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Arsrxecr

The Rosebery orebody is a polymetallic massive sulfide deposit hosted i-n felsic volcanic rocks of the Cambrian Mt. Read
Volcanic belt, westem fasmani4. The deposit underwent upper-gteenschist-facies regional met"morphism and related
deformation during the Devonian Tabberabberan Orogeny, resulting in fotding, shearing, and faulting (thrusting) of ttre ore
lenses. The south end of the Rosebery deposit has undergone metasomatic replacement related to the inferred intrusion of a
post-orogenic Devonian granite, as interpreted from detailed gravity data. Mineralization at Rosebery consists of thee primary
sulfide-sulfate zones and a massive catbonate zone of Cambrian age: a lowermost pyrite - chalcopyrite zone (AVo Cl), an
overlying sphalerite - galena t pyrite zone, and an uppermost massive barite and carbonate zone. Devonian metasomatic
mineral assemblages that overprint the south end of the orebody delineate three major zones: (1) magnetite - biotite t
chalcopyrite, (2) pyrrhotite - pyrite, and (3) tourmaline - qnafiz+ magnetite. Other metasomatic minerals, such as fluorite,
gamet, and helvite, also are present in the Devonian assemblages. Field and textural relationships suggest that replacement of
prirnary lead-zinc sulfide lenses occuned after folding. Magnetite - biotite t chalcopyrite assemblages are confined to the lower
levels of the mine, whereas pyrrhotite - pyrite and tourmaline - quartz + magrctrte assemblages occur toward the upper part
of the orebody. No cross-cutting relationships between the pyrrhotite - pynte zone and the magnetite - biotite t chalcopyrite
zone have been observe4 suggesting that the minerals of tlese zones are products of a single evolving metasomatic event. The
lourmaline - quarE t magnetite assemblage seems to have forrned late in the replacement process, as indicated by irregular aad
patchy quartz - lourmaline veins cutring the host rock and other sulfide lenses. Detailed underground examination also indicates
that tourmaline - qtJtra veins demonstrably cut cleavage in the tuffaceous host-rocks, suggesting that the tourmaline veins
formed after the development of the Devonian cleavage.

Keywords; Rosebery deposit, volcanogenic massive sulfrde deposit, Devonian replacement, mineral chemistry, helvite, garnet,
biotite, tourmaline, chlorite, Tasmania Australia.

Somrlenr

Le gisement de Rosebery de sulfures massifs polym6talliques sont encaissds dans des roches volcaniques felsiques
cambriennes de la ceinture du mont Read en Tasmanie occidentale, Australie. Le gisement a subi les effets d'un mdtamor-
phisme r6gional dsns le faciBs schist€s verts, ainsi qu'un 6pisode de d6formation, au cours de I'orogendse de Tabberabbera, ce
qui a pliss6, cisaill6, et d6plac6 par chevauchement les lentilles de minerai. l,e secteur sud-est du gisement a en plus subi les
effets d'un remplacement m6tasomatique, qui serait li6 I la nise en place d'un granite d6vonien post-orog6nique. I,e granite
n'y est pas expos6, mais son existence d faible profondeur sous ce sect€ur est indiqu6 par un relev6 d6taill6 de la gravit6. [.a
min6ralisation est faite de trois zones primafues I sulfures + sulfates et d'une zone i carbonates massives, toutes d'ige cambrien:
la zone inferieure, d pyrite + chalcopyite (AVo Cu), ensuite une zone i sphalerite + galbne t pyrite, et une zone sup6rieure i
barite massive, et la zone i carbonates. Les assemblages m6tasomatiques se rdpartissent en trois zones: (l) magndtite + biotite
t chalcopyrite, (2) pyrrhotite + pyrite, et (3) tourmaline + quartz t nagn6tite. D'autres min6raux mdtasomatiques, tels fluorite,
$enat et helvite, sont aussi prdsents. D'aprbs les relations de terrain et les textures, les lentilles primaires d sulfures de Pb-Zn
ont 6te remplac6es aprds la d6formation. Les assemblages l magn6tite + biotite t chalcopyrite sont restreints aux niveaux
infdrieurs, tendis que les assemblages i pyrrhotite + pyrite et e burmaline + quartz t magnetite sont d6veloppds dans la partie
sup6rieure du gisement. [-es assemblages I et 2 ne semblent pas se recouper, ce qui fait penser que ces mindraux se sont form6s
lors d'un seul 6v6nement en 6volution. lJassemblage 3 est consid6r6 tardif, comme en tdmoignent des veines irrdgulidres et
discontinues d quartz + tourmaline qui recoupent les roches-hdtes et Ies auffes lentilles de sulfures. D'aprds nos observations
d6taill6es dans la mineo ces veines recoupent m6me le clivage des roches-hdtes tuffac6es, et donc seraient post-d6formation. l-es
an:lyses i la microsonde 6lectronique montrent que le grenat a une forte composante de spessarlrne (74-35Vo, base molaire),
avec grossulaire entre 3 et |SVo.l-ahelvitp contient jusqu'i 7 .OVo deZn @ase ponddrale). [.a biotite contient entre 1,87 et2.73
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atomes de wAl par unitd formulure (apufl, et enre 0.02 et 2.75 apaf de qAl; les valeurs de 100Mg/(Mg a psz+) vont de 22 tr
54. Les compositions du $enat, de Ia helvite et de la biotite ressemblent I celles des gisements d W-Sn-F de Mt. Lindsay et
de Cleveland en Tasmanie occidentale, form6s par remplacement et aussi affili6s I des massifs de granite d6voniens. Le schorl,
tourmaline dominanteo est comparable i Ia tourmalile du granite d6vonien de Meredith, mais il est plus riche en Fe que la
plupart des compositions observ6es dans le gisement de sulfures massifs de Kidd Creek, en Ontario, et que toutes les
compositions de tourmaline des gisements de la ceinture Appalachienne - Cal6donienne. L origine de la tourmaline et. les autres
min6raux des assemblages de skarn d Rosebery serait exclusivement li6e d la mise en place d'un massif granitique.

(Traduit par la R6daction)

Mots-clds: gisement de Rosebery gisement volcalogdnique de sulfures rnassifs, remplacement ddvonien, composition des
min$129v, helvite, grenat, biotite, tourmaline, chlorite, Tasmanie, Australie.

IxrnooucrroN

Rosebery is the largest polymetallic volcanic-
rock-hosted massive sulfide (VHMS) deposit known in
western Tasmania. To date, it has produced 17.6 Mt
at aD average grade of IS.lVo Zn,4.6Vo Pb, O.1Vo Cl,
152 ppmAg, and 2.8 ppm Au; proven ore reserves are
4.0 Mt at Ll.2Vo Zn,3.6Vo Pb, O.5Vo C!, 127 ppm Ag,
and 2.2 ppm Au (Mark Berry, pers. comm., 1995).
Rosebery has a deformed sheet-like morphology and is
hosted in felsic volcanic rocks of the Cambrian Mt.
Read Volcanic Belt. The Mt. Read volcanic suite
contains several other massive sulfide orebodies,
including Herculeso Mt. Lyell, Hellyer, and Que River
(Fre. 1).

The Rosebery deposit underwent upper-greenschist-
facies regional metamorphism and associated
deformation during the Devonian Tabberabberan
Orogeny. In addition, the southem end of the Rosebery
deposit has undergone metasomatic replacement
related to an inferred intrusion of post-orogenic
Devonian granite. Although tle effects of Devonian
processes on the Rosebery deposit were noted in
the late 1960s, only a brief description of the
recrystallization of sulfide ores (e.9., Brathwaite 1969)
and a short account of chemical remobilization of ore
constituents during the Devonian (Solomon et al. 1987)
have been presented.

In this paper, we document the geology, zoning,
textures and petrology, and mineral chemistry of the
Devonian assemblages in the F(I) lens of the Rosebery
mine, and discuss their paragenesis and hydrothermal
evolution in relation to the Cambrian VHMS assem-
blages. Physicochemical characteristics of the
Devonian hydrothermal fluids, and chemical and
thermodynamic aspects of the remobilization of ore
constituents, are presented in a separate paper (Khin
7,avt et al.1997).

RsctoNAL GBoLocIcAL SETTTNG

The regional geological and metallogenic relationships
of the Rosebery-Hercules area and the Mt. Read
volcanic sequence in western Tasmania have been

extensively studied in recent years (e.9., Corbett 1981,
1992, Corbett & Lees 1987, Corbett et al. 1989).
Therefore, only the important geological relationships
of the Rosebery area are presented in this paper.

The Rosebery deposit occus within an arcuate,
north-south-trending belt of Cambrian volcanosedi-
mentary rocks befween Precambrian blocks to the east
and west. This belt contains volcanically derived
sediments of the Dundas Group to the wes! and the Mt.
Read volcanic suite that host the Rosebery deposit to
the east (Fig. 1). The Mt. Read volcanic suite is composed
predominantly of rhyolite, dacite, and andesite, with
min61 $asal1.

Following deformation and metamorphism during
the Devonian Tabberabberan Orogeny, intrusion of
shallow-level, post-orogenic ganitic plutons in the
mine area resulted in recrystallization and considerable
modification of ore assemblages. Possible granite-related
mineral assemblages including pyrrhotite, pyrite, garnet,
helvite, biotite, and tourmaline were developed in
the soutl-end orebody (Solomon et al. 1987). The
Devonian ganite does not crop out, but its presence
has been inferred on the basis of detailed gravity dat4
at a depth of about one kilometer below the southern
end of the deposit (Leaman & Richardson 1989).

GeoI.ocv or rrfi, Rossnanv MtrrE

Comprehensive accounts of the geology of the
Rosebery area have been given by many previous
investigators (e.g., Brathwaite 1969, L974, Burton
1975, Adams et al. 1976, Green et al. 1981, Greet
1983, Lees et al. l99O), and only the major features are
discussed here.

Stratigraphy

Major rock units in the Rosebery mine area include:
(1) the Central Volcanic Complex (CVC) of the Mt.
Read volcanic suite, (2) the Dundas Group, and (3) the
Crimson Creek Formation (Fig. 1). The CVC in the
mine area is faulted against the sedimentary rocks of
the Dundas Group and sedimentary and mafic volcanic
rocks of the Crimson Creek Formation. Recent drilling
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Flc. l. Location and geological setting of the Cambrian Rosebery deposit, western
Tasmania. Note the distribution of Devonian sranitic intrusions in the inset.
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>300 m
has shown that the fault plane lies some 400 m beneath
the Rosebery orebody (Corbett & Lees 1987). The
CVC can be subdivided into the folowing stratigraphic
units at the Rosebery mine;

Top Mt. Black volcanic suite
(dacitic to andesitic lavas)

Hanging-wall epiclastic rocks 50-200 m

Black slate

Host rock: tuffaceous shale

Bottom Footwall yslsanic rocks
(feldspar-phyric)

>1000 m

0-30 m

3 5 m

The Rosebery deposit lies in a lens of tuffaceous
shale at the contact between the footwall volcanis loaks
and the hanging-wall epiclastic rocks. The footwall
yslsanis rocks consist offeldspar-phyric, ashy, vitric to
crystal-rich tuffaceous rocks. Tmmediately below the
Rosebery ore horizon, this unit has been altered to
qtraxtz - sericite - chlorite schist. The contact between
the footwall volcanic rocks and the host rock typically
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is dfficult to distinguish h the mine area owing to the
overprint of hydrothermal alteration.

The tuffaceous shale is commonly siliceous and
sericitic, with disseminated pyrite. The host rock is locally
chloritic and strongly sheared, with recrystallized
pyrite cubes up to 5 cm across, and is overlain by up to
30 m of pyrite-bearing black slate. The shale and the
overlying slate are considered to represent a period of
quiet sedimentation during ore deposition (Green et al.
198r) .

The hanging-wall epiclastic rocks consist of
sericitized quartz-feldspar-phyric epiclastic sandstones
and breccias. The presence of the assemblage
albite - chlorite - quaru - epidote (Corbett & Lees
1987) in the hanging-wall epiclastic rocks indicates a
lower-greenschist-facies meramorphic grade. These
rocks are conformably overlain by the Mt. Black
yslganis suite, which is composed of weakly sericitized
and chloritized dacitic to rhyolitic lavas over 1000 m
thick.

The Dundas Group, which unconformably
overlies the CVC, consists of several subunits in the
Rosebery-Hercules mine area: (l) the White Spur

T}IE CANADIAN MINERALOGIST

Frc.2. Longitudinal section ofRosebery deposit, showing north-end ore lenses (A, B and
newly discovered K and P) and south-end ore lenses (C, D, E, F-J, G and H). The
position of the Devonian granite is interpreted from gravity data.

Formation, a quartz-phyric epiclastic sequence, (2)
the Stitt Quartzite, (3) the Natone volcanic suite, (4) the
Salisbury Conglomerate, and (5) the Westcott Dolomite.
The Crimson Creek Formation is exposed in the western
part of the Rosebery-Hercules area, tectonically
interfingering with the Dundas Group. The Crimson
Creek Formation consists of mafic greywacke interbedded
with siltstone, mudstone, and minor altefed basalt.

Structare

The Rosebery Fault is a prominent structure in the
Rosebery-Hercules area. The fault dips east 30o-40o,
and is characterized by a pyritiferous quartz-tosnaalins
vein-breccia in the Rosebery area, and a fault breccia
elsewhere. It is interpreted to be a thrust fault with
significant throw, as it juxtaposes east-dipping
feldspar-phyric rocks of the CVC against steeply
dipping, west-facing rocks of the Dundas Group
(Corbett & t ees 1987). Shearing also has been noted in
the ore lenses and the host rocks that are subparallel to
the Rosebery Fault system (Berry 1990). Aerden (1991)
also recognized reverse bedding-parallel shearing of

I
P I



ttre ore lenses and host rock, although he disagreed
with a volcanogenic origin for the deposit.

Form and geomeny of the ore lenses

The Rosebery orebody is ma6s up of a series of
tabular sheets that dip 45' east. The ore lenses extend
over a strike length of 1.5 km to depths of at least
800 m at the south end and 600 m at the north end
of the mine. A gap without economic mineralization
separates the northern lenses from the main southern
group of lenses (Fig. 2). Brathwaite (L969, 1972) tust
interpreted the folding of the Rosebery ore lenses as
being due to tle Devonian Tabberabberan Orogeny; a
similil's6aslusion was reached by Green et al. (1981),
Green (1983), and Lees et al. (1990). Adams et al.
(1976) inferred that the folded structure resulted from
synsedimentary slumping soon after ore deposition.
However, Berry (1990) argued that the morphology of
the lenses is due to a tbrust duplex, with no mine-scale
folding involved.

M in e raliza tion anl alt e r atio n

Base-metal mineralization that formed during
Cambrian volcanic activity at Rosebery is mineralogically
simple. The stratiform massive sulfide ore consists
predominantly of pyrite, sphalerite, galena, chalco-
pyrite, and tetrahedrite-tennantite, with widespread
min61 21'5enspyrite. Barite occurs at the stratigraphic
top of the orebody, and commonly is separated from
the sphalerite - galena t pyrite ore by intervening
barren host-rocks.

Barite-rich ore is generally of lower grade than
zinc-lead ore, but contzins essentially the s"me sulfide
minenals, in slightly different proportions. Compared to
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sphalerite - galena t pynte ore, massive barite ore is
characteized by an enrichment in galena and
tetrahedrite-rennantite (Brathwaite 1969, 197 4, Huston
&I-arge 1988, Huston, 1989). Disseminated to massive
pyrite mineralization with minor base-metals may
occur distally from, or stratigraphically above,
zinc-lead mineralization. The highest gold grades occur
close to the stratigraphic hanging-wall of the deposit, in
the upper part of the zinc-lead or barite-rich ore zones
(Huston &Large 1988, Huston 1989).

The dominant feature of Cambrian alteration at
Rosebery is a blanket-like zone of sericitic and chloritic
assemblages in the footwall (e.9., Green et al. 1981,
Naschwitz 1985). The host rocks, origina[y tuffaceous
siltstone and shale, are also altered to quafiz - sericite
- pyrite * chlorite * carbonate schists. Mineralogical
changes that characterize this footwall alteration are
destruction of feldspar, sericitization of pumice
fragmentso and silicification and pyritization of the
groundmass. Where alteration is intense, a well-defined
schistosity gives rise to an augen texture typical of
"qnartz schist", which commonly extends for several
meters below mineralization into the footwall.

Mtr {ERALocIcAL ZoNnrroN

Brathwaite (1969) fust recognized a distinct
stratigraphic zonation of ore-mineral assemblages at
Rosebery. The stratigraphic zonation in ore constituents
established by Brathwaite (1969,1974), Green et al.
(1981) and Green (1983) is similal to that recognized
from many other volcanogeoi" 66ssivs srrlfide deposits
(e.9., Stanton l9lL,Franklin et al. 198I, Lydon 1984,
1988, Large 1977, 1992). Detailed mineralogical and
zonation studies at the north end of the Rosebery
deposit by Huston &Large (1988) have documented

REPIACSI\4EM IN THE ROSEBERY MASSTVE STJLFIDE DEPOSIT

Ftc. 3. Geology and mineral zonation, Rosebery north-end orebody.

1113mN 'ot

Nl Barite zone

N Carbonale zone

[[J[J[T| sphalorite-galenatpyrite zone
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the following primary sulfide-sulfate and carbonate
zones (Fig. 3):

STRIflGRAPHIC TOP

Carbonate zone

Massive barite zone

Sphalerite - galena * pyrite zone

Pyrite-chalcopyrite zone with Cu-rich pods (>47o Cu)

Ftc.4. Geological cross-section ofFe-.9-O replacement assemblages, Rosebery south-end
orebody.

At the south end, the stratiform massive sulfide
Ienses are overprinled by a fransgressive zone comprising
iron oxides, sulfides and silicate minerals. Brathwaite
(1969) frst reported that the pyrhotite-bearing
assemblages transgress the sulfide lenses. Recent deep
drilling in this area has exposed an extensive zone of
pyrrhotite- and magnetite-bearing sulfide lenses. In
addition to pyrrhotite, otler secondary assemblages
have been recognize4 including magnetite Gematite) -
biotite, pyrrhotite-pyrite, and tourmaline-quartz.
Fluorite, garnet, and helvite also have been observed.

Underground-level plans and core loggrng illustrate
the spatial distribution and zonation ofthe transgressive
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Flc. 5. Hand-specimen and underground photographs of Rosebery ores. A. Pyrite - magnetite assemblages showing
pseudo-banded texture, F(I) lens. B. Hematite - pyrite in contact with barite - pyrite assemblages, F@ lens. C. Underground
exposue of hematite + quartz assemblages, H lens. D. Folded lead - zinc ore and pyrrhotite and pyrite assemblages,
south-end orebody. Scale bar is 4 cm. E. Underground exposure of pyrrhotite - p1'rite assemblages, F(J) lens. F. Pyrrhotite
- pyrite assemblages and Pb - Zn sulfide ores, F(I) lens. G. Tourmaline - quartz vein cutting pyrrhotite-pyrite assemblages,
F(J) lens. H. Underground exposure of tourmaline - quanz vein, F(I) lens, south-end orebody.
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Fe-S-O assemblages. Detailed zonal patterns of
the Fe-S-O assemblages and their relationship to
the Pb-Zn lenses on eleven east-west cross-sections
from the south-end were investigated (KhtnZaw et al.
1988). Figure 4 shows the spatial distribution and
zonation on the scale of the orebody. The following
three majel 2ones can be distinguished: 1) magnetite -
biotite + chalcopyrite zone,2) pyrrhotite - pyrite zone,
and 3) tourmaline - quartz t magnetite zone.

Magnetite - biortrc t chalcopyrite zone

This zone is generally confined to the lower levels
of the mine, particularly below 17 Level. Magnetite
forms massive bodies with pyrite and biotite. The
pyrite - magnetite t biotite assemblages may show
a pseudobanded texture (Fig. 5A). Pyrite commonly
occurs as cubes of various size in the magnetite *
biotite host. Hematite is locally noted with magnetite;
in places, only hematite is found with pyrite; it also
occurs in barite-rich sulfide lenses (Fig. 5B). Hematite
+ qtrartz zones up to half a meter across (Fig. 5C)
locally occur within biotite-rich alteration associated
with magnetite assemblages.

Biotite in this zone is massive, mottled, and green
to dark green in color. Chlorite occurs in the sulfide
lenses and the footwall, and is associated with biotite.
Sericite and K-feldspar are also found in this zone.
Recrystallized chalcopyrite is abundant. Garnet -
biotite and garnet - helvite - tourmaline assemblages
are present in this zone at deeper levels of the mine,

Pynhotite - pyrite zone

Zones of pynhotite - pyrite extend from 14 level down
to 17 Level, where they give way to magnetite-rich
assemblages. Brathwaite (1974) first reported that
pynhotite - pyrite assemblages transgress folded primary
Pb-Zn sulfide lenses (Figs. 5D, E, F). Most of the
sphalerite and galena in the banded sulfides is replaced
by pynhotite and pyrite; only thin sphalerite-rich
bands remain, lgtaining the folded structure (Fig. 5D).
Major zones of pyrrhotite - pyrite bodies cut the
Pb-Zn sulfide lenses in the F(J) lens along 16 No. 2
Sub-Level, 16 Level, 17 No.2 Sub-level, and 17 Level.

Massive pyrrhotite - pynte bodies range from I m
to more than 20 m across. A zone of dark brown,
coarse-grained sphalerite is common as a rim between
massive pyrrhotite - pyrite and original sphalerite -
galena lenses. As described by Solomon et aI. (L987),
this pyrrhotite - pyrite zone varies from pyrrhotite-
dominant to pyrite-dominant with or without
leglaalins, magnetite, and biotite. No large bodies of
pyrrhotite - pyrite were observed below 17 I-evel,
although thin lenses of pyrrhotite - pyrite with
chalcopyrite occur in the massive magnetite - biotite
zone.

TABIJ I, MINERAL ASSEMBLAGES FOI'ND
AT TIIE ROSEBERY DEPOSIT.

ACCORDING TO TYPE OF MINERALZATION

M@tue pyflte M6stue sphalertte
chabopyne Wrlte-galeu

Mdstve belte

rynb ed chalco,pyrbe Sphalqie, epl@a SpbslqiF @d ealeda
@d ptnte

Sphalfltet gd@a Chalco,pynte, @opyntq pyrirc, OatopyritE"
@opyritc, t@@0ite! maledritg nagiditg, tafthedrng, 91ffi8,
ma@dilq *rire, eteporo, bounoit , pyrr$riE, bcm@it€"
kobe[ite, @Iit€, bol@gqite, @€ghiDite, gulreier, ad mive
bisDr{b, ptrhdite, ni6gtritr', ptfrstriA lqd'
@d elffi @!rgite, Eg@tib, @d

qb@ito*

cbfodE @d quqtz, witl Cblcite, quqta @b@ate Bqit , quqtr, dbite,
lw qboare md @d sicite, with Eind siche, od sboaae
sicite albib ed t @ elsi4'

Dqonl@ g6h velns DNnl@ retNorudc Nenbloges

GaI@a chalc.pyriter spbolqile,
@d pyriE

TtrahedriE, 'l6eqhhie, bqm@itq
jqd@ite, elets|m, @lybdqite,
wi&rite,.tmhc, biqfhitrito,
natire b|@dl' gol4 mddmite, tud
nllnmitrr

QuqE6d@b@e

Pfrhotili, ptrite, @gndirq
cbalcopyritg od hentite

fmneeit€, bimrjt, elEhrm, @d
rclfroite

c@eq helaite, b|lmlioet flu@iE,
chlqiE, quatr, ed biotite

* REpdtd fd the 6nt ti@ in this sdy.

Tourmaline - quartT !magnetite zone

11s lsurmaline - quartz zone envelops and
overprints the massive pyrrhotite - pyrite zone. It is
well exposed at the southernmost end of the F(J)
lens. This zone consists of irregular and patchy
quartz - tourmaline veins that cut the host rock and
other sulfide lenses (Fig. 5G). The tourmaline in this
zone collmonly forms networked, banded, thin
veinlets. The tourmaline - quartz veins clearly postdate
the cleavage in the tuffaceous host-rocks (Fig.5H).
Although tourmaline and quartz are tle dominant
minerals in this zone, patches of pynhotite, pyrite, and
magnetite (+ hematite) with minor chlorite, fluorite,
and carbonates also were noted.

Mnvnner,ocv aNp TBxrunrs

Table 1 summarizes the mineralogy of volcanogenic
ores at Rosebery.

Ores form^ed from Cambrian volcanogenic fluids

Pods of banded mnssive pyrite - chnlcopyrite o@trr
along the footwall contact of the massive sulfide
lenses. Minor minel4ls include sphalerite, galenao
arsenopyrite, and tennantite; hace minerals are kobellite,
aikinile, native bismuth, pyrrhotite, and electrum. Native

MaJor

Mltur
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Ftc. 6.A.,Garnet graia cut by tourmaline-biotite veinlets. B. Same as above under crossed nicols. C. Subhedral grain ofgarnet
together with wedge-shaped crystal of helvite, biotite and tourmaline. D. Helvite crystals together srith alterid anhedral to
subhedral grains of garnet. E. Flakes of biotite with hematite. The biotite appears to have been altered from chlorite. F. The
association of biotite + pyite. G. Euhedral crystals of zoned tourmaline in matrix of quartz. H. hismatic, bladed tourmaline
forming 3 - 5 cm-thick layers of tourmaline layers of tourmalinite assemblage, F(J) lens, southend of Rosebery mine,
westem Tasmania.
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bismuth, bismuth sulfosalts, and pyrrhotite occur with
birds-eye pyrite in chalcopyrite. Chlorite and quartz are
the most common gangue minerals; lesser sericite and
carbonate also are present. Chlorite and sericite are
generally foliated parallel to banding, whereas quartz
and carbonate occur as anhedral grains, with carbonate
typically forming polycrystalline aggregates.

Well-banded massive sphalerite - galena - pyrite,
which forms most of the ore, also contains minor
chalcopyrite, arsenopyrite, and tetrahedrite. Ron F.
Berry (pers. comm., 1990) has suggested that the
fine-scale banding (l-10 mm) is probably tectonic,
whereas the coarser banding may be primary. The
mineral textures, typical of deformed sulfide ores
(Stanton 1972), compise porphyroblastic pyrite and
annealed intergrowths of sphalerite, galena, and other
sulfides. Minor colloform and framboidal pyrite also
is present (Brathwaite 1974, Gteen et al. l98l). A
"snowflake'o intergrowth between pyrite and other
sulfide minerals is interpreted as a primary texture
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Flc. 7. Schematic diagram showing paragenetic relationships of assemblages of
replacement minerals in the F(J) lens, south-end orebody. Evidence used for the
paragenetic relationships includes microbxn[al and macrotextural data.

caused by the rapid coprecipitation of pyrite with
other sulfide minerals. Miargyrite and cubanite are
recorded for the first t:me at Rosebery; boulangerite
and meneghinite are recorded for the frst time in
file-grained massive sphalerite - pyrite - galena ores.
Miargyrite occurs in Ag-rich samples with pyrargyrite,
bournoniteo and galena; cubanite occurs with
chalcopyrite. Boulangerite and meneghinite form inclu-
sions in pyrite. Boulangerite also occurs as lath-like
grains associated with chalcopyrite and galenao and
meneghinite occurs with bournonite.

The gangue minerals are mainly chlorite, qtJarlz,
carbonate" and sericite, with minor albite and trace
celsian. Albite is concentrated in the lateral and upper
portions ofthe deposit; it is particularly abundant in
samples from the north-end orebody. Celsian (approxi-
mately Ba6.75K6.25Alr.7sSi2.25Od occurs as 0.1-0.5 mm
subhedral grains that are overgrom by albite; it
contains inclusions of sulfides, and is dusted by
sericite. Celsian is uncommon in VHMS ores, having
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been reported only at the Tulks Hill deposit in
Newfoundland (McKenzie et al. 1993). Barian feldspar
occurs more commonly in sediment-hosted massive
sulfide deposits (e.g., Segnit 1946, Lydon et aI. 1982,
Fortey & Beddoe-Stephens 1982).

The most common sulfide minerals present in
lenses of massive barite are sphalerite and galena,
accompanied by lesser pyrite, chalcopyrite, and
tetrahedrite. Barite-rich Ienses have a lower abundance
ofpyrite, a higher abundance oftetrahedrite, and lack
arsenopyrite relative to massive sphalerite - pyrite -
galena ores (Brattrwaite 1974,Green et al. l98l).'I\ey
also are banded, and locally brecciated, with
subangular fragments of sugary massive barite set in a
sulfide matrix.

Trace minerals in the lenses of massive barite
include electrum" bournonite, sulvanite (CurVSr), and
native lead; the sulvanite and native lead were observed
at Rosebery for the first time in this study. Sulvanite,
which also is a trace mineral in some Kuroko deposits
in Japan (Matsukuma et al. 1974, Shimaz2li 1974;,
occurs as lG-50 pm inclusions in sphalerite. Native
lead forms a rim around a grain of tetrahedrite in
contact with galena. Less abundant gangue minerals
include quartz, albite, sericite, carbonate, and trace
chlorite (Green et al. l98l).

Ores formcd during Devonian recrystallilation and
metasornatisrn

During Devonian lower-greenschist-grade meta-
morphism, the ore assemblages were recrystallized to
produce most of the observed textures. Associated with
this metamorphismo minsl remobilization of ore
formed quartz - carbonate gash veins that commonly
goatain complex sulfide assemblages in the vicinity of
lenses of massive sulfide or barite. Massive sulfide and
barite-rich ores in the southern end of the deposit were
replaced by pyrrhotite - pyrite, magnetite - pyrite, and
pynte - hematite assemblages during metasomatism
associated with the inferred intrusion of a post-orogenic
Devonian granite.

Quartz - carbonate gash veins that formed during
Devonian metamorphism typically contain abundant
sulfide and sulfosalt minerals in the vicinity of the
Rosebery orebodies. Many of the less co[lmon
minerals identified by Wlliams (1960) were collected
from this type of vein. The most abundant sulfide
minerals in the gash veins are sphalerite, galenao
chalcopyrite, and pyrite, with lesser quantities of
Ag-rich, end-member tetrahedrite. These veins also
ssqrain meneghinile, bournonite, jordanite, pyrargyrite,
and electrum (Mlliams 1960, Brathwaite 1974, Huston
& Large 1988). In addition to the above mineralso
Williams (1960) observed inclusions of arsenopyrite,
molybdenite, cassiterite, and stannite in a sample of
massive tetrahedrite; Huston &Large (1988) reported
the occurrence of a vein of bismuthinite - maldonite -

native gold ofprobable Devonian age from the D lens.
In this study, a 7-trrm hiangular inclusion sf ullmannite
(NiSbS) was observed in remobilized galena. The
Devonian gash veins contain mainly a quartz larrd
carbonate gmgue, with lesser sericite and chlorite.

Devonian mztasomatic as s emblnges recorded
in the F(J) lens

Stillwell (1934) was the fust to report spessartine-
nch gamet at the Rosebery mine. This identification
was later confirmed by Green et al. (1981) and Lees
(1987), who attributed the garnet-bearing assemblage
to postdepositional metamorphism. Garnet is fypically
found in the deeper levels of the F(I) lens. Garnet occrus
as creamy whiteo anhsdral gains in hand specimen, and
is associated with pynhotite, pyrite, magnetiteo biotite,
tourmalins, and fluorite.

Under the microscope, the crystals of garnet may
exceed 5 mm in diameter, and are pale orange or pale
brown, commoDly anis666pis and zoned, with or
without penetration twinning @gs. 6A, B, C). A few
crystals show both anomalous anisotropism and pro-
nounced 2sninS, but the coarsely crystalline subhedral
aggegates show only weakly developed zoning, which
is commonly parallel to crystal outlines. Some isotropic
or nearly isotropic grains nl5e are present. Garnet may
be altered to helvite, and both minerals are cut by
tourmaline - biotite veinlets or rimmed by prismatic
tourmaline. In other sampleso garnet-bearing assem-
blages are cut by quartz - carbonate - fluorite veins.

Crystals of helvite also occur in the deeper levels of
the mine. Under the microscope, helvite from Rosebery
is pink, rhombic in shape, and replaces garnet (Fig.
6C). Some grains are distinctly zoned @gs. 6D), or are
found in association with pyrite.

Biotite is commonly intergrown with magnetite. In
hand specimeno it can easily be mistaken either for
tourmaline or a dark green variety ofchlorite. Pyrite
euhedra are first replaced by hematite or magnetite and
then by biotite - magnetite. la thin section, the color of
biotite varies from green to brown. Biotite forms thin
veinlets or flakes (Figs. 6E, F) and locally occurs as an
alteration product of garnet (Figs. 6A, C, D).

Tourmaline was reported at the Rosebery mine by
Finucane (1932), Stillwell (1934), Green (1983), Lees
(1987), Plimer & Lees (1988), and Lees et aI. (1990).
Tourmaline is a ubiquitous mineral that cuts sulfide
lenses and host rock in the south end of the mins; i1
occurs in thin veinlets or lenses. Plimer & Lees (1988)
described 3-5-cm-thick layers of tourmaline (15 Level)
as tourmaline exhalites, but recent field and microscopic
investigations of the tourmaline assemblages, together
with geochemical and isotopic evidence, do not support
this interpretation (Khin Zaw 1991, Khin Zaw & A.
Fallick, unpubl. data).

Tourmaline veinlets commoDly cut helvite, garnet,
and sulfide assemblages. Under the microscope, tour-
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maline occurs as euhedral, prismatic, or stubby trigonal
grains containing a dark green core and a pale green
rim, or vice versa (Fig. 6G). Thin layers of prismatic
tourmaline and veins also are present (Fig. 6II).

Chlorite is associated with sericite in the footwall
alteration-zone. It also occurs intergrown with biotite
and tourmaline. It shows a fine-grained felted appearance
or forms coarse elongate "pressure shadow" gnins next
to sulfide minerals. Chlorite also occurs as an alteration
product of biotite at the margin of fluorite-bearing
retrograde veins in biotite - magnetite assemblages.

Sericite is a common alleration mingral at Rosebery,
It may be found with K-feldspar, biotite, tourmaline,
and garnet. K-feldspar occurs as minor irregular,
anhedral aggregates. Various forms of carbonate
minerals noted in the F(J) lens were described by tr(hin
Tast (1991).

PanecnNesrs AND Tn/m.IG oF RspLaceMENT
Assntrmr-ecns

Mineralogical and cross-cutting relations among
the replacement minerals discussed above indicate
the following paragenetic sequence, from oldest
to youngest: garnet -+ helvite -+ biotite - tourmaline
-+ toumaline -) tourmaline - fluorite. The general
paragenetic relationships of the dominant silicate
minerals and their associated Fo--S-O assemblages in
the F(I) lens are shown in Figure 7.

Garnet, helvite, biotite, and magnetite are concen-
trated in the biotite - magnetite t chalcopyrite zone.
Although tourmaline also occurs throughout this zone,
it is most abundant in the tourmaline - quartz zone. The
following microtextural relationships indicate that
tourmaline nucleated after deformation, during the
last stage of metasomatism: (1) most shear zones are
filled with tourmaline - quartz veinlets, (2) tourmaline
veinlets cut tle sulfide assemblages, and (3) other
silicate minerals (garnet, helvite, and biotite) in the
replacement assemblages also are cut by tourmaline
veinlets.

Textural relations suggest that the replacement
of the primary massive sulfide lenses by the Fe-S-O
assemblages occurred after folding and deformation
of the CambrianPb-Zn sulfide lenses. For slample,
the pyrrhotite - pynte assemblages clearly cut folds
in the Pb-Zn ore (Figs. 5D). This evidenceo together
with the abundant post-cleavage tourmaline - qu,ar1E
veining developed in the ore zone, indicates that
the replacement occurred some time after the
Tabberabberan Orogeny. Tlming relationships preclude
these metasomatic assemblages from being related to
pre-orogenic Cambrian granites.

Magnetite extensively replaces lenses of massive
pyrite to form massive bodies (with or without biotite)
wherever replacement was complete. Pyrite can still
be recognized in the magnetite + biotite host, and the
presence of coalesced pyrite cubes variably altered

to magnetite suggest that the replacement occurred
after the metamorphic (?) recrystallization of pyrite.

Primary Pb-Zn sulfides are separated from the
pyrrhotite - pyrite zone by a reaction rim that contains
Fe-rich sphalerite. The pyrrhotite - pyrite zone occurs
mostly above the magnetite - biotite + chalcopyrite
zone (Fig. 4), and contains relict magnetite. A significant
amount of gold is present in the pynhotite - pyrite zone
(Khin Zaw l99(,KhinZaw et al. 1997). No cross-cutting
relations between the pynhotite zone and the magnetite
zone have been observed, suggesting that these two
Fe-S-O assemblages may be products of a single,
evolving metasomatic event.

The tourmaline - quartz * magnetite zone appenrs,
in contrast, to have formed at a late stage during the
replacement process, as evidenced by the occurrence
of irregular and patchy qtJartz - tourmaline veins
that cut the host rock and sulfide lenses. Although
tourmaline - qtJartz veins seem to be stratiform and
parallel to the bedding in drill-core intersections,
recent detailed underground examination indicates
that the tourmaline - quaftz veins demonstrably cut
the cleavage of the tuffaceous host-rocks (Fig. 5H),
thus suggesting formation of the veins after the devel-
opment of a Devonian cleavage.

GeoqsrwsrRv oF THE REpLAcEMENT Mnwnem

Compositional variations of garnet, helvite, biotite,
tourmaline, chlorite, sericite, and K-feldspar were
determined in this study. These compositions are
compared here with data from the Cleveland and Mt.
Lindsay replacement tin deposits (Devonian) in western
Tasmania, and from the CanTirng high-temperature
skarn deposit in the Northwest Territories.

TABLE 2. REPRESENTATTVE COMPOSITIONS OF GARNET,
F(I) LENS, ROSEBERY I\4II{E TAS\4ANIA
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Analytical techniques

Chemical analyses of minerals were carried out
using aJEOL JXA-50A electron microprobe employlng
an accelerating voltage of 20 kY a beam current
of 0.34 x l(FeA, a beam diameter of 2-3 pm, and a
counting interval of 120 seconds. Between two and five
compositions were averaged to yield each composition
reported here.

Gamet

Com.Fositional data for garnet are given inTable2.
Although the iron content is reported as FeO, iron is
partitioned to fill the Rs* sites in calculations of the
structural formulae. The garnet consists predominanlly
of spessartine (74.2-84.9 mol.Vo) and minor grossular
(3.2-16.1 mol.Vo). The alrnandine component ranges
from 1.3 to Ll.2mol.%o, whereas the andradite component
varies ftom 2.8 to lL.2 mol.%o. The Mg content of the
garnet is uniformly negligible (<O.25 wtVoMgO).

Compositions of garnet are compared (Fig. 8) with
those from the Mt. Lindsay and Cleveland replacement
deposis, Tasmania (Kwak 1983, Barth 1986) and from
the high-temperature skarn at CanTtrng (Khin Zaw
1976). Compositions are similar to those of gamet from
the Cleveland deposit. They differ from those of the
high-temperature (to 520"C) tungsten skarn environ-

ment at the CanTung mine, in which the garnet con-
tains a larger proportion of the grossular component
(KhinZaw 1976).

Similmily in the compositional ranges of garnet
from the Rosebery and Cleveland deposits suggests
similar metamorphic-metasomatic conditions. At
Cleveland, a relatively low to moderate range of tem-
peratures of mineralization has been reported from
fluid-inclusion and stable-isotope studies (Collins
1981). Fluid-inclusion data also suggest moderate
temperatures (Th < 330'C) for formation of the replace-
ment assemblages at Rosebery (Khin Zaw 1991). In
contrast, the garnet from Mt. Lindsay contains very
little spessartine and almandine component; it is
grossular-rich, with considerable andradite component.
The inferred temperature of the Mt. Lindsay W-Sn-F-
Be skarns, based on mineral-equilibria studies, is
greater than 400'C (Kwak 1983). The composition of
garnet at Mt. Lindsay appears to have varied owing to
fluctuations in temperature and other physicochemical
conditions, such as/(O).

Garnet is a nearly ubiquitous mineral in skarn
deposits. In comprehensive reviews of skarns, Einaudi
& Burt (1982) reported on the compositional range of
garnet, and Meinert (1983, Fig. 2) related composi-
tional variations of the garnet to various types of skarn.
According to Meinert (1983), the composition of gamet
from tin skarns is generally restricted to more

Sps-AIm

Grossular Andradite
Ftc. 8. Compositional variation of garnet at Rosebery together with that of garnet from

Mt. Lindsay and Clevelan4 westem Tasmania (Kwak 1983, Barth 1986), and from the
CaaTirng deposit, Northwest Territories, Canada (Khin Zaw 1976).

Cleveland
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andraditic compositions, although it may have a
significant grossular component. Garnet in tungsten
skarns displays a wider compositional variation, and
commonly is Fe- or Mn-rich, in some cases approaching
the alman411" or spessartine end-member. The compo-
sition of garnet from the F(J) lens at Rosebery shows
combined almandine and spessartine components of
76.7 to 92.O mol.Vo, comparable compositionally to
that of some fllngsten skarn deposits. The garnet at
Rosebery contains lsss almandine component (5-10
mol. Vo) than the metamorphic gamet (17-80 mol. Va)
associated with massive sufide deposis, as reported by
spry (1990).

Newberry (1983) used tle compositional variation
of garnet from tungsten skam deposits as a criterion for
classification of the deposis into (1) strongly reduced,
(2) moderately reduced, and (3) oxidized skarns:

Strongly Moderately Oxidized
reduced skarn reduced skam skarn

Andradite mol.7o 0-30 10-7s 80-98
Spessartine mol.7o 3-35 5-40 0-3

Almandine mol.7o 34O 2-35 0

According to Newberry's classification, the garnet
from the F(J) lens of the Rosebery deposit falls in the
strongly to moderately reduced class of tungsten skarn.

TABLE 3. REPRESENTATIVE COMPOSMONS OF HELVNE
F(I) LENS, ROSEBERY l'fl\IE, TASMANIA
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The garnet therefore probably formed under reducing
conditions, although hematite is locally noted in the
barite-rich massive sulfide lenses. Assay values up to
0.25 wt%o WO3 have been reported from the lower
levels of the F(J) lens (S. R. Hunns, pers. commrrn.,
1991), which supports a metasomatic skarn-type model
for the origin of the garnet.

Helvite
Mn

zt;'O'lo' 
NorwaY

Fe

Danalite

FIc. 9. Compositional variation of helvite - danalite at Rosebery togettrer with that of
helvite-group minerals from Cleveland, western Tasmania (Barth 1986), syenite
pegmuite, Oslo region, Norway (.arsen 1988), and of genthelvite from the Cairngorm
Mountains, Scotland (Clark & Feijer 1976).

Zn
Genthelvite

'  Cairngorm'
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Ftc. 10. Compositional variation within a single crystal of
helvite from the F(J) Iens, Rosebery south-end orebody.

Helvite-group mineral

Helvite-group minerals comprise beryllium- and
sulfur-bearing silicates having the general formula
RaB%(SiOaLS, where R = Mn (helvite), Fez* (danalite)
or Zn (genthelvite). Results of electron-microprobe
analyses are presented in Table 3. The proportion of
beryllium could not be determined. The Rosebery
material, with 7.0 wt%o 7n, searains tp to 55.7 mol.Vo
danalite, and up to 13.0 mol-Vo genthelvite @ig. 9).
Analyses from core to rim across a wedge-shaped
crystal indicate no major changes in composition,
apart fiom a slight enrichment in Mn at tle expense
of Fez* at the rim (Fig. 10).

Occurrences of helvite and danalite have been
described by many authors (e.g., Beus 1962, 1966,
Dunn 1976, Burt 1980) in quartz-greisen veins (e.g.,
Cornwall, U.K.) and in skarn deposits (e.g., Iron
Mounrain, New Mexico). Danalite has been reported in
western Tasmanian skam deposits (e.g., Mt. Lindsay:
Kwak 1983; Cleveland: Barth 1986; Pine Hill and
St. Dizier: W.H. Barth, pers. comm., 1987). The Mt.
Lindsay danalite is close to an end-member composition
@anre.2Hel r.rGen r, ; Kwak 1983).

Helvite also occurs in syenite pegmatites of the
Oslo region, Norway (Larsen 1988). Clark & Fejer
(1976) reported tle occurrence of genthelvite in the

Cairngorm Mountains, Scotland. In a review of the
occurrence of helvite-group minerals from various
localities, Dunn (1976) stated that end-6s6!sl danalite
is not recorded in natural occrurences, and that a
compositional gap exists between the Zn and Mn
end-members. However, Perez et al. (1990) docu-
mented the occurrence of a composition intermediate
between the Zn and Mn end-members from the
Taghouaji Complex, Niger. Raimbault & Bilal (1993)
recently reported trace-element contents of helvite-
group minerals from Brazil and China.

The compositions of helvite from Rosebery are
plofted together with those from other localities on
Figure 9. They are more Mn-rich than those from the
Cleveland mine, 2ad are compositionally distinct
from the genthelvite from Caimgorm, Scotland, and the
Mn-rich helvite with a minor genthelvite component
from Oslo, Norway (Fig. 9).

Among nafural occurrences, the maximum recorded
danalite component is only 87 mol.Vo (Dunn 1976).
Danalite has not yet been synthesized (Burt 1980),
which suggests that the pure end-member is probably
unstable. Burt (1980) suggested the following two
reactions for equilibration of danalite with pyrite,
pyrrhotite, hematite, and magnetite.

6 hematite + 2 danallte = pyrite + 6 magnetite
+ 3 phenakite + qtraftz (1)

3 pynte + 4 danalite = l0 pyrrhotite + 3 magnetite
+ 6phenakite +6quartz (2)

Helvite-group minerals from Cleveland and Mt.
Lindsay contain a significant danalite component, and
the material from the F(I) lens at Rosebery contains up
to 55.7 mol.Vo rlanaliteAt Rosebery the helvite occurs
in association with magnetite, pyrrhotite and pyrite,
and not with hematite, suggesting that a reaction closer
to (2) controlled the helvite equilibrium, even though
phenakite has not been idenffied in the F(I) lens.

Burt (1980) demonstrated that danalite is stable
under more sulfidizing conditions than pyrrhotite, and
more oxidizing conditions than fayalite. Danalite is
sensitive to hypogene oxidation, whereas helvite and
genthelvite are sensitive to S-O exchange [i.e., variation
n log f(Ot)lf(S)1, as expressed in the following
reactions:

6 danalite +7 02 = 8 magnetite+ 9 phenakite
+9qua r t z+352  (3 )

2danalite+ 8 52 = 8 pyrite+3 phenakite
+6qtar tz+4O, (4)

2 dznalite+4 52 = 8 pyrrhotite + 3 phenakite
+Squar t z+4O,  (5 )

Under increasing CO, pressure, danalite breaks
down according to the following reaction:

. . . . . , \..-.---.76-Affia
tr-.q---t/E-aztr-tr-tr-E-
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TABLE 4, REPRESENTATTVE COMPOSMONS OF BIOTITE
F(I) LENS, ROSMERY MINq TASMANTA
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2danalite+CO2 - 6 siderite+ 3 phenakite
+3 quiartz + 2 pyrrhotite (6)

The presence of CO2 in the F(J) lens has been
confirmed in fluid-inclusion studies (Khin Zaw l99l).
H2Horbearing and Co2-liquid-bearing fluid inclusions
are abundant in quartz, fluorite, and helvite. However,
because thermodynamic data are not available for all
phases in reaction 6, absolute constraints on/(O)-

/(Sr)-/(COr) cannot be made on the basis of observed
assemblages of minerals.

Despite this limitation, ttre occurrence of helvite
together with fluorite in the F(J) lens of the Rosebery
mine indicates that Be was introduced wittr fluorine
during the replacement process, which accumulated
in the form of helvite in silicate-poor ore enriched in
magnetite, pyrite, and pyrrhotite.

Biortte

Electron-microprobe data for biotite from Rosebery
(Table 4) are plotted in Figure 11 (after Deer et aI.
1962). The biotite contains 7.2-9.2v,tt%o K2O; however,
altered biotite may contain as little as 3.8 wt%o K2O.
Analyses across a single grain show that K and Fe
increase from core to rim. Both green and brown
varieties in sample R3492-28 were analyzed, but no
significant variations in Ti or Fe were observed.

Biotite displays a significant variation in Fe content,
with values between 19.7 and 31.4 wtva FeO, and
it contains between 14.1 and 15.8 total cations. As
the calculations of stoichiometry assume only Fe2*, the
higher cation totals suggest the presence ofFer*. Biotite
displays a range of rvAl (1.81-2.73),wN (0.02-2.75),
and 100Mg/(MB + Fez+) vabes (22.2 to 54.1) (Fig. 1l).

The compositional variations can be used to distin-
guish different modes of occurrence (e.9., magmauc
versus metasomatic origin in porphyry copper and
skarn environments). Hydrothermal biotite in porphyry
copper deposits is more magnesian than magmatic
biotite in the host intrusive stock (Beane L974,1982,
Jacobs & Parry 1976). At the CanThng mine, the biotite
in the skarns is more Mg-rich than magmatic biotite in
the nearby gpnitic stock (Khin Zaw 1976,l(stnZaw &
Clark 1978).
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Ftc. 11. Plot of Mg/(Mg q psz+) rersus wAl for biotite from Rosebery, together with

compositional variation of biotite from Mt. Lindsay and Cleveland, western Tasmania
(Kwak 1983, Barth 1986), and biotite from the CanTirng mine, Northwest Territories
(I(htnZaut 1976).
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TABLE 5. REPRBSENTATTVE COMPOSITIONS OF TOIjRMAIII{E
F(J) LENS, ROSEBERY I\''N{E TASMANIA

of schorl rather than dravite or elbaite. No systematic
compositional zonation in the tounnaline was recorded.

Plimer & Lees (1988) analyzed lvvs samples of
tourrnaline each from the Meredith granite (Cleveland)
and the Heemskirk granite. They found the tourmaline
to be exclusively schorl, on the AI-Fe join of the Al-
Fe-Mg diagram and at the Fe-end of the Fe-Mg-Ca
plot. In contrast" Barth (1986) analyzed a large number
of tourmnline samples from the Meredith granite and
recognized significant Mg contents.

The compositions of tourrnaline at Rosebery are
compared to those from the Meredith granite in Figure
12. Tourmaline compositions from Appalachian-
Caledonian massive sulfide deposits (Taylor & Slack
1984) and from the Kidd Creek volcanogenic massive
sulfide deposit, Ontario (Slack & Coad 1989) are
compared to material from Rosebery in Figure 13.
Tourmaline from Rosebery is similar to that in the
Meredith granite, but is significantly more Fe-rich than
tourmaline from the Appalachian{aledonian deposits
and most of that from Kidd Creek.

Fe* Al* Mg* N*

Frc. 12. Al-Fe-Mg plot (A) and Fe-Mg-Ca plot (B) for
tourmaline ftom Rosebery (this study and Plimer & l.ees
1988), and for toumaline from the Devonian Meredith
granite (Barth 1986).
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In Figure 11, the compositions of biotite at
Rosebery are compared with those of the Cleveland tin
deposit, and of typical, high-temperature, W- and
biotite-bearing skarns from CanTlmg (l(hrnZaut 1976).
Barth (1986) demonstrated that biotite from the
Cleveland replacement deposit yields a range in
100Mg/(Mg * p"z*) of 15.8 to 48.3; skarn biotite from
Mt. Lindsay displays a range of 100Mg/(Mg + Fe2*)
from 3.3 to 33.4 (Kwak 1983). The biotite composition
at Rosebery is comparable with those from the Mt.
Lindsay and Cleveland deposits, but distinct from those
of high-temperature skarn deposits. The distinction is
consistent with a low to moderate temperature of
formation.

Tourmaline

Tourmaline occurs in a wide range of geological
environments, including sedimentary, metasomatic, and
granitic-magmalig. plimel & Lees (1988) analyzed
tourmaline from tourmalinites and from joint- and
fracture-fillings in the south end of the Rosebery
deposits, and from Devonian granites in western
Tasmania. In this study, we analyzed the tourmaline in
len 5amples from the F(I) lens (Table 5). Plots in terms
of Al-Fe-Mg and Mg-Fe-Ca (Figs. 12, 1,3) indicate
that at Rosebery, the tourmaline consists predomin2sfly
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FIc. 13. Al-Fe-Mg plot (A) and Fe-Mg-Ca plot (B) for
tourmaline from the F(J) lens, Rosebery and from
Appalachiantaledonian massive sulfide deposits (faylor
& Slack 1984) and the Kidd Creek volcanogenic massive
sulfide deposit (Slack & Coad 1989).

Tounvarnw CoMposmoN As A METALLCTENTc
INucaton

In recent years, the compositional variation of
lssrmaline has attracted attention as a means of
inferring the physicochemical environment of associated
mineralization. lesslaline-rich rocks can be found in
various envhon ments : ( I ) granitic-hydrothermal, (2)
authigenic, (3) detrital, (4) regional metasomatic, (5)
evaporitic-sabkha, and (6) submarine-hydrothermal
(Slack 1982). Of these, (2) and (3) are not relevant for
the F(J) lenso and (4), which involves the metamor-
phism of boron-rich illitic clays @eynolds 1965) orthe
development of localized veins and segregations of
tourmaline by metasomatic replacement in regional
metrmorphic terranes, is also considered unimportant
for the formation of most stratiform tourmalins-risfu
rocks (Slack 1982).

Certain stratabound mineral deposits, such as
those in the Zambian Cu belt (Garlick & Fleischer
1972), arc believed to have been deposited under
evaporitic or coastal sabkha-type environments, in
which boron can accumulate to form a tourmaline-rich
rock. However, it is unlikely that environment (5)

formed the tourmaline-rich rocks at Rosebery because
the ore lenses are inferred to have formed under a
relatively deep-water envfuonment by submarine-
exhalative processes (e.9., Green et aI. l98l,I-ees et al.
1990). Hence, only environment (1) or (6) could apply;
tlese are evaluated further below.

Tourmaline in a granitic-hydrothermnl environmenl

Tourmaline associated with granites, related
pegmatites, aplites, and granite-related veins has
long been recognized as a product of late-stage,
magmatic-hydrothermal activity. Tourmaline is com-
monly an important gangue mineral in hydrothermal
veins [e.9., tungsten-tin veins at Panasqueira, Portugal
(Kelly & Rye 1979), the Mawchi mine., Ivlyanmal'
(Khin Zaw & Khin Myo Thet 1983)1, breccia pipes
in the Andes (e.9., Carlson & Sawkins 1980), and
porphyry tin deposis in Bolivia (Sillitoe et al. 1975).

Enrichment of tourmaline in hydrotlermal veins
and breccias has led some to speculate that boron
may be involved in metal transport (e.9., Chmoy 1982).
However, few experimental daJa exist on the speciation
of boron complexes, and the solubility of boron in
different P - T - X fluids is poorly known. Recently, the
composition (e.g., major and trace elements, including
the REE) of tourmaline has been used to better interpret
the evolution and cooling history of granite and
pegmatite bodies (Manning 1982, London 1986, Jolliff
et al. 1986, 1987), and tle formation of Archean lode
gold deposis (King & Kerrich 1986). Tourmaline occurs
primarily in wes1e6 Ja5manis in association with granites
(e.9., the Heemskirk granite and Meredith gnnite) and
related carbonate-replacement tin t tungsten deposits
(e.9., Renison Bell, Cleveland, Mt. Bischoff).

Toarmaline in a submarine-hydrothcrmal
environmcnt

Tourmaline in submarine-hydrothermal ores has
been interpreted to form by the same exhalative
processes on the seafloor that formed the associated
massive sulfide deposits (e.9., Slack l982,Taylor &
Slack 1984, Slack et al. 198y',1993, Plimer 1988, Slack
& Coad 1989). Tourmaline in Appalachian{aledonian
massive sulfide deposits is found as disseminations,
clots, and fracture fillings in massive sulfide bodies and
adjacent wallrocks and, in some areas, as stratiform
layers composed of massive foliated lsumaline,
commonly referred to as'otou:rmalinite" (Slack 1982,
Slack et al. L984).

Stratabound tourmaline also is reported from the
sediment-hosted Sullivan PVZn-Ag massive sulfi de
deposit, British Columbia (e.g., Ethier & Campbell
1977,Beaty et al. 1988), the Broken Hill Pb-Zn-Ag
deposit New SouthWales, and the Golden DykeDome
Au deposit, Northern Teritory (Plimer 1983, 1986).
Stratabound tourmalinite also was recently reported as
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a distal equivalent of the Proterozoic Starra Au{u
deposit, Queensland @avidson 1989). Tourmalinite of
possible exhalative origin has also been described in
association with Pb-Zn-Ag mineralization at Bottino,
Apuane Alps, Italy (Benvenut et al. 1989, l99l).

Slack (1982) and Taylor & Slack (1984) considered
leumalinite to be facies equivalents of exhalative
sulfide lenses, and demonstrated that in most cases, the
leumaline associated with massive sulfide deposits
is dravite, in contrast to the schorl typical of felsic
plutonic associations. However, later studies of the
tourmaline at Kidd Creek by Slack & Coad (1989)
documented a wide range of compositionso from
Fe-rich dravite nearly to end-member schorl, with
Fe/(Fe + Mg) varying from 0.33 to 0.92. Plimer (1983)
showed that tourmaline in the Broken Hill district,
Australia, is relatively Fe-rich, although that
intergrown with Fe-sulfide minerals is moderately
Mg-rich (Slack et al. 1993).

Genetic significance of tourmaline at Rosebery

Pfimer & Lees (1988) analyzed tourmaline from
banded "tourmalinite" samples at Rosebery and
reported Fe/(Fe + Mg) values of 0.6 to 0.8, whereas
joint-filling tourmaline was found to have an
Fe/(Fe + Mg) value of 0.7 to 0.8. Electron-microprobe
data on tounnaline from the south end of the Rosebery
mine reported here yield a range of Fe/(Fe + Mg) from
0.5 to 0.9.

On an Al-Fe-Mg plot, the four tourmalinite samples
by Plimer & Lees (1988) display nearly identical
compositions to the tourmaline samples from Rosebery.
The Fe-Mg-Ca plot also indicates similar compo-
sitional ranges. Hence, both the banded tourmalinites
and the fracture-filling tourmaline at Rosebery are
Iikely to be products of the same hydrothermal process.
Previously reported differences in composition
between these two types of sample are probably due to
random statistical differences related to the small
number of samples characterized by Plimer & Lees
(1988).

Plimer & Lees (1988) concluded that at Rosebery
tourmaline compositions define two distinct groupings:
(l) tourmalinite of submarine-hydrothermal origin, and
(2) tourmaline related to a Devonian ganite. In their
opinion, tourmatne found in 3-5-cm-thick layers,
known as "tourmalinite" in underground exposures
(e.9., 1.5 lrvel), formed by submarine chemical
precipitation as tourmaline exhalites. Plimer & Lees
(1988, p. 100) stated that "late in the history of the
formation of the Rosebery deposit, temperatures were
low enough and the Eh and pH were high enough to
allow tourmaline precipitation from a fluid with a high
activity of boron. Debouchment of boron-bearing ore
fluids earlier in the submarine hydrothermal history
would have resulted in infinite dilution of boron in
seawater. Replacement of earlier assemblages in the

fluid conduit by late stage tourrnaline is envisaged with
maximum tourmaline precipitation as an exhalite
shortly after deposition ofthe massive sulphides. Because
tourmaline is the only possible precursor mineral to the
tourmaline in tle exhalites, it is suggested that the
prinary precipitate from the submarine hot fluid was a
gel from which tourmaline, silica, iron oxides and iron
sulphides precipitated."

The following features are considered inconsistent
with a submarine-exhalative origin of the tourmaline at
Rosebery:

(1) Detailed examination of the underground exposures
of tourmalinite (e.g., L5 Level) clearly indicates that
the tourmaline assemblages cut across the Devonian
cleavage (Frg.5ID.

(2) Detailed investigation of the tourmalinite does not
reveal any evidence for predeformation textures. Tour-
maline assemblages lack sedimentary textures such as
graded bedding or cross-lamination. Tourmalinite clasts
also are unknown from the Rosebery-Hercules area.

(3) The ocqurences of "bedded" tounnalinite of Plimer
& Lees (1988) are localized, without stratigraphic
continuity, in contrast to tourmalinites in otler
stratabound massive sulfide environments (Slack et a/.
1984, 1993) that may be traceable for more than a
kilometer along strike.

(4) Tourmaline is not present in other VHMS deposits
in the Mt. Read volcanic belt, and tourmaline is only
recognized at Rosebery where there is strong geophysical
evidence for a body of Devonian granite at shallow
depth beneath the southern end of the deposit.

(5) No sedimentary sequences of evaporitic origin have
been reported in the Mt. Read volcanic belt that could
have supplied abundant boron during convective circu-
lation of hydrothermal fluids to form the tourmaline.

Barth (1986) obtained extensive electron-microprobe
data on tourmaline from the Meredith granite south of
Cleveland, including veil loumaline and accessory
tourmaline from the host sandstones. The tourmaline
compositions ftom the Meredith granite are not strictly
schorl in composition, but contain a minor component
of dravite. This is consistent with tle compositional
ranges observed in granitic rocks elsewhere (e.9.,
Neiva 1974, Manning l982,Taylor et al. 1992).

At Kidd Creek, tourmaline is locally zoned from an
Fe-rich core to an Mg-rich rim. Slack & Coad (1989)
proposed that this chemical zoning and a deposit-scale
zoning of average compositions of tourmaline cores
are due to mixing between high-temperature, Fe-rich
hydrothermal fluid and cold, Mg-rich entrained
seawater, causing systematic changes in the Fe/(Fe +
Mg) values. No such chemical variations have been
observed in the Rosebery material.

The tourmaline from Rosebery and that from the
Meredith granite display similar ranges in composition
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(Fig. 12). This chemical similarity suggests that the
tourmaline from Rosebery formed by granite-related
hydrothermal activify. This conclusion is consistent
with the inferred existence of a shallow granite intrusion
below the south-end orebody.

Composition of chlorite in the Rosebery deposit

The compositional variation of cblorite ftom the D,
G, and H lenses of the Rosebery mine was investigated
by Green et al. (1981) and Green (1983). In this study,
chlorite grains from the F(J) lens were analyzed witb
an electron microprobe; analytical data are listed in
Table 6. Chlorite in the F(I) lens displays variations in
SiO2 (23.6-25.5 wtEo), Al2O3 (18.5-19.8 wt%), FeO
(32.9-39.8 wtVo), MnO (l.l-2.6 wt%), and MgO
(4.6-9.1 wtVo);K2O and CaO contents are uniformly
less than I.O wt%o. The highest KrO content (0.74 vttt%o)
is found in chlorite associated with biotite. This high
content probably reflects fine-scale intergrowths of
biotite or muscovite (J. Slack, pers. comm., 1995).
Electron-microprobe analyses across single grains of
chlorite indicate a lack of significant compositional
variations. On a cation basis, the chlorite compositions
have Fe/(Fe + Mg) values in the range 0.39-0.83, and
Si values in the range 5.08-5.66 atoms per formula
unit. In the chemical classification of Hey (1954), these
compositions correspond to daphnib, ripidolite, and
brunsvigite (Fig. 1a).

Compartson with chlorite in WMS dcposits

Compositional variations of chlorite in volcano-
genic massive sulfide deposits have been studied
extensively le.g.,Mt. Lyell deposit, western Tasmania:
Hendry (1981), South Bay deposit, Ontario: Urabe &
Scott (1983), Bruce deposit, Arizona: Larson (1984),
Phelps Dodge deposit, Quebec: Kranidiotis &
Maclean (1987)1. Slack & Coad (1989) ar,alyzed
chlorite from the Kidd Creek deposit; their composi-
tions are shown with those from the F(J) lens (fable 6)
and from D, G, and H lenses (Green et al. l9Sl,Grenn
1983) in Figure 14.

The chlorite compositions from the D, G, and H
lenses vary in Fe/(Fe + Mg) value from 0.67 to 0.86,
with Si values from 5.05 to 5.31, and fall in the fields
of daphnils and ripidotte. Chlorite compositions
from Kidd Creek display Fe/@e + Mg) values in the
range 0.43-0.98, and Si values in the range 5.00-5.39,
and are similar to chlorite of the D, G, and H lens. In
comparisono chlorite in the F(J) lens seems to be
somewhat more siliceous, with Si values up to 5.7.

Chbrite geothermnmctry

Walshe & Solomon (1981) and Walshe (1986)
developed a thermodynamic model using the
six-component solid-solution series of chlorite to

TABLE 6, REPRESENTATTVE COMPOSITIONS OF CHIORTTq
F(T) LENS, ROSEBERY IVfl\G, TASMANIA
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provide esdmates of physicochemical conditions
such as T,,f(Ot,"f(St, and a(H2S) in the hydrotherrral
envhonment. Reed (1984), Cathelineau & Nieva
(1985), and Shikazono & Kawahata (1987), among
others, suggested that the composition ofchlorite can
be used as an indicator of hydrothermal conditions.

Cathelineau & Nieva (1985) analyzed the composition
of chlorite and measured the temperatures from deep
drill-holes in a geotlermal system in Mexico. They
found that NAI of the chlorite increases with increasing
lemperature. The chlorite used to calibrate their empirical
geothermometer came from a maximum depth of
2500 m. In this study, temperatures of formation of the
F(J) lens chlorite, calculated using the method of
Cathelineau & Nieva (1985), yield a range of 267-
328'C (mean: 297"C).

The thermodynamic model of Walshe (1986) also
was applied to the compositional data for chlorite from
the F(J) lens to calculate temperatures of formation.
Calculations for an assumed pressure of I kbar pro-
duced only ten solutions for the 32 compositions of
chlorite. The range, 27V352"C (mean: 311'C) obtained
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compared to the phengite in the stratiform G, H, and F
lenses, is probably due to iron enrichment during the
Devonian metasomatic event. Hendry (1981) analyzed
phengite from the Mt. Lyell volcanic-rock-hosted
copper deposit and found between 0.4 and 3.0 wtVo
FeO. Hendry (1981) interpreted such phengite to be a
product of the reaction of silicates with Fe-bearing
sulfides and oxides (pyrite and magnetite) during the
Devonian event. The presence of coexisting sericite
and K-feldspar in the F(J) lens suggests that this
replacement process occurred under conditions of
moderate pH.

CoNctupntc Revenxs

Brathwaite (1974) initially interpreted the
pyrrhotite - pyrite-bearing assemblages that transgress
the stratiform sulfide lenses in the soutl end of the
Rosebery mine as products of Devonian metamor-
phism. Since that study, drilling and geological
investigation have indicated that the transgressive
assemblages actually include a wide variety of otler
minerals, such as gamet, helvite, and tourmaline. Later
investigators attributed the Fe-S{ and silicate mineral
assemblages to hydrothermal activity associated with
a post-kinematic Devonian granite pluton (Solomon
et aL 1987, Lees 1987, Green & Ilitr 1989, I-,ees et al.
1990). Although this granite does not crop out, its
existence below the south end of Rosebery has been
inferred from gravity data (Leaman & Richardson
1989).

0.2

by Walshe's therrnodynamic model compares favorably
with the results obtained using the empirical
geothermometer of Cathelineau & Nieva (1985).

The accuracy of the above two geotlermometers is
unknown, as is the effect ofpressure. Fluid-inclusion
studies indicate homogenization temperatures up to
330'C (Khin Zavt l99l,I(hinZaw et al. 1997).T\e
fluid-inclusion results are more similar to the tempera-
tures calculated using Walshe's (1986) chlorite model.
Walshe's program has been used to estimate a ran9e
of flO2) e27.3 to -33.5) and a(HrS) (-0.5 to -1.33)
values for the formation of chlorite in the the F(J) lens.

The temperature and logflOr) data seem to indicate
a linear relationship, as noted for chlorite from the
Koonya prospect, 3 km along strike to the south of
Rosebery (Hall 1990). However, it is uncertain whether
the temperatures estimated by chlorite geothermometry
represent formation during the Cambrian, or during the
later Devonian metasomatic overprint. Texturally,
chlorite is in equilibrium with metasomatic minerals
(e.g., bioate, magnetite, pyrrhotite, tourmaline); it is,
therefore, most likely that the calculated temperatures
reflect the Devonian event.

Sr,nrcns eNp K-Fppspen ar RosesERv

The sericite in the F(J) lens is phengitic, with FeO
contents of0.1-5.4 wtVo.Greenet aI. (198I) reported
similar compositions from the G, H, and F lenses,
except for generally lower FeO contents (1.6-3.9 rvt%o).
The higher FeO contents ofphengite in the F(J) lens,

1.0

0.8

I o.o
+o)

b 0.4

0.0 L
4.4 7.O6.05.6

Si

5.24.8

Frc. 14. Composirions of chlorite from the F(J) lens, Rosebery and the Kidd Creek
volcanogenic massive sulfide deposit (Slack & Coad 1989). Field boundaries after
Hey (1954). Abbreviations: PT pseudothuringite, CP corundophilile, DN daphnite'
RP ripidolite, SH sheridanite, BR brunsvigite, PC pycnochlorite, CC clinochlore,
DB diabanite, PN penninite.



1346 THE CANADIAN MINERALOGIST

The geological, petrological, and geochemical
criteria outlined in this study support a metasomatic
replacement origin for the transgressive mineral
assemblages rather than an origin by isochemical
metamorphism or syngenetic deposition. Minerals such
as biotite, garnet, helvite, and tourmaline found in the
south-end Fe-S-O zones are characteristic of other
well-documented granite-related replacement deposits
of Devonian age in western Tasmania (e.g., Mt.
Lindsay: Kwak 1983, Cleveland: Collins 1981, Barth
1986).
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