeatedly corroded and
reprecipitated forming composite pyrite grains.

While eruptive volcanism may have ceased in the
late Cambrian, it is postulated that hydrothermal
fluids heated by a subvolcanic granite continued to
circulate within the volcanic pile into the early Or-
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dovician. An oxidised hydrothermal fluid or perhaps
connate water from dewatering of the Owen Con-
glomerate basin was focussed along the growth-
faulted basin margin and deposited disseminated
hematite in the volcanics adjacent to the Great Lyell
fault and along permeable horizons in the volcanic
pile.

Deposition of pyrite continued in the altered vol-
canics from fluids poor in copper and cobalt, deriv-
ing sulphur primarily from the dissolution of earlier
formed pyrite, preserving the &S ratios of the
precursor pyrite. Episodic recharging of the fluid
with metals such as cobalt and copper resulted in the
deposition of small amounts of cobalt-rich Pyrite III
and chalcopyrite.

The interaction of reduced volcanogenic fluids
with the redox boundary formed by the Great Lyell
fault and mixing with oxidised Owen Conglomerate
basin waters provide possible mechanisms for miner-
alisation along the length of the Great Lyell fault.
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