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Structure and Management of the Project

Introduction

Volcanic-hosted massive sulphide deposits (VHHMS)
provide a significant contribution to the total zinc,
copper, lead, silver and gold production in Australia
and continue to be a major target for most base metal
explorers. However, due to the geological complexity
of ancient submarine volcanic terrains, new VHMS
deposits are becoming extremely difficult to discover,
especially deposits that are buried more than a few
tens of metres below the surface. To complement the
conventional multidisciplinary approach utilising
geology, geophysics and geochemistry, a new attack
to the problem is proposed here which involves the
integration of volcanic facies analysis with alteration
geochemical and mineral chemical studies to develop
a set of vectors to guide explorers toward ore-grade
mineralisation. The research will concentrate on three
productive submarine volcanic belts in Australia:
the Mount Read Volcanics (MRV) in western
Tasmania, the Mount Windsor Volcanics (MWV) in
northern Queensland, and the Archean Murchison
volcanic province in western Australia.

Project objectives

1. To characterise the mineralogy and geochemistry
for the various styles of hydrothermal alteration
throughout the Mount Read Volcanics (MRV) and
the Mount Windsor Volcanics (MWYV). This will

" be based on mapping supported by whole-rock
and trace element geochemistry, mineral
chemistry, REE and stable isotope geochemistry.

2. To determine the relationship between geo-
chemical alteration patterns and sub-volcanic
intrusions that are coeval with VHMS formation.

3. Toundertake case studies of alteration halos related
to specific VHMS deposits with particular
emphasis on hangingwall alteration, and the
relationship between alteration patterns and
volcanic facies.

4. To develop a set of vectors towards ore, based on
the regional studies and ore deposit specific
studies, that can be applied in the exploration for
VHMS deposits in submarine volcanic sequences
throughout Australia. The vector matrix will
include whole-rock, trace element, mineral
chemistry, REE, isotope and volcanic facies factors.

Research framework

As there has been considerable research on alteration
mineralogy and geochemistry of VHHMS systems, our
research is not to repeat previous work but to break
new ground, utilising a multi-disciplinary approach
at both the regional volcanic belt scale and selected
ore deposit scale, with emphasis on selective
geochemical techniques.

The project consists of three research modules as
outlined on page 2.

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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Structure and management of project 3

This report

This is the first major progress report on the project
and covers the first six-month period from 'May to
October 1995. Very good progress has been achieved
in all three modules.

1. Volcanic Facies

¢ Jocelyn McPhie provides an overview of the
structure and objectives of the module.

* Matthew White reports on the volcanic facies and
alteration in the Tyndall Group of the Mount Read
Volcanics (MRV).

* Cathyrn Gifkins provides a preliminary report on
the Mount Black Volcanics in the Rosebery area.

2. Regional geochemistry/petrology module

* Joe Stolz provides an overview of the structure
and objectives of the module.

* Nathan Duhig discusses the geochemical database
for the MRV and preliminary interpretations.

* Ross Large describes a recent model for the
importance of the Cambrian granites to mineral-
isation in the MRV.

¢ Bill Wyman provides a preliminary report on the
granitoids and associated alteration in the Mt Lyell-
Darwin area.

* Joe Stolz gives an update on the volcanic
geochemistry for the Mount Windsor Volcanics
(MWYV), QLD and the Benambra Volcanics, VIC.

3. Mineralisation and alteration

* Bruce Gemmell provides an overview of the -
structure and objectives of the module.

* Bruce Gemmell describes the Pearce-Element Ratio
lithogeochemical research and hangingwall
alteration study at the Hellyer deposit, Tasmania.

* Ross Large discusses the proposed Rosebery
carbonate case study and potential research at the
Henty deposit, Tasmania.

* Karin Orth and Anthea Hill describe their research
on the carbonate alteration at Rosebery.

* Anthea Hill and Holger Paulick report on progress
to date on the volcanic facies and alteration at the
Thalanga deposit, Queensland.

* Mark Doyle provides an update on the volcanic
facies and alteration research at the Highway
Reward deposit, Queensland.

Important data and interpretations are already
emerging from this project which will have
implications for exploration and will be discussed in
detail at the November meeting. Progress in the first
six months of the project has been very encouraging
and I would like to acknowledge the excellent work
by the CODES research team and the cooperation
provided by the sponsor companies. '

Ross Large
Director

geochemical and mineralogical vectors to ore. November 1995
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Volcanic Facies Module: An outline of aims and objectives

J. McPhie and R.L. Allen
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

This module has two principal aims: _

* to provide a geological framework, based on
regional- and deposit-scale volcanic facies analysis,
for companion studies of alteration related to
volcanic-hosted massive sulfide (VHMS) deposits;

e to establish the textural, mineralogical and
compositional changes that accompany cooling,
hydration, devitrification, compaction and
lithification of glassy volcanic rocks emplaced in
submarine environments, especially glassy or
partly glassy lavas, intrusions and pumice-rich
deposits. ‘

Facies architecture of submarine
volcanic successions

The principal volcanic facies present in submarine

volcanic sequences are:

1. Silicic, intermediate and mafic lavas and domes.
Pillow lavas (commonly andesitic or basaltic) are
critical indicators of submarine emplacement.

2. A variety of syn-eruptive volcaniclastic deposits.
Two main types are typically present. One is
dominated by non-vesicular to poorly vesicular,
originally glassy juvenile clasts and is related to
the emplacement of lavas and domes. The other
type contains abundant pumice, and is produced
by large-volume, explosive silicic eruptions.

3. Largely conformable syn-volcanic intrusions. These
include high aspect ratio dome-shaped intrusions
(cryptodomes) and sheet-like sills and sill
complexes.

Because sedimentation and volcanism are
synchronous in these settings, the volcanic lithofacies

are typically interbedded with sedimentary litho-
facies such as pelagic and hemi-pelagic mudstone

and turbidites. The sedimentary lithofacies assoc-

iation may also include important but thin and
laterally discontinuous chemical/hydrothermal
exhalative facies such as chert or carbonate.
Correlation depends on volcanic facies that are strictly
extrusive, produced in large volumes, erupted
infrequently, emplaced rapidly and widespread.
Mass-flow emplaced units generated from large
explosive eruptions are thus the best stratigraphic
markers in the entire facies architecture.

One of many, important recent advances is the
recognition that significant additions to the
architecture of submarine volcanic sequences may
remain subsurface, in the form of syn-volcanic sills,
cryptodomes and other intrusions. Positive identi-
fication of these depends heavily on upper contacts
that are demonstrably intrusive (locally cross-cutting
stratigraphy; induration or alteration of the host)
and evidence that the host sequence was un-
consolidated (presence of peperite; deformation or
destruction of bedding). Their role in initiating or
modifying hydrothermal systems that exhale at the
seafloor has yet to be fully explored.

Syn-volcanic intrusions and peperite are a
characteristic component of the facies architecture of
both ancient and modern, submarine volcanic
successions (Allen 1992; McPhie and Allen 1992;
McPhie et al. 1993), many of which are hosts to
massive sulfide mineralisation. The coincidence arises
not because the intrusions necessarily play a role in
ore deposition (although they might, e.g. Boulter
1993), but because such mineralisation occurs in
submarine volcanic successions in which syn-volcanic
intrusions are an integral part.

CODES: AMIRA Project P439 — Studies of VHMS-related alteration: @
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This working model for the volcanic facies
architecture of submarine volcanic successions (Fig. 1;
McPhie and Allen 1992) has yet to be integrated with
models for the distribution and character of alteration
facies.

An understanding of volcanic facies architecture
is critical for the correct interpretation of the
stratigraphic, structural and temporal relationships
of VHMS deposits, and hence also for the correct
interpretation of alteration and mineralisation
processes. Submarine volcanic successions are
inherently complex and within one succession, there
may be enormous variety in the geometry and
character of the volcanic facies and hence, in potential
VHMS-ore forming environments. This is amply
illustrated in the Mount Read Volcanics by the
contrasts between the volcanic facies that host the

Rosebery-Hercules Hellyer deposits (Figs 2, 3). In
addition to a generally applicable model of submarine
volcanic facies architecture, it is thus imperative to
develop deposit-specific facies architecture models
that adequately deal with the diversity volcanic host
successions.

Recent research in the Mount Read Volcanics
suggests that volcanic facies strongly influence the
distribution and character of hydrothermal alteration
assemblages associated with VHMS deposits (Allen
and Cas 1990; Allen and Hunns 1990; Gemmell and
Large 1992; Large 1992; Waters and Wallace 1992).
For example, alteration developed in pumice-rich
footwall sequences to the Rosebery-Hercules VHMS
deposits is typically pervasive and extensive (strike
length of several km) and involved very early, syn-
depositional and diagenetic changes which strongly
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Figure 1. Schematic facies architecture of submarine volcanic sequences. Typically there are considerable regional variations in
relative proportions of lavas, sills and volcaniclastic facies, and in volcanic versus non-volcanic facies. Modified from McPhie and

Allen (1992).
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Graphic log : Hercules-Rosebery stratigraphy :
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Figure 2. Simplified graphic log of the host succession to the Rosebery-Hercules VHMS deposit.
The total thickness of the section illustrated here is ~ 2000 m. From McPhie et al. (1993).
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Graphic log : Hellyer stratigraphy :

-
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116 2 64mm

Southwell Sub-group

very thick, massive to graded
pumice breccia; flow banded
rhyolite; volcanic lithic breccia
and conglomerate; black pyritic
and grey micaceous mudstone

Que River Shale
black mudstone

Hellyer Basalt

massive and pillow basatt,
hyaloclastite breccia, peperite;
black mudstone

"mixed sequence"
massive dacite, autoclastic brecma polymict volcanic
breccia, graded volcanic sandstone; massive sulfide

"feldspar-phyric sequence"
massive, feldspar-phyric
andesite; autoclastic breccia;
minor polymict volcanic
breccia :

"lower basalt" _
pillow basalt, basaltic hyaloclastite

Animal Creek Greywacke
graded, micaceous sandstone
turbidites

Figure 3. Simplified graphic log of the host succession to the Hellyer VHMS deposit. The total
thickness of the section illustrated here is ~ 2400 m. From McPhie et al. ( 1993).
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influenced later hydrothermal alteration. Two—phase
alteration is common, with phyllosilicate versus
feldspar being the dominant phases and controlling
whether pre-existing textures are preserved or
destroyed. It also appears that sub-seafloor replace-
ment styles of mineralisation are favoured by pumice-
rich footwall sequences (Large 1992).

In contrast, at Hellyer where the footwall
comprises lavas, intrusions and related autoclastic
breccia there is a well-defined alteration pipe that
has considerable vertical dimensions (>500 m) but
narrow lateral extent (McArthur 1989; Gemmell and
Large 1992). Alteration is strongly controlled by
original fractures in coherent facies and in situ
autoclastic breccia, or by the distribution of matrix to
clasts in resedimented breccia. Sea-floor mound and
sub-seafloor vein styles of mineralisation are
evidently favoured in volcanic successions dominated
by lavas and intrusions.

Early textural modification of glassy
volcanic facies

Lavas, high level intrusions and volcaniclastic

deposits, especially those emplaced in submarine
environments, are commonly initially glassy or partly
glassy, and highly permeable and porous because of
the presence of abundant fractures (e.g. perlitic
fractures, quench fractures), inter-granular pores
and/or vesicles. Once formed both the texture and
composition of volcanic glass may be partially or
completely modified by a variety of processes, such
as crystallisation during cooling (above the glass
transition temperature), hydration, devitrification
and compaction. The rate at which these modi-
fications proceed is in general accelerated by the
presence of water and by elevated temperature. It is
thus expected that glass-rich submarine volcanic
successions, including those that host massive sulfide
deposits, will be affected by textural and composi-
tional modification prior to and /or synchronous with
any alteration specifically related to VHMS ore-
forming hydrothermal activity.

In most ancient and lithified submarine volcanic
successions, only relict glass remains. In general, the
original glass has been converted to more stable
mineral assemblages accompanied by variable
degrees of textural modification. The conversion of
fresh glass to relict glass is expected to result in

profound changes in porosity and permeability,
composition, texture and mineralogy, and to
simultaneously affect both the chemistry and
circulation of pore fluids. We predict that the
conversion will involve a pattern comprising a series
of stages controlled by temperature, pressure and
the chemical environment. Numerous studies have
focussed on present-day alteration assemblages and
their distribution in relation to VHMS deposits (e.g.
Gemmell and Large 1992). Our concern here is to
monitor textural evolution beginning with fresh
unaltered glass (both pumiceous and non-vesicular)
through steps comprising crystallisation, hydration,
devitrification, seafloor alteration, compaction and
lithification, all of which may precede VHMS-related
hydrothermal alteration. An appreciation of the early
stages in textural modification of glassy volcanic rocks
is critical in correct evaluation of the exploration
significance of particular alteration textures and
assemblages.

Participants and projects

Jocelyn McPhie and Rod Allen (Leaders): Textural
evolution of glassy lavas, intrusions and pumice-
rich rocks in submarine environments; facies
architecture of submarine volcanic successions that
host VHMS deposits.

Matt White (PhD): Alteration processes and

‘volcanic facies in the Tyndall Group, Mount Read

Volcanics, western Tasmania.

Andrew Jones (MSc): Volcanic facies architecture,
alteration and mineralisation in the Anthony Basin,
western Tasmania.

Cathryn Gifkins (PhD): Textural evolution and
alteration processes in glassy lavas, intrusions and
pumice-rich rocks: Mount Black Volcanics, western
Tasmania, and the Green Tuff, Japan.

Mark Doyle (PhD): An intrusive—extrusive dome
complex in the Mount Windsor Volcanics at
Highway-Reward, Queensland: relationships
between facies architecture, alteration and VHMS
mineralisation.

Holger Paulick (PhD): A comparison of volcanic
facies architecture and alteration styles in felsic and
mafic volcanic host sequences to massive sulfide
deposits: Thalanga, Queensland and Teutonic Bore,
Western Australia.

geochemical and mineralogical vectors to ore. November 1995
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Volcanic facies and alteration in the Cambrian Tyndall Group, Mount
Read Volcanics, western Tasmania

Matthew J. White
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

Introduction

This report describes the principal lithofacies and
alteration assemblages in the Tyndall Group. Genetic
models for distinctive albite+quartz and chlorite
alteration textures in the crystal-rich volcaniclastic
sandstone facies are also considered. This work is
part of an ARC-funded PhD project on the Tyndall
Group, and lies outside the AMIRA project.

When volcanic deposits form, they develop
textures that reflect the primary physical processes
and chemical conditions that were operating at that
time. After deposition, volcanic deposits can be
subjected to a variety of post-depositional processes,
including devitrification, hydration, diagenetic
alteration, diagenetic compaction, hydrothermal
alteration, metamorphism and tectonic deformation.
The primary textures may be overprinted or modified

by these secondary processes. The intensity of ’

secondary replacement will be controlled in part by
the primary composition of the rocks. For example,
glass will undergo changes more readily than other,
more stable components (e.g. crystals). The chemical
composition may also be modified by post-
depositional processes (e.g hydrothermal alteration).
Because volcanic textures evolve through time,
textural analysis of ancient volcanic deposits requires
an understanding of both the primary and secondary
processes that may have occurred.

The Tyndall Group

The Tyndall Group occurs in the upper part of the
Mount Read Volcanics, conformably overlain in
places by the Late Cambrian to Early Ordovician

Owen Conglomerate, and has variable basal contact
relationships to older MRV rocks (Corbett, 1992). In
areas close to Cambrian granite, part of the Tyndall
Group contains angular to rounded granite clasts,
indicating a post-granite age, whereas the older
lithostratigraphic units in the MRV are intruded by
the Cambrian granites (Corbett, 1992).

The Tyndall Group forms a narrow discontinuous
belt of exposures which extend from near Mount
Darwin in the south, to Moxon Saddle. Correlates of
the Tyndall Group occur in the northern parts of the
Mount Read Volcanics: (1) around the Cradle

‘Mountain Link Road in the upper part of the Mount

Charter Group (Mount Cripps Subgroup, Corbett,
1992); (2) in the Mount Cattley to Mount Tor area
(Pemberton and Vicary, 1988); (3) in the Winterbrook
area (Pemberton and Vicary, 1989) (Fig. 2.2.); (4) in
other parts of the Western volcanosedimentary
sequences (e.g. Pinnacles area, McKibben, 1993). The
thickness of the Tyndall Group varies regionally from
approximately 1300 m in the Cradle Mountain Link
Road area to approximately 450 m at Comstock
(assuming minimal fault repetitions and disruptions).
Relatively thin and incomplete sequences of the
Tyndall Group also occur in places (e.g. Mount Lyell
Mill area).

.Tyndall Group stratigraphy

The Tyndall Group is a dominantly submarine,
volcano-sedimentary succession that occurs in the
upper part of the Mount Read Volcanics, western
Tasmania. The internal stratigraphy of the Tyndall
Group is relatively complex, comprising a wide
variety of lithofacies including crystal- and lithic-

geochemical and mineralogical vectors to ore . November 1995
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rich volcaniclastic breccia, conglomerate and
sandstone, welded ignimbrite, rhyolite, laminated
mudstone and carbonate. Problems with the
- previously defined stratigraphic nomenclature
prompted development of a new stratigraphic
scheme, based on detailed facies analysis of major
Tyndall Group exposures in the central Mount Read
Volcanics (White and McPhie, in press). The Tyndall
Group is divided into two formations, the Comstock
Formation and the overlying Zig Zag Hill Formation.
The Comstock Formation is further subdivided into
the Lynchford Member and the overlying Mount
Julia Member. This stratigraphic scheme is based on
regional lithological variations, which largely reflect
-different provenance characteristics.

Comstock Formation: Lynchford Member

The Lynchford Member forms the lower part of the
Comstock Formation and comprises four main facies:
(1) quartz-poor crystal * lithic volcaniclastic
sandstone; (2) carbonate; (3) laminated mudstone/
sandstone; (4) volcaniclastic lithic breccia. The
character of the lower contact (to older underlying
rocks) appears to be conformable in some areas (e.g.
Anthony Road, Comstock), but is undefined in other
areas due to poor exposure.

Quartz-poor crystal-rich volcaniclastic sandstone is
the most common facies in the Lynchford Member
and comprises abundant crystals and crystal
fragments (35-70%) (largely plagioclase and lesser
clinopyroxene, titanomagnetite, * ilmenite,  quartz)
and angular felsic to mafic volcanic lithic clasts. The
crystal composition suggests an andesitic to dacitic
volcanic provenance. The crystal-rich volcaniclastic
sandstone is interpreted to be deposited from high-
density turbidity currents and/or debris flows in a
below-storm-wave-base submarine depositional
environment (cf. Lowe, 1982).

Carbonates also occur in the Lynchford member
comprising creamy white to pink/purple massive
recrystallised calcite + hematite. In places the
carbonates are strongly foliated and contain patches
of sericite-chlorite alteration. In one Comstock drill
hole (C50), the main carbonate unit contains shallow
marine fossils including trilobites, small echinoderm
plates, hyolithids, gastropods and inarticulate
brachiopods, indicating a shallow marine deposi-
tional environment (Jago et al., 1972).

Laminated mudstone and sandstone generally
overlies the carbonate units, and in other areas they
occur as lenses within quartz-poor crystal-rich
volcaniclastic deposits. The fine-grained deposits of
the Lynchford Member comprise normally graded
beds and laminae (cm to 10’s of cm thick) that are
laterally continuous in outcrop. They are interpreted
to be deposited from low-density turbidity currents
and/or by suspension sedimentation in a below-
storm-wave-base environment (cf. Lowe, 1982). The
Lynchford Member also contains massive units of
finely-laminated black mudstone up to tens of metres
thick (e.g. Anthony Road area) that probably
represent pelagic sedimentation.

Volcaniclastic lithic breccia units occur in some areas
(e.g. Comstock area), intercalated with laminated
mudstone and sandstone deposits. These units are
generally several metres thick and normally graded.
They are dominated by pebble- to cobble-size,
angular, quartz-feldspar porphyritic volcanic clasts
and intraclasts of laminated mudstone, in a crystal-
rich matrix and/or grey mud-rich matrix. These units
are interpreted to be subaqueous mass-flow deposits.

Comstock Formation: Mount Julia Member

The Mount Julia Member is relatively quartz-rich
(rhyolitic to dacitic) and comprises four main facies:
(1) crystal-rich volcaniclastic sandstone; (2) normally
graded volcaniclastic breccia-sandstone units;
(3) welded ignimbrite; (4) coherent rhyolite. Minor
laminated mudstone/sandstone units (as described
above) also occur in the Mount Julia Member in
places.

Crystal-rich volcaniclastic sandstone (CRVS) is the
most common facies in the Mount Julia Member and
comprises a closed framework of dominantly
plagioclase and quartz (and minor titanomagnetite,
+ ilmenite, + hornblende, * clinopyroxene) crystals
and crystal fragments (35-70%) in a fine-grained
altered matrix. Minor pebble- to cobble-size, angular
to rounded lithic fragments (dominantly felsic
volcanic clasts) also occur in places. The fine-grained
altered matrix in the CRVS facies forms pink
(albite+quartz-rich) and green (chlorite-rich) bands
and wispy pseudoclastic textures in many areas that
are dominantly subparallel to regional bedding. The
preservation of unwelded bubble-wall shards in
albite+quartz-rich domains in some samples suggests
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that the matrix was originally vitric ash. The CRVS
facies form laterally extensive, thick (tens of metres
to >100 m thick), massive units interpreted to be
deposited from voluminous, crystal-rich, more or
less steady, high-density turbidity currents and/or
debris flows (cf. Lowe, 1982).

Normally graded volcaniclastic lithic breccia/sandstone
deposits also occur in the Mount Julia Member. They
comprise volcaniclastic lithic breccia near the base
grading up into massive CRVS, with laminated fine-
grained sandstone * mudstone at the top, and are
interpreted to be subaqueous mass-flow units,
deposited in a below-storm-wave-base environment.

Welded ignimbrite is present in the Mount Julia
Member in the Zig Zag Hill, Comstock, Anthony
Road, and Cradle Mountain Link Road areas (White
and McPhie, in press). The ignimbrites comprise more
or less evenly distributed, subhedral to euhedral
crystals and crystal fragments (quartz, plagioclase,
sparse altered ferromagnesian phases; 10-30%), and
minor felsic volcanic lithic clasts in a fine-grained,
devitrified and quartz-feldspar * hematite altered,
purple-brown coloured matrix. The matrix contains
abundant moderately to strongly welded, cuspate-
and platey-shaped bubble wall shards. The shards
are most strongly deformed around crystal and lithic
grains.. The ignimbrite occurrences alsc contain
abundant chlorite-altered, wispy-shaped, spherulitic
clasts, commonly defining a eutaxitic foliation. These
are interpreted as relict compacted pumice clasts or
fiamme. The ignimbrites were deposited from hot
pyroclastic flows.

Coherent rhyolite and associated breccia occurs in the
Mount Julia Member around the Henty Canal to
Moxon Saddle area. The rhyolite is generally pink to
white, coarsely porphyritic (5-15% quartz-feldspar)
and in places shows well-developed flow banding
and open flow folding. Volcaniclastic breccia deposits
consisting of angular pebble- to cobble-size pink
rhyolite clasts in a quartz-, feldspar-, lithic-bearing
sandy matrix occur within and overlying the rhyolite
sequence. These volcaniclastic breccias probably
represent both autoclastic breccia and redeposited
autoclastic breccia deposits. The rhyolite sequence is
interpreted as a lava dome complex, made up of
multiple lavas and possible intrusions. It was
probably emplaced subaqueously as it is underlain
and overlain by other subaqueous deposilts.

Zig Zag Hill Formation

The Zig Zag Hill Formation consists of massive,
normally graded and less commonly inversely
graded, polymict volcaniclastic conglomerate and
sandstone beds containing very uncommon units of
laminated and graded mudstone and sandstone. In
the Anthony Road area near Newton Creek, the Zig
Zag Hill Formation contains minor occurrences of
pink, flow banded and flow folded rhyolite, similar
to those further north in the Henty Canal area, in the
underlying Mount Julia Member.

Polymict volcaniclastic conglomerate and sandstone
commonly occurs as massive or normally graded
units ranging from boulder/cobble, clast-supported
conglomerate through matrix-supported pebble
conglomerate and/or pebbly sandstone, to massive
and/or diffusely stratified sandstone. The clast
population in these rocks is diverse, comprising
dominantly quartz-feldspar (felsic) porphyritic
volcanic clasts, with minor sedimentary intraclasts,
metamorphic basement-derived quartzite, granite,
feldspar-ferromagnesian (intermediate) porphyritic

clasts and undifferentiated altered clasts. The clasts .

are dominantly subrounded to well-rounded,
indicating reworking prior to deposition. The
polymict volcaniclastic conglomerate and sandstone
deposits are interpreted to have been deposited from
high-density turbidity currents (and/or debris flows)
in a submarine below-wave-base depositional
environment (c¢f. Lowe, 1982). This facies is
conformably overlain by the Owen Conglomerate in
places.

Palaeovolcanology

The first stage of Comstock Formation sedimentation
(Lynchford Member) reflects subaqueous (syn-

" eruptive) redeposition of pyroclastic debris generated

from an adjacent subaerial to shallow marine,

“andesitic to dacitic, explosive volcanic terrane. Fine-

grained turbidites, massive mudstone units, lithic
breccia units and massive carbonates also accumu-
lated in the basin during this time. The overlying
Mount Julia Member was generated by subaqueous
(syn-eruptive) redeposition of pyroclastic debris,
sourced from an adjacent subaerial to shallow marine,
rhyolitic to dacitic, explosive volcanic terrane.
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Subaqueous rhyolite lava dome complexes also
developed on the sea floor during this stage. The
overlying Zig Zag Hill Formation records post-
eruptive erosion and reworking of the subaerial to
shallow marine source areas (probably in response
to tectonic uplift), supplying a large proportion of
polymict, epiclastic debris to the marine basin. The
palaeogeography envisaged for the Tyndall Group
comprises a marine setting that is adjacent to an
active subaerial to shallow water volcanic terrane.

Post-depositional alteration

Post-depositional alteration in the Tyndall Group
has led to the development of secondary minerals
and textures. The most distinctive secondary textures
in the Tyndall Group occur in the crystal-rich
volcaniclastic sandstone facies (CRVS) of the
Comstock Formation. These textures have been
commented on by many previous workers (e.g.
Solomon, 1964; Corbett et al., 1974), but are still poorly

understood. They consist of domains of pink,-

polycrystalline albite+quartz alteration and green,
chlorite-rich alteration of the matrix, forming
bedding-parallel bands and wispy pseudoclastic
textures. In this section, the alteration textures in the
“crystal-rich volcaniclastic sandstone facies are
described, and genetic models are considered.

Alteration mineral assemblages and textures in
the CRVS facies

The CRVS facies comprises 35-70% crystals and
crystal fragments (largely quartz and plagioclase),
and minor pebbly lithics, in a fine-grained matrix of
secondary minerals consisting of quartz, albite and
chlorite with minor sericite, calcite, Fe-Ti oxides
(magnetite, titanomagnetite, ilmenite, hematite),
sphene, epidote and actinolite/tremolite. The matrix
probably originally contained a large proportion of
vitric ash, as rare unwelded bubble wall shard
textures are observed in the matrix. The alteration is
considered to be a ‘pervasive-selective’ style of
alteration. It is pervasive as it occurs throughout the
CRVS facies on a regional scale, but is also selective
as it has mainly replaced the fine-grained vitric-rich
matrix. The alteration assemblage is commonly
domainal in character, forming pink, albite+quartz-
rich zones and green, chlorite-rich zones. In some

areas, however, the alteration assemblage is more
randomly distributed.

Banding textures

In the CRVS facies, domainal, pink albite+quartz-
rich and green chlorite-rich alteration of the matrix
commonly occurs as laterally continuous rhythmic
bands (2-10 cm thick) within massive crystal-rich
sandstone. The pink bands are rich in albite and
quartz but also contain minor chlorite, sericite,

opaque alteration minerals, * epidote, £ calcite, +

actinolite/tremolite. The green bands are rich in
chlorite but also contain minor albite, quartz, sericite
and opaque alteration minerals, *epidote, * calcite, +
actinolite/tremolite. The albite + quartz-altered and
chlorite-altered banding textures occur regionally in
the CRVS facies and are well exposed at Comstock,
Zig Zag Hill, along the Anthony Road and at the
Mount Lyell Mill area. Weakly banded varieties also
occur in the Cradle Mountain Link Road area and at
Lynchford. The bands are laterally continuous for
several metres to tens of metres in areas of good
exposure, and are largely subparallel to regional

 bedding.

Discontinuous, bedding-parallel, wispy, chlorite-
altered bands also occur within albite + quartz-altered
CRVS, forming a pseudoclastic texture that resembles
fiamme in welded ignimbrites. In addition, thin (0.2—-
1 cm), discontinuous, chlorite-altered bands
surrounded by pink albite + quartz alteration occur
within fine grained sandstone at the top of thick,
normally-graded CRVS units on the Anthony Road.
These thin chlorite bands are similar to bedding-
parallel stylolitic textures in the pumice-rich

‘volcaniclastic units in the Rosebery-Hercules area

(McPhie et al., 1993). In some areas the bedding-
parallel alteration bands are oblique to the regional

" Devonian cleavage. .

The main features of the albite+quartz and chlorite
alteration banding textures are:
(1) the secondary minerals have been derived from
alteration of a formerly glassy ash matrix;
(2) the alteration assemblages are of regional extent,
but are confined to CRVS facies in the Tyndall Group;
(3) the domainal alteration bands and wisps are
mostly bedding-parallel, and are laterally continuous
for up to tens of metres in places;
(4) the bands are oblique to cleavage attitudes in
some areas.
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Alteration haloes around lithics

Distinctive pink albite + quartz alteration halos
surrounding pebble size lithic clasts occur in the
CRVS facies (and associated volcaniclastic lithic
breccia facies). The pink alteration halos extend up
to 10 cm outward from the clasts as spherical shaped
albite+quartz alteration rinds set in green chlorite +
quartz + albite-altered CRVS. The clasts consist of
angular to well rounded, felsic volcanic and fine-
grained cherty, pebble to cobble size clasts.

Planar alteration features

Planar, pink albite + quartz-altered zones were
observed in the Anthony Road section. These “vein-
like’ features are typically oriented in two directions
at an angle of approximately 90° to each other, and
at a moderately high angle to bedding. The planar
features are 1-5 cm wide and occur within pervasive,
light green coloured chlorite + quartz + albite-altered
massive CRVS, The planar nature of the albite-quartz

alteration zones suggests that they may have formed

by the passage of fluids along joints.

Possible origins of the albite + quartz and
chlorite alteration

In this section, possible origins for the albite+quartz
and chlorite alteration assemblages are discussed.
These interpretations are based on textural observ-
ations and are unsupported by fluid inclusion and
stable isotope studies, which are required to
accurately determine the physio-chemical conditions
during the alteration event(s). Detailed geochemical
studies are beyond the scope of this project.

Devonian regional metamorphism

The alteration in the CRVS facies is comprised of
quartz, albite, chlorite and minor sericite, calcite, Fe-
Ti oxides and actinolite/tremolite. This mineral
assemblage is typical of lower greenschist facies
regional metamorphic rocks. Eastoe et al. (1987)
proposed that the banded and mottled pink and
green domains in the Comstock Formation (‘post-
ore’ rocks) were a product of Devonian regional
greenschist metamorphism, rather than Cambrian
hydrothermal alteration, which is recorded in the
‘pre-ore’ volcanic rocks (Mount Read Volcanics) close
to volcanic-hosted massive sulfide (VHMS) deposits.
Regional metamorphism in the Mount Read Volcanics

occurred during the Devonian (Tabberabberan)
orogeny (Williams et al., 1989), which also produced
regional scale folding and associated cleavages.
Eastoe et al. (1987) proposed that the “post-
ore”volcanic rocks (e.g. Tyndall Group) retained most
of their primary mineralogy until the Devonian, when
albite, chlorite, calcite, sphene and epidote were
formed by metamorphic processes. Reactions
probably did not proceed to completion, allowing
primary minerals (including ferromagnesian phases)
to be preserved. In Eastoe et al.’s (1987) model,
metamorphism did not affect the pre-existing
chemical composition of the rocks on a regional scale,
but redistribution of Na, Ca, Mg, and Fe occurred on
amesoscopic scale, producing the mottles arid bands
marked by recrystallised albite, epidote, and chlorite.

Greenschist facies rocks are generally completely
recrystallised, with prominent foliations and
lineations. They are the products of repeated
penetrative deformation and greenschist facies
metamorphism. The mineralogy of the CRVS facies
of the Tyndall Group is consistent with lower
greenschist facies metamorphism, but abundant
primary components survived the alteration event
in the CRVS and a schistose fabric is not developed.
This is interpreted to be inconsistent with a
metamorphic origin for the domainal albite+quartz
and chlorite alteration in the CRVS. In addition,
regional metamorphism is generally not hetero-
geneous in nature. It is more likely that alteration
assemblages in the CRVS facies developed relatively
early, and were overprinted by the low-grade (sub-
greenschist?) Devonian regional metamorphic event.

Hydrothermal origin

A Cambrian hydrothermal origin for the albite +
quartz and chlorite alteration is possible, provided
fluid flow was diffuse (due to the lack of well-defined
veins and regional alteration halos). Diffuse fluid
flow would be possible while the sandstones were
unconsolidated. After lithification, fluid flow (and
hydrothermal alteration) would mostly be fracture-
controlled. The regional distribution of albite + quartz
and chlorite alteration is more consistent with a dia-
genetic or regional metamorphic origin. In addition,
the low intensity of alteration in the CRVS facies is
not consistent with proximity to hydrothermal centres
associated with hydrothermal mineralisation. The
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volcanic facies that host the hydrothermal massive
sulfide deposits in the Mount Read Volcanics
generally show marked depletion in Na,0 and CaO
and an increase in K,O and MgO (Stoltz, 1992). In
contrast, the CRVS is rich in Na (as albite) and
therefore is probably not associated with the typical
VHMS-style hydrothermal alteration which is more
common in older lithostratigraphic units of the Mount
Read Volcanics.

Diagenetic alteration and compaction model
Diagenetic alteration and compaction has been
proposed as the major process responsible for the
formation of chlorite-sericite lenses in feldspar-quartz
altered pumice breccia deposits in the Rosebery-
Hercules area (Allen and Cas, 1990). The altered
pumice breccia is comprised of dark, phyllosilicate-
" rich lenses generally 1-5 cm long that are aligned
roughly parallel to regional bedding, set in pale-
coloured quartz + K-feldspar + albite alteration. The
dark lenses consist of flattened pumice material and
resemble fiamme in welded pyroclastic deposits.
However, pumice in the feldspar-quartz altered zones
has preserved delicate, unflattened, undeformed
" pumice and glass shard textures, implying that the
rocks are unwelded. The pumiceous units have sharp
bases, very thick (10’s m) massive or graded lower
parts and thin finer stratified upper parts suggesting
deposition from cold, water-supported mass flows
in a submarine environment, below wave base (Allen
and Cas 1990). ’ .

Allen and Cas (1990) suggested that the pumice-

breccias were heterogeneously altered soon after
deposition, and the phyllosilicate altered pumice
patches were flattened by bedding-parallel diagenetic

compaction, and by tectonic deformation, resulting

in false welded fiamme textures. The uncompacted
pumice and shards in the quartz-feldspar altered
domains indicate that the deposits were originally
unwelded, and that quartz + K-feldspar + albite
alteration occurred prior to cleavage development,
and prior to the conclusion of diagenetic compaction
(Allen, 1990; Allen and Cas, 1990; McPhie et al., 1993).
It is uncertain whether quartz, K-feldspar and albite
were the first alteration minerals formed, or whether
they replaced an earlier alteration mineral such as
zeolite. Elements such as Na, K, Al, Si which were
necessary to form the widespread quartz+K-feldspar
+ albite alteration, were probably derived from the

dissolution of volcanic glass at clast contacts during
diagenetic compaction, and/or from upward
migration of elements liberated by diagenetic or
hydrothermal leaching of glass deeper in the pile
(McPhie et al., 1993). Textural evidence that is
consistent with early dissolution of glassy clasts is
the widespread occurrence of bedding-parallel,
spaced, stylolite-type dissolution foliation. This
foliation is interpreted as a diagenetic compaction
fabric, and has been crenulated by the Devonian
regional cleavage (McPhie et al., 1993).

A diagenetic alteration and compaction model is
favoured for the CRVS facies in the Tyndall Group,
because it contains similar alteration minerals and
textures to the pumice breccias at Rosebery-Hercules.
Inboth cases, alteration has involved the replacement
of originally vitric material (i.e. pumice and glass
shards). The CRVS facies of the Comstock Formation
was buried by coarse-grained deposits of the Zig
Zag Hill Formation and Owen Conglomerate,
deposited during the Late Cambrian to Early
Ordovician (Corbett, 1992). Increased lithostatic
pressures and temperatures would have resulted in
compaction and fluid expulsion, causing devitri-
fication and/or diagenetic alteration of reactive
components (e.g. volcanic glass). The glassy ash
matrix in the CRVS was ideal for relatively early
diagenetic alteration, as glass is reactive in sub-
seafloor environments (Masuda et al., 1992). Seawater
was the most likely pore fluid, and would have
facilitated diagenetic alteration by acting as the
transport medium, carrying dissolved substances to

sites of precipitation.

The discontinuous bedding-parallel wispy
chlorite-altered bands in albite + quartz-altered CRVS
(pseudoclastic textures) probably developed as a
consequence of diagenetic alteration of the glassy
ash matrix, occurring contemporaneously with
diagenetic compaction. The laterally continuous,
bedding-parallel, albite-quartz-altered and chlorite-
altered bands may have also have developed by this
process, however, the rhythmical nature of the
banding suggests that an additional feature
(e.g. primary compositional layering or diffuse
bedding) may have had some control on the
distribution of alteration minerals. In this case, the
movement of diagenetic fluids may have been
controlled by permeable zones along diffuse bedding
planes.
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The development of chlorite-altered, bedding-
parallel, stylolitic features in the fine grained upper
portions of some of the normally graded CRVS units
may be related to an increase in the proportion of
glassy ash material at the top of the unit. Mass flow
deposits generally concentrate dense components at
the base and middle portions of the flow, while less
dense and finer components should be concentrated
at the top. Diagenetic alteration and compaction of
the upper glass-rich zones may have responsible for
forming these stylolitic textures.

The physical and chemical conditions of the early
diagenetic phase are not known, and detailed
geochemical studies (e.g. fluid inclusion studies,
stable isotope analyses, high-precision mineral
analyses) are recommended to fully characterise the
alteration event(s). The Devonian lower greenschist
metamorphic event is also poorly constrained and
requires further work.

Conclusions

The main stratigraphic units in the Tyndall Group
(Lynchford and Mount Julia Members of the
Comstock Formation and the Zig Zag Hill Formation)
each contain one or more lithofacies. The Lynchford
Member of the Comstock Formation contains
abundant quartz-poor crystal-rich volcaniclastic
sandstone and breccia units that are generally more
andesitic to dacitic in composition relative to the rest
of the Tyndall Group. This member also contains
laminated mudstone/sandstone and minor carbonate
units. The overlying Mount Julia Member of the
Comstock Formation contains abundant quartz-rich
rhyolitic to dacitic crystal-rich volcaniclastic
sandstone and lithic breccia units, and also contains
coherent rhyolite and minor welded ignimbrite. The
overlying Zig Zag Hill Formation contains mostly
polymict volcaniclastic lithic conglomerate and
sandstone. These stratigraphic units are regionally
extensive and can be correlated across a large part of
the central Mount Read Volcanics.

The Comstock Formation largely reflects sub-
aqueous (syn-eruptive) redeposition of pyroclastic
debris generated from an adjacent subaerial to
shallow marine, explosive volcanic terrane. The
overlying Zig Zag Hill Formation largely records

post-eruptive erosion and reworking of the subaerial
to shallow marine source areas (probably in response
to tectonic uplift), supplying a large proportion of
polymict, epiclastic debris to the marine basin.

The post-depositional alteration in the CRVS facies
of the Comstock Formation consist of secondary
albite, quartz, chlorite, and minor sericite, calcite, Fe-
Ti oxides, sphene, epidote and actinolite/tremolite.
The secondary minerals are mostly products of
alteration of a glassy ash-rich matrix. Primary crystal
components of the CRVS (e.g. plagioclase, quartz,
clinopyroxene, amphibole) have only undergone
partial alteration but are generally well preserved.
Pink (albite + quartz-rich) and green (chlorite-rich)
alteration domains are common in the CRVS forming
laterally continuous rhythmic bands (2-10 ¢m thick),
and as discontinuous wispy domains, within massive
crystal-rich sandstone. The domainal albite+quartz
and chlorite alteration bands and wispy textures are
dominantly bedding-parallel, and similar to those
documented by Allen and Cas (1990) in the pumice
breccia units at Rosebery-Hercules. The bands were
probably formed by diagenetic alteration and
compaction during burial.
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Subaqueous silicic volcanism in the Mount Black Volcanics,
western Tasmania

Cathryn Clare Gifkins
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

Introduction

This report outlines the proposed research plan for
the study of alteration in pumiceous rocks and work
to date within the Mount Black Volcanics (MBV).
The projectis intended to enhance our understanding
of the styles and distribution of the alteration facies
within a silicic submarine volcanic succession. How
are the alteration facies controlled by the primary
volcanic facies, and why? Particular emphasis is being
placed on the alteration of pumiceous deposits in
order to produce a model for their textural,
mineralogical and chemical evolution. Pumice-rich
rocks are commonly misinterpreted or overlooked

and yet they host a number of submarine massive

sulphide deposits including Rosebery and Hercules
in Western Tasmania (Allen and Hunns, 1990). In
order to provide better genetic exploration models
for similar deposits in pumice rich sequences we
need to be able to define the textural and mineral-
ogical alteration that occurs as a result of different
processes, that is seafloor and diagenetic alteration
compared with hydrothermal alteration and
metamorphism.

The MBYV are a 500 m to several kilometres thick
sequence of volcanics located in the northern part of
the Cambrian Mount Read Volcanic Belt in Western
Tasmania. Occurring between the Henty Fault Zone
and the Rosebery-Hercules sequence, the MBV
extend northwards from Mount Read to Pieman Road
and Lake Rosebery. They are a package of feldspar
phyric massive, flow banded and flow brecciated
lavas and sills of generally dacitic composition with
minor rhyolite and andesite. Variable proportions of
pumiceous material are interbedded in the sequence

and the entire package has been intruded by a series
of mafic dykes. They have been chosen as a study
area because they dominate the northern Central
Volcanic Complex (CVC) of the Mount Read
Volcanics and yet very little previous work has been
completed on these rocks despite the concentration
of explorationb around Rosebery, Hercules and
Pinnacles. There is significant potential to increase
our understanding of the regional geology, volcanic
facies and relationships in the northern Mount Read
belt and the hangingwall hydrothermal alteration
associated with the major VHMS deposits of Rosebery
and Hercules.

The MBV have previously been considered to be
younger than the Rosebery-Hercules sequence,
however their similarity to the feldspar phyric
Rosebery-Hercules footwall sequence is quite
marked.The main difference is that the MBV contain
more lavas and intrusives than massflow units while
the footwall is predominantly pumiceous massflow
deposits. Based on this observation Allen (1994)
suggested that the MBV are a fault repetition of the
Rosebery footwall and that as a result there may be
potential for the Rosebery and Hercules ore horizons
to be repeated to the east of the proposed Mt Black
thrust fault. The MBV are mainly in fault contact
with the hangingwall, however several authors
(Warmeant, 1990; Lees, 1987; Allen, 1991) have also
reported conformable or sheared contacts at depth
near the Rosebery mine and south of Hercules. To
test the hypothesis that the MBV may be a repetition
of the footwall this contact needs to be further
investigated and the nature of the fault determined.

geochemical and mineralogical vectors to ore. November 1995
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Research Proposal

The proposed aims of this project are;

1. To understand the styles and distribution of
alteration facies within the Mount Black Volcanics.
This will be achieved by
- defining the local facies and stratigraphy.

- defining the alteration facies, styles and
associations.

— comparing the facies architecture and alteration
with an undeformed, less altered analogue in the
Miocene Kuroko District, Japan.

2. To establish the textural, mineralogical and
compositional changes attendant upon the
deposition, compaction and lithification, alteration
and deformation of pumice rich volcanic rocks.
This will be achieved by determining the textural,
mineralogical and geochemical differences of
pumiceous samples which have undergone
different degrees and styles of alteration. The five
steps defined in this study are;

(i) fresh unaltered subaerial pumice, Taupo
Volcanic Zone, NZ.
(ii) Seafloor altered pumice, Manus Basin, PNG.

(iii) Diagenetically altered submarine pumice,

Kuroko District, Japan.

(iv) Lithified compacted submarine pumice breccia,
Berserker Beds, Qld.

(v) Devitrified, hydrothermally altered, lithified
and deformed pumice, Rosebery footwall and
MBYV, western Tasmania.

Samples will be collected from these localities
and polished slabs, thin sections and geochemistry
will be used to identify the textures, mineralogy
and chemistry of each stage.

3. Comparing the MBV with other parts of the
northern CVC. In particular with the Rosebery—
Hercules footwall pumice breccias. To define the
contact between the hangingwall and the MBV. Is
it all faulted or partly conformable?

The Mount Black Volcanics

There are a number of principal volcanic facies within
the MBV and their proportions vary across strike. In
the eastern succession coherent dacitic to andesitic
lavas and sills dominate the stratigraphy as can be
seen in the graphic log of MBD3 (Fig. 1) from the

eastern flank of Mount Black, while alternatively in
the western section the facies and alteration
relationships are far more complex, with abundant
interbedded pumiceous massflows and autoclastic
or hyaloclastic breccias. The graphic log of 128R (Fig.
2) shows the typically complex interbedding and
intrusive relationships between the principal facies.
The complex nature of these relationships reflects
the coeval emplacement of shallow sills and extrusion
of lavas which have very similar mineralogy. It would
be reasonable to expect that bodies may be both
partly intrusive and vary along strike to extrusive.

The Rosebery and Henty faults dominate the local
geology (Fig. 3). They are major reverse faults that
dip inward under the volcanics. The Rosebery
sequence is believed to be on the eastern limb of a
regional anticline which extends for 20 km from
Hercules to Pinnacles. The Sterling Valley Andesites
are in the core of and on the western limb of another
regional anticline which extends from the north of
Mount Block and is truncated by the Henty Fault.
There are some variations on this theme suggesting
local parasitic folds. The large scale regional
structures have a shallow northerly plunge and strike
N-NE.The MBV represent a large open syncline, with
bedding and younging facing east near the Mount
Black Fault and west in and near the Sterling Valley
Volcnics.

Textural variation within the units may be
primary, secondary (alteration, deformation and
devitrification) or both. All the units appear variably
modified and the style and intensity of alteration
appears to be affected by the nature of the primary
volcanic unit, ie the intensity of alteration in coherent
versus autobrecciated lavas can be very different.

Stratigraphy

A generalised stratigraphy (Fig. 4) has been
interpreted for the MBV and Sterling Valley Volcanics
based on a number of diamond drill holes and three
traverses between the Henty Fault Zone and the

_Rosebery-Hercules sequence. At the base of the

sequence are the Sterling Valley volcanics. These are
an approximately 1 km thick package of normally
graded, basaltic to dacitic clastic massflow units,
minor siltstone, and numerous basaltic to dacitic sills.
The lavas and sills are dominantly massive blue-
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Grainsize
1/16 2 64 mm
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r r
- .
04 T Siliceous feldspar porphyritic massive and
. - autobrecciated dacite
relzAg
40 "j >
s> "
60 - F é Chlorite-epidote altered crystal rich, feldspar
porphyritic, massive to autoclastic dacite.
%" Irregular clasts of siliceous mudstone are ,
80" ¢ incorporated near the up hole contact of this unit.
F .
100- d
e
" e
.120 - 2,020?
LI
1401 Ll Chloritic, massive, amygdaloidal, basaltic
5 intrusives with fine grained chilled margins.
o . . "
- U Siliceous coarse crystal rich, feldspar porphyritic
169 m " o ' dacite incorporating rare dacitic clasts.

Figure 1. Graphic log of MBD3, from the eastern flank of Mount Black.
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Grainsize
1/16 2 64 mm
—

Peperite. Dacite with strongly carbonate altered clasts
grading down hole into fsp-phyric pumice breccia
with dacitic clasts.

Flow banded and autobrecciated fsp-porphyritic dacite.

Fsp-phyric massive pumiceous sandstone.

_ ,\\/,‘\’, Fsp-porphyritic massive rhyolite.
/\ / N/ .
400 1 F
T
gd Flow banded and autobrecciated fsp-porphyritic dacite
so0 g
Y N\ \ 7/
S ¢ Qtz-Fsp porphyritic, massive and autobrecciated rhyolite.
600 1 /7 - ~
ZOQ%ZO‘,”
~ /
700 : x Massive andesitic sill or dyke.
-
1 C
800 r Massive grey, fsp-porphyritic dacite.
< '
~ r r
P N Mount Black Fault
m’ LA ~
m ~ % = . . - . s
1 2 =~ T Fine grained quartz phyric pumiceous mass flow breccia,

Rosebery Hanging wall.

Figure 2. Graphic log of 128R, from the western side of Mount Black.
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Grainsize

1/16 2 64 mm
|

A A A

OB A

A A A
ror Predominant package of massive grey fsp-
== porphyritic dacite with minor rhyolite and
= LA andesite. Clastic rocks are rare, only a few

lenses of siltstone and pumiceous sandstone.

Flow banded, autobrecciated, vesicular fsp-
porphyritic rhyolite lavas, massive andesitic to
rhyolitic sills and pumiceous volcaniclastic
massflow deposits.

Mount Black Fault ?
S _

\

basaltic to dacitic mass flow deposits, minor

"Sterling Valley Volcanics” normally graded,
siltstone and numerous basaltic sills and lavas.

Figure 4. Summarised stratigraphic log of the Sterling Valley volcanics and Mount Black Volcanics.




EIF!

gy

R T T T P T P O T PP P P PO P PO PO PP P PO P PR P
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green andesites, with pyroxene and feldspar
phenocrysts. The groundmass is variably altered and
rarely displays perlitic fracturing. There are a minor
number of dacites and rhyolites identical to those in
the MBV. The massflows vary from monomictic to
polymictic packages of angular porphyritic lava clasts
of basaltic to dacitic composition and rarely rhyolitic.
These deposits also contain abundant angular and
broken feldspar crystals and a in a chloritic matrix.

Conformably overlying the Sterling Valley
Volcanics is the MBV. The base of the MBV is
dominated by flow banded, autobrecciated, vesicular
feldspar porphyritic rhyolite lavas, lesser massive
andesitic to rhyolitic sills and pumiceous volcani-
clastic massflow deposits (Fig. 4). The bulk of the
MBV comprises massive red-brown to grey feldspar
porphyritic dacite with minor rhyolite and andesite.
More rarely are interbedded reworked pumiceous
sandstones and volcaniclastic siltstones.

Rhyolitic to andesitic lavas and sills in the MBV
typically have euhedral feldspar phenocrysts of 1-
3 mm diameter which often form glomeroporphyritic
aggregates in a siliceous groundmass which may
show snowflake, spherulitic, or perlitic textures.
Vesicles are commonly filled with chlorite, calcite
and quartz. The margins of units may be marked by
peperite textures and sedimentary clasts which have
mixed with the lava as it flowed over or intruded
into wet sediment. Individual units are largely
defined by the size and abundance of the phenocrysts.
Autobrecciation is commonly preserved, often
fragments are incorporated within the moving
coherent lava flow or sill or maybe reworked and
deposited by sedimentary processes, that is
massflows. The autoclastic breccias typically consist
of fine grained blocky lava fragments which vary
from massive, aphanitic, to perlitic strongly feldspar
porphyritic to flow banded. They vary from matrix
supported aggregates of blocky rotated clasts to clast
supported breccias with jigsaw fit textures to coherent
bodies. The clasts in these breccias are either quench
fragmented (hyaloclastite) or flow brecciated
(autobreccia) which formed at the margins of a
coherent body as it migrated.

Thick massflow deposits of feldspar porphyritic
pumice debris vary in composition from rhyolitic to
dacitic and the clasts are commonly fibrous tube
pumice. They commonly contain broken and

euhedral feldspar and quartz crystals and fine grained

‘blocky flow banded to massive porphyritic lava clasts.

The pumice breccias are always strongly altered
probably as a result of their high initial porosity.

There are only limited occurrences of fine
sediment. It is commonly siliceous pale grey siltstone
or mudstone, and displays a number of sedimentary
structures including cross-bedding, fine laminations,
flame structures and loading structures. These units
have been deposited by turbidites and can be used as
evidence for the below wave base environment of
deposition in many parts of the sequence.

The entire sequence has been intruded by
abundant basaltic sills and dykes. They form irregular
often branching dark green sills and dykes cross-
cutting contacts. They are fine grained, massive and
a trachytic texture of feldspar and pyroxene laths
can be observed in some of the coarser samples.
They commonly contain calcite, chlorite and quartz
filled amygdales and are rarely more than one metre
wide. These dykes and sills have very irregular
disruptive intrusive contacts and sheared margins
suggesting that they have preferentially taken up
strain during deformation.

Volcanic Architecture and Environment

The mode of fragmentation, transportation and
environment of deposition of the MBVs and the
Sterling Valley Volcanics are indicated by their facies
associations and stratigraphic relationships.

The oldest package here is the Sterling Valley
Volcanics which may represent a structural relic of a
large submarine mafic volcano that was active early
in the eruptive history of the CVC. This volcano was
predominantly basaltic but also produced more
fractionated magmas which were extruded into the
submarine environment. Quenching of the hot lava
as it was extruded or flowed into the marine
environment brecciated the lava and this debris was
redeposited down slope by massflow events. The
base of the volcano has been removed by displace-
ment along the Henty Fault.

This was followed by a period of complex
extrusion and shallow intrusion of coherent felsic
lavas and sills coeval with the deposition of
pumiceous massflow units. Evidence of subaqueous

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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emplacement and deposition of these units is
abundant and includes the presence of subaqueous
facies (mudstone), normally graded clastic deposits,
fine laminations and cross bedding indicating below
wave base conditions (turbidites) and also supportive
but not diagnostic is the lack of true welding.
Although the pumiceous units were ultimately
deposited in quiet deep subaqueous conditions this
does not imply that the source was also subaqueous.
The pumiceous units are the result of pyroclastic
eruption of siliceous vesicular magma and because
of the confining hydrostatic pressures in deep water
it is in fact most likely that the source was either
shallow marine or sub aerial (Cas and Wright, 1987).

The extrusion and syn-volcanic intrusion of a thick
pile of intermediate lavas and sills was the dominant
episode and followed the deposition of siliceous
pyroclastic units and lavas/sills. Some of this material
was quench fragmented or autobrecciated and
redeposited down slope by massflow. Much of the
debris however remained insitu or was deposited on
the flanks of a moving flow. This large volume
episode which dominates the MBVs may represent a
period of intermediate lava dome or cryptodome
formation.

The final volcanic event was the intrusion of the
mafic dykes and sills which are part of the Henty
Dyke Swarm.
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Regional Geochemistry/Petrology Module

Team members

Joe Stolz Garry Davidson
Nathan Duhig Tony Crawford
Mike Roach Dave Cooke
Bill Wyman

Module components

¢ Production of a geochemical database for the

Mount Read and Mount Windsor volcanic belts
linked to geology via a GIS (Nathan Duhig/ Mike
Roach). »

This will involve compilation of descriptive
information, and geochemical and isotopic data
for volcanic rocks (altered and unaltered) from
theses, company and government work into a
single coherent database. The database will be
merged with the digitised geology for these belts
so that regional trends in the alteration geo-
chemistry can be assessed relative to geological
features of interest.

* Characterisation of the least altered volcanic suites
within the Mount Read and Mount Windsor
volcanic belts (Tony Crawford/Joe Stolz).

This will extend previous work done in these belts
and involve collection and analysis of additional
rock samples to provide a better coverage of the
volcanic belts. An appreciation of the range of
unaltered volcanic compositions is essential to
evaluate the geochemical effects of alteration.
Additional outcomes should include confirmation

of presently recognised suites and possible
identification of additional suites that may prove
useful in understanding stratigraphic relation-
ships, and in locating potential mineralised
horizons.

‘Regional alteration patterns and vectors (Bill

Wyman, Garry Davidson).

This part of the project involves an analysis of the
relationships of alteration patterns (mineralogy,
chemistry and textures) to intrusives and the
various volcanic facies. It will include:

* the regional sampling traverses

* alteration patterns around Cambrian granitoids
+ alteration in lavas and domes '

* alteration in volcaniclastic rocks

* geochemistry of exhalites

Interpretation of the databases for the Mount Read
and Mount Windsor volcanic belts in terms of
hydrothermal fluid flow patterns and ore genesis.
This will include fluid-rock computer simulations
to develop geochemical models to aid in under-
standing the processes involved in hydrothermal
alteration (Dave Cooke).

Fertile and barren volcanic belts (Joe Stolz).

This will involve using the geochemical database
assembled in this project, and additional data for
silicic volcanics from various belts to assess the
criteria that have been applied in the Archean of
Canada to distinguish belts that are fertile with
respect to VHMS deposits from those with low
potential.

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
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GIS Report

Nathan Duhig
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

Summary

This progress report summarises work to date
compiling the Western Tasmania GIS database. A
total of 537 located samples, all with whole-rock
analyses, most with differing ranges of trace elements
and some with rare-earth elements make up four
separate tables in ArcInfo. These samples are yet to
be combined with any data from project sponsors or
the released Industry, Safety and Mines (ISM) data.
Preliminary plots, showing the distribution of
samples and some manipulation of the data are also
presented.

Introduction

GIS can be a very powerful tool for data analysis and
interpretation. A large amount of geochemical data
of Mount Read Volcanics has been collected over the
years and exists in different forms. For any regional
alteration study to be meaningful, these disparate
data bases must be drawn together before data
analysis and interpretation can be undertaken.

Geochemistry database format

The database has the same format as ISM's
ROCKCHEM whole rock database. This in turn was
based upon the PETCHEM DATA SET of AGSO.
The database is divided into four linked tables;
RCHEM.SAM, RCHEM.MA], RCHEM.TRC and
RCHEM.REE, containing sample, major element,
trace element, and rare earth element data, respect-
ively.

Data sources

Geochemical data for the Mount Read Volcanics exists
in several forms: ISM has a large database of their
own and open file data, some of which has recently
been released; company databases, which usually
contain proprietary data from mining leases and
tenements that have been held for long periods of
titme; some researchers have collected databases of
analyses which range in degrees of usefulness,
usually a factor of how well the samples are located;
AMIRA Project 84/P210 Controls on Gold and Silver
Grades in Volcanogenic Sulphide Deposits, produced
an excellent set of located analyses; and unpublished
Honours and post-graduate theses. The latter two
sources have been the main contributors to this
project’s database to this stage of its developmént.
The geology exists on two levels: the 1:500 000
state coverage and the 1:100 000 Mount Read
Volcanics compilation map (Corbett and McNeill,
1988). The latter has been digitised as part of this
project. As mentioned earlier, ISM recently released
the eastern (with respect to the Mount Read belt),
Charter, Block, Tullah, Selina and Tyndall 1:25 000
sheets, but these, as with the data released with them,
are yet to be incorporated into this project. Some of
these contain more outcropping Proterozoic than
Paleozoic geology, so their current usefulness would
be limited.

Data entry and problems
Where possible, data already in spreadsheets was

sought to minimise manual data entry. For the
AMIRA Project 84/P210 data, the geochemical data

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
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was found on old Macintosh discs in the CODES
storeroom. The other fields had to be entered
manually. Some researchers had copies of their
students’ data but otherwise data from theses was
either scanned or entered manually, depending upon
the amount of data. Much of the descriptive and
location data is present in the Geology Department
catalogue, some of which is also contained in Excel
spread sheets. However, individual catalogues range
in quality, and considerable time was spent trying to
resolve problems, some of which were unresolvable.
Other problems included data which had been
normalised to 100%, but often the loss on ignition
values were absent. Phil Robinson’s meticulous
record keeping was a valuable aid in some of these
cases.

Distribution of samples

Figure 1 shows the distribution of samples north of
Macquarie Harbour (this excludes two beach
boulders of granite from Elliott Bay). There are
obvious holes in the distribution of samples. For
example, some areas where there is known to be
data in the Geology Department, such as Mount Lyell,
Pinnacles-High Point, Hercules-Mount Read. Some
of this data was avoided as ISM has entered it into

their database. Other data was presumed to be

contained in company databases (especially around

Rosebery-Hercules and Hellyer-Que River), to which

this project may be granted access at some stage.

There is a problem at the moment with multiple
samples from single drill holes as they are all assigned
the collar coordinates for their position. In one case,
20 samples are reported from the one hole. This
obviously under-represents the number of samples
in the database shown on Figure 1.

Examples of GIS applications to whole-
rock geochemistry

Figure 2 shows a very straightforward example for
the area around Rosebery, where there is the densest
concentration of surface samples, mainly from
Naschwitz (1985). The plot shown splits the samples

on the basis of whether SiO, is greater or less than
70%. Figure 3 discriminates the rocks of rhyolitic
composition on the basis Ti:Zr. Figure 4 takes this
one step further by discriminating altered rhyolites
as those with Na,0O < 1. These simple plots

- demonstrate the ease with which a large database

can be manipulated. Once the database is more
comprehensive, it will be straightforward for the
lithogeochemists to refine these basic plots and make
much more complex queries of the database.

Conclusions

The western Tasmania wholerock geochemistry
database compilation is progressing well. There are
more samples from theses to add and other databases
to integrate with the current one. The preliminary
plots give an indication of the potential of GIS to

“interrogate large databases.
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EVALUATION OF THE ROLE OF CAMBRIAN GRANITES IN THE GENESIS OF
WORLD-CLASS VHMS DEPOSITS IN TASMANIA

Ross Large!, Mark Doyle?, Ollie Raymond?, David Cooke!, Andrew Jones!

and Lachlan Heasman?

{(accepted for publication in Ore Geology Reviews, 1966)

WD w W

An analysis of the distribution, composition and alteration zonation of Cambrian granites which intrude
the Mt Read Volcanics of western Tasmania provides evidence that there may have been a direct input
of magmatic fluids containing Fe, Cu, Au and P to form the copper—gold volcanic-hosted massive
sulphide (VHMS) mineralisation in the Mt Lyell district.

Interpretation of regional gravity and magnetic data indicates that a narrow discontinuous body of
Cambrian granite (2—4 km wide) extends along the eastern margin of the Mt Read Volcanic belt for over
60 km. The Cambrian granites are altered magnetite series types which show enrichment in barium and
potassium, and contrast markedly with the fractionated ilmenite series Devonian granites related to tin

" mineralisation elsewhere in the Dundas Trough.

Copper mineralisation occurs in a linear zone above the apex of the buried Cambrian granite body
at the southern end of the belt, from Mt Darwin to the Mt Lyell district over a strike length of 25 km. Gold
and zinc mineralisation are concentrated higher in the volcanic stratigraphy more distant from the

_granite. Overlapping zones of alteration extend from the granite into the surrounding volcanic rocks. An

inner zone of k-feldspar alteration is overprinted by chlorite alteration, which passes outwards into
sericite alteration. Magnetite + pyrite + chalcopyrite + apatite mineralisation is concentrated in the
chlorite alteration zone as veins and low grade disseminations. The Mt Lyell copper—gold stringer and
disseminated mineralisation is hosted in felsic volcanic rocks 1 to 2 km west of the interpreted buried
granite position. Magnetite — apatite * pyrite veins in the Prince Lyell deposit at Mt Lyell are very similar
to the veins in the halo of the granite, further south, and provide evidence for magmatic fluid input during
the formation of the copper—gold VHMS deposits.

A model involving deeply penetrating convective seawater, mixing with a magmatic fluid released
from the Cambrian granites, best explains the features of VHMS mineralisation in the Mt Lyell district.

1. Introduction

There has been considerable debate over the past
25 years on the role of granitic magmas during the
generation of volcanic-hosted massive sulphide
(VHMS) deposits. Some workers (eg. Urabe & Sato
1978, Henley & Thornley 1979, Sawkins & Kowalik
1981 and Stanton 1985, 1990) have argued for a
direct input of volatiles and metals from the magma
to form the ore solutions, while others (eg. Kajiwara
1973, Spooner & Fyfe 1973, Ohmoto & Rye 1974,
Solomon 1976, Large 1977 and Stolz & Large 1992)
have argued that the granites have acted as heat
engines, driving seawater convection causing metals
to be leached from the volcanic rocks stratigraphically

' Centre for Ore Deposit & Exploration Studies, University
of Tasmania, GPQ Box 252C, Hobart, Tasmania, 7001,
Australia. :

2 AGSO, PO Box 378, Canberra, ACT, 2601, Australia.

below the massive sulphide deposits. In this paper,
we provide evidence for a genetic link between
granites and VHMS mineralisation in the Mt Read
Volcanic belt of Western Tasmania (Fig. 1), and
suggest that the granites may have provided important
contributions of metal to the ore-forming fluid,
especially Fe, Cu, Au and P.

2. Previous Work

The studies presented here build upon the thirty-year
program of research led by Mike Solomon,
investigating the genesis of massive sulphide deposits
in the Mt Read Volcanics. Solomon (1976) was one
of the first workers to evaluate and quantify the
seawater convection model for massive sulphide
genesis. His work showed that metals for the
Rosebery and Mt Lyell deposits in western Tasmania
could be sourced through leaching by seawater
convective cells with a size of about 70 km?

geochemical and mineralogical vectors to ore. November 1995
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Figure 1: Extent of the Mt Read Volcanics in western
Tasmania, showing outcrops of Murchison and Darwin
Granites, and locations of major VHMS deposits, and

prospects.
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penetrating to depths of 4-5 km below the deposits.
Subsequent work by Solomon and his students (Polya
et al. 1986 and Eastoe et al. 1987) suggested a
relationship between granite emplacement, district
scale alteration, seawater circulation and VHMS
mineralisation. Their work highlighted a relationship
between hydrothermal alteration and sulphur isotope
zonation around the granites which was interpreted
to demonstrate a seawater sulphur source for the
deep convective ore fluid. The critical .section for
their study was the Murchison Gorge area (Fig. 1),
which exposed a.continuous section from the
Cambrian granite through altered volcanic rocks to
the Farrell slates, host to the Farrell Pb—-Zn
mineralisation and correlated with the Rosebery ore
horizon (Polya et al. 1986).

However, subsequent mapping by Corbett (1989)
suggested that the Cambrian granite in the Murchison
Gorge had intruded Tyndall Group volcanic rocks,
which were substantially younger than the host
volcanic sequence to the Rosebery massive sulphide
deposits, thus precluding the granites as heat engines
for the ore fluid. A second blow to their theory was
delivered by Gulson (1986), who showed with Pb-
isotope studies that the Farrell Pb—Zn mineralisation

at the top of the alteration system in the Murchison

Gorge, was Devonian rather than Cambrian in age
as proposed by Polya et al. (1986). Subsequently
Taheri & Green (1990) demonstrated, using a range
of geological and geochemical techniques, that the
nearby Lakeside Au—As—Sn deposit was also related
to Devonian granites. Consequently the Cambrian
granite-related seawater convective theory of
Solomon’s team (Polya et al. 1986 and Eastoe et al.
1987) based on the Murchison Gorge section was
discounted, and the Tasmanian Cambrian granites
have been essentially ignored as a critical element of
ore genesis models for the past seven years.
However, our recent research in the southern section
of the Mt Read Volcanics has led to a re-evaluation
of the role of granites in VHMS genesis, especially in
the Mt Lyell district.

3. Factors Linking Graniteé to VHMS
Mineralisation in Western Tasmania

3.1 Distribution of granites and mineralisation
Two narrow bodies of Cambrian granite (Murchison
Granite and Darwin Granite) have intruded the eastern
margin of the Central Volcanic Complex (CVC) in the
Mt Read Volcanics (Fig. 1). Based only on these two
exposures, there appears to be no clear relationship
between granite location and massive sulphide
distribution throughout the volcanic belt (Fig. 1).
Regional aeromagnetic surveys of the Mt Read
Volcanics (Fig. 2) indicate a strong elongate magnetic
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Figure 2: Total
magnetic
intensity grey
scale image of
the Mt Read
Volcanics with
artificial sun
angle from the
east. The line
of magnetic
anomalies
along the
eastern margin
of the volcanic
belt are related
to the
Cambrian
granites and
associated

alteration zone.

Data from
Mineral Re-
sources Tas-
mania Survey,
1981.
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anomaly over the outcrop area of the Darwin Granite.
This anomaly relates to magnetite veining and
alteration within and along the margins of the granite,
as discussed in detail later in this paper. Inmediately
north of the Darwin Granite, a discontinuous belt of
similar magnetic anomalies extends for over 60 km
merging with a complex anomaly over the Murchison
Granite (Fig. 2). Computer modelling of gravity and
magnetic data along this zone has enabled the
subsurface position of the granite to be estimated
(Leaman & Richardson 1989, Payne 1991). The
granite geophysical models are based on the fact
that the Cambrian granites are significantly less dense
and more magnetic than the Central Volcanic
Complex rocks which they intrude. The granites show
a density contrast of —0.04 gm/cc and magnetic
susceptibility of 0.002 to 0.004 cgs units, compared
with 0.0001 c¢gs units for the CVC rhyolites (Table 1).
Recent studies by Heasman (in prep.) indicate that
the magnetite-bearing alteration zone adjacent to
the Murchison Granite, has magnetic susceptibility
values over a wide range, from 0.03 to 0.0003 cgs
units (Table 1). Similar results have been obtained
over the alteration zone at Jukes Pty (Fig. 1). Due to
the variable magnetic nature of the altered volcanic
rocks surrounding and, in particular, vertically above
the granite, it is difficult to accurately model the depth
to the top of the granite. However, estimates of the
horizontal width of the subsurface granite are
considered to be fairly reliable,

Gravity and magnetic modelling of an E-W section
5 km north of the Darwin Granite shows a vertically
oriented lenticular body of granite about 2 km wide
with depth to top of about 1 km (Fig. 3). Similar E~
W geophysical models at intervals along the belt
indicate that the narrow granite body is semi-
continuous along the eastern side of the Central
Volcanic Complex from South Darwin to the
Murchison Gorge (Fig. 4). The basic assumptions
and limitations of 2D modelling of this type are
discussed by Leaman & Richardson (1989).

A significant problem in interpreting the continuity
of the subsurface granite is caused by the presence
of detrital magnetite in certain volcaniclastic units of
the Tyndall Group. This means the average magnetic
susceptibility of the Tyndall Group volcanic rocks fall
within the range of the Cambrian granite values
(Table 1). Consequently, at certain localities along
the interpreted extent of the Cambrian granite it is
not possible to positively distinguish between the

magnetic response from buried Tyndall volcanic rocks -

and buried granite. Although this causes problems in
interpreting the detailed position of the buried granite
in certain localities (eg. east of Mt Lyell) it is not
considered to effect the overall interpretation of the
regional north—south extent of the granite body.
The relationship between the interpreted extent
of the subsurface granite and the distribution of
copper, gold and zinc mineralisation in the district is
shown in Figure 5. Important features to note include:

Table 1: Density and magnetic susceptibility data used in the geophysical modelling (Fig. 3). Compiled
from the Mineral Resources Tasmania data-base supplemented with data from Payne (1992) and this

study.
Rock Unit Label * Density contrast Magnetic Susceptibility
(cgs)
Cambrian granite Cgr 2.64 0.002 — 0.004
Granite-related alteration Alt 2.60 0.0003 — 0.03
Central Voicanic Complex Cvc 2.68 0.0001
Tyndall Group Ctyn 2.70 0.002
Eastern Quartz Phyric Sequence Cagps 2.68 0.001
Western Sequence Cws 2.66 0.0002
Owen Group Ow 2.63 0.00005
Gordon Group Ogl 2.81 0.0001
Siluro-Devonian S-D 2.66 0.00001
Tertiary Ts 2.14 0.0001
Precambrian - PreC 2.67 0.0003
Dundas undefined Cvs 2.68 0.0005
Dundas Basalt Cba 2.77 0.001

* The labels are those used in Figure 3.
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(iy Copper distribution: shows a clear relation to the
granite. A line of copper prospects lies over the
northern extent of the Darwin Granite and
continues north to the Mt Lyell Cu—Au mineral
field (Fig. 5a). At Mt Lyell the copper deposits
appear to lie 1-2 km west of the interpreted
western margin of the subsurface granite.

(i) Gold distribution: A few gold prospects lie over
the granite in the Mt Darwin area, but most of the
gold deposits lie in a zone west of the granite
and “copper-line”. In other words, gold is
concentrated further from the granite in the
stratigraphically overlying volcanic rocks.

(ili)y Zinc distribution: zinc (and lead) deposits are
absent from the southern end of the belt, and
are concentrated in the north-western sector, in
the higher volcanic stratigraphy west of the
granite.

Overall, there is a regional zonation of metals
from copper to gold to zinc (lead) passing west and
north, away from the granite to higher stratigraphic
levels in the Central Volcanic Complex (Fig. 5).

3.2, Timing of granites and mineralisation
Stratiform massive sulphide mineralisation in the Mt
Read Volcanics is primarily hosted by the Central
Volcanic Complex. Previous mapping by Corbett
(1989) suggested that the Murchison Granite intruded
the Tyndall Group Volcanics, which unconformably
overlie the Central Volcanic Complex, and is therefore
younger than the massive sulphide deposits.
However, later work (eg. Corbett 1992) has revised
this interpretation, and recent dating by Perkins &
Walshe (1992) has confirmed that the Murchison
Granite has an age of 501 £ 5.7 Ma (Ar/Ar on
hornblende), the same age as the host rocks to the
massive sulphide deposits (494.9 + 4.3 to 503.2 %
3.8 Ma). In addition, the Darwin Granite is
unconformably overlain by the Tyndall Group, and
clasts of magnetite-veined Darwin Granite can be
observed in the basal Tyndall Group conglomerates
(Jones 1993).

3.3. Composition of the granites

Recent studies by Abbott (1992) and Jones (1993)
indicate that the Murchison and Darwin granites are
strongly altered, high-K, magnetite series granites,
foilowing the classification of Ishihara (1981). The
high degree of alteration precludes the use of the I/'S
classification of White & Chappell (1983). The
Murchison Granite varies in composition from diorite
to granite (58-78 wt % SiO,, Fig. 6) while the Darwin
Granite is composed of two highly fractionated phases
(Jones 1993), with SiO, content from 74-78 wt %
(Fig. 6). The K,O content of the granites varies up to
8wt % (Fig. 7), and the barium content is anomalously

high (up to 3,000 ppm). Some of the K,O and Ba
enrichment is due to hydrothermal alteration.

Crawford et al. (1992) have undertaken a detailed
study of the geochemistry of the Mt Read Volcanics,
dividing the belt into three calc-alkaline suites and
two tholeiitic suites based on major, minor and REE
geochemistry. They consider that the Murchison and
Darwin granites have geochemical affinities with the
voluminous Suite | medium to high K calc-alkaline
volcanic rocks, including rhyolitic to andesitic lavas
from the Central volcanic Complex and Tyndall Group.
Selected whole rock and trace element analyses of
the granites are given in Table 2. A database of 58
whole-rock and trace element analyses is available
from the first author on request.

The classification of these granites as magnetite-
series is based on their high magnetic susceptibility
(demonstrated by the aeromagnetic patterns,
Figure 2) and their high Fe,O/FeQ ratios (generally
greater than 0.5). A comparison between the
Tasmanian Devonian iimenite-series tin granites and
the Cambrian granites in terms of their Fe,O,/FeO
ratios is shown in Figure 8. Some of the scatter in
Fe,O,/FeO ratios in Figure 8 is related to variable
alteration of the granite samples. However the least
altered samples, such as sample 76943 in Table 2,
show an Fe,O,/FeO ratio of between 1 and 3 and
clearly fall within the magnetite-series field. The
common association of magnetite-series granites with
copper—gold mineralisation and fractionated iimenite-
series granites with tin mineralisation (Ishihara, 1981)
is compatible with the compositions shown on
Figure 8, and consistent with a relationship between

' the Cambrian magnetite-series granites of the Mt

Read Volcanics and the copper—gold mineralisation
at Mt Lyell.

3.4. Alteration zonation around the Cambrian
granites

Well-developed zones of hydrothermal alteration have
been mapped around the margins of the Murchison
and Darwin granites. Polya et al. (1986) noted that
the Murchison Granite has suffered potassic
alteration, chloritization and late calcite-epidote
alteration. They recorded a zonation in alteration
mineralogy from the western margin (top?) of the
granite, up through the volcanic section to the Farrell
slates (about 2.5 km of stratigraphic section) as
follows: potassic zone (K-feldspar, chiorite, epidote,
calcite, pyrite, magnetite); epidote zone (epidote,
chlorite, caicite, magnetite); chlorite zone (chlorite,
sericite, albite, calcite); sericite zone (dominantly
sericite, quartz). Eastoe et al. (1987) and Jones (1993)
record potassic, chloritic and sericitic phases of
alteration in the Darwin Granite and the Central
Volcanic Complex to the immediate west and north
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of the granite. Although no clear regional zones of
alteration were defined, Eastoe et al. (1987) notes
that the alteration assemblages are similar to those
around the contact of the Murchison Granite, and are
considered to relate to hydrothermal fluid circulation
associated with granite emplacement and cooling.
Magnetite and tourmaline veins and breccias are
localised within and adjacent to the Darwin Granite,
demonstrating that magmatic-hydrothermal fluids
were exsolved from the granite during crystallisation.
At three other localities along the magnetic
anomaly zone above the inferred granite “batholith”
(Jukes Pty, Red Hills and Lake Selina, Fig. 2),
extensive zones of mineralogically similar hydro-
thermal alteration with associated pyrite £ magnetite
+ chalcopyrite mineralisation have been recorded
(Eastoe et al. 1987, Hunns 1987, Doyle 1990, and
Jenkins 1991). The best exposed section of alteration
has been mapped by Doyle (1990) along the Jukes
Road and King Tunnel cutting, east-west through
the Central Volcanic Complex, at the Jukes Pty
copper—gold prospect (Fig. 2). A diagrammatic section
along the road is shown in Figure 9. This section
incorporates mapping from the King Tunnel, 500 m
below the road section. The geology of the section is
dominated by aitered rhyolitic to dacitic lavas of the
Central Volcanic Complex, which are faulted against
the Eastem quartz phyric sequence and uncon-
formably overlain to the east by rhyolitic volcaniclastic
rocks and lavas of the Tyndall Group.

Alteration of the volcanic rocks is zonally arranged,
with intense pink K-feldspar alteration surrounded
and overprinted by chiorite + dolomite alteration,
which passes outwards to a zone of pervasive sericite
+ quartz alteration. Magnetite veins and patchy
disseminations occur throughout the K-feldspar and
chiorite alteration zones, with two main assemblages
observed (Doyle 1990). Examples of slabbed rock
samples from the major alteration zones are shown
in figures 10A to 10D. Magnetite—pyrite + tourmaline
+ scheelite veins are extensively developed in the K-
feldspar zone, while magnetite + apatite—pyrite—
chalcopyrite + gold veins are developed in the strongly
chloritic regions. The similarity of these alteration
zones to those observed at the margins of the

Murchison and Darwin granites supports the magnetic

and gravity interpretation (Fig. 3) which indicates

that granite is present at a depth of about 1 km below
surface at this locality.

In summary, detailed mapping and petrography
along the eastern margin of the Mt Read Voicanics,
covering the line of granite extending from the
Murchison Gorge to Mt Darwin (Polya et al. 1986,
Eastoe et al. 1987, Hunns 1987, Doyle 1990, Jenkins
1991, and Jones 1993), indicates that the Cambrian
granites are extensively altered and surrounded by a
zonal arrangement of alteration as follows:

(i) K-feldsparzone (Z1) — pink K-feldspar alteration,
with associated magnetite veins and dissemin-
ations extend from the outer parts of the granite
into the surrounding volcanic rocks.

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
* geochemical and mineralogicat vectors to ore. November 1995
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Figure 9: A generalised section along the Jukes Road and King Tunnel showing geological relations and
~ alteration zonation. The section line is shown on figure 4. The granite position is interpreted from the gravity

and magnetic modelling (Fig. 3).

(i) Chlorite zone (Z2) — an overlapping shell of
chlorite—dolomite-magnetite + apatite + pyrite—
chalcopyrite alteration overprints and extends
outwards from the K-feldspar zone.

(iii) Sericite zone (Z3) — a sericite + chlorite & pyrite
assemblage forms a distal alteration zone which
extends outwards overprinting the unaltered
volcanic rocks.

The defined lateral extent (or radius) of these

overlapping alteration shells varies from about 500 m

at Jukes Pty to over 2 km in the Murchison Gorge.

3.5. The magnetite—apatite association

The strongest evidence for a link between the
Cambrian granites and VHMS Cu—Au mineralisation
in the Mt Read Volcanics is provided by the
occurrence of magnetite—apatite £ Cu—Au veins and
patchy disseminated mineralisation both within the
chloritic alteration halo of the granites and within the
centre of the Prince Lyell ore deposit in the Mt Lyell
VHMS district. Hendry (1981) reported the presence
of a phosphatic unit within-the Prince Lyell orebody,
on 14 level, which contained pyrite, magnetite, barite,
apatite and other rare earth phosphate minerals. He
suggested that the pyrite, phosphates and magnetite
were deposited from seafloor hydrothermal exhalative
activity during volcanism. Raymond (1992) recorded
a large zone of magnetite—apatite stockwork vein

and disseminated mineralisation at Prince Lyell
(Fig. 11). The magnetite—apatite mineralisation occurs
principally as elongate lenses to irregular semi-
massive bodies of magnetite, up to 1-2 m wide, with
large accessory pink apatite crystals (1 mm to 50
mm diameter) associated with chlorite and minor
pyrite alteration (Fig. 10E, F). Stockwork veins of
magnetite + apatite—chlorite are associated with the
elongate magnetite lenses and may be surrounded
by zones of disseminated magnetite £ apatite.
Throughout the copper ore bodies at Prince Lyell,
minor veinlets of pyrite—-chalcopyrite commonly
display accessory apatite £ magnetite.

Trace element compositions (high Ti, V and REE)
and magnetite d'®O values of around 4 per mil led
Raymond (1992) to conclude that the magnetite—
apatite mineralisation was of magmatic origin. The
presence of similar magnetite—apatite veins within
the Darwin Granite (Jones 1993) and in the chiorite
alteration zone surrounding the granite at Lake Selina
(Hunns 1987) and Jukes Pty (Doyle 1990) supports
this conclusion and suggests that the magnetite—
apatite mineralisation at Mt Lyell is sourced from the
nearby Cambrian Granite. ‘

The correlation between magnetite and apatite
within the hydrothermal systems of the region is
supported by geochemical correlation data for
FeO(total) and P,O, shown in Figure 12. On this plot,
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the Cambrian granites show a linear correlation
between P,O, and FeO(total) with the more dioritic
compositions showing the greatest P,O, enrichment,
and the more felsic, potassic-altered granites showing
P,O, depletion. In comparison, the chlorite and
sericite-altered volcanic rocks adjacent to the
Cambrian Granite at Lake Selina generally show
FeO enrichment with P,O, values of < 0.2 wt %,
except for a few samples (highlighted in Figure 12)
which carry magnetite—apatite veins and show both
FeO and P,Q, enrichment. Altered volcanic samples
from the Mt Lyell orebody show considerable
enrichment in both P,0, and FeO, with P,O, values
varying from 0.2 wt % up to 0.8 wt %. Note that the
magnetite—apatite veined volcanic rocks from the
Lake Selina alteration zone adjacent to the southern
extension of the Murchison Granite plot in the same
field as the altered volcanic rocks from the Mt Lyell
orebody.

A positive correlation is also observed between
copper and P,O, in the Mt Lyell orebody (Fig. 13)
suggesting that the magnetite—apatite assemblage

at Mt Lyell was part of the copper mineralisation’

event. Raymond (1992) concluded that on the basis
of textural evidence and grade distribution that the
magnetite—apatite mineralisation occurred late in the
development of the Prince Lyell deposit. However
the occurrence of minor magnetite and apatite in
pyrite—chalcopyrite-bearing veins throughout the ores
indicates that the magnetite—apatite event overlapped
in space and time with the copper—gold mineralisation
event. :

4. Discussion

The data presented above on the distribution, timing,
composition and alteration of the Cambrian granites
provides strong indirect evidence that they had an
important role to play in the genesis of the VHMS
deposits in the Mt Read Volcanics. The common
occurrence of magnetite + apatite veins and alteration
within, and surrounding, the Cambrian granites, and
within the Prince Lyell copper—gold deposits indicates
that magmatic fluids were likely to be involved in the
genesis of the Mt Lyell deposits. The Mt Lyell field
contains both stringer-style copper~gold deposits
such as Prince Lyell (with magnetite—apatite
assemblages) and separate stratiform lead-zinc—
copper deposits such as Comstock, and Tasman
and Crown Lyell Extended. Most previous workers
(eg. Solomon, 1976 and Walshe and Solomon, 1981)
consider that the Cu-Au and Pb—-Zn-Cu deposits
formed as part of the same hydrothermal system,
where the Cu—Au stringer-style formed large zones
of stratiform subsurface replacement and the Pb—
Zn-Cu massive suiphides formed by contem-
poraneous seafloor exhalation or mound development
(Large, 1992).

Based on the results of this study combined with
previous work by Solomon and his co-workers
(Solomon 1976, Walshe & Solomon 1981, Polya et
al. 1986, Eastoe et al. 1987 and Solomon et al.
1988), it is now possible to present a preliminary
model for the genesis of the Mt Lyell Cu-Au deposits
and related Pb—Zn—Cu massive sulphides of the Mt
Read Volcanics (Fig. 14).

Details of the model are:

() A linear zone of magnetite-series Cambrian
granites intruded the eastern margin of the
Central Volcanic Complex of the Mt Read
Volcanics, probably along a major north—south
marginal fault structure, or series of faults;

(i) Seawater convection was established through
the volcanic sequence surrounding the granites
as proposed by Solomon (1976) and Eastoe et
al. (1987) leading to the development of a series
of overlapping alteration zones extending out
from the granite;

(iii)y Early magmatic hydrothermal fiuid emanations
produced the inner zones of K-feldspar +
magnetite alteration. Later mixing between
magmatic and seawater derived fluids produced
the overprinting chlorite and sericite zones
surrounding the K-feldspar zone.

(iv) Continued magmatic hydrothermai fluid release
resulted in magnetite + apatite vein development
and related minor copper—gold mineralisation in
the chlorite zone surrounding the granites.

(v) Major copper—gold deposition occurred at
distances of 1—2 km from the granite as the
mixed magmatic-seawater fluid precipitated
overlapping zones of pyrite~chalcopyrite and
magnetite—apatite in permeable volcanic rocks
below the seafloor. Minor seafloor exhalation
led to the formation of Pb-Zn-Cu massive
sulphide mounds stratigraphically above the Cu—
Au deposits. '

The Cambrian Granite is not considered to be the
sole source of elements which constitute the Mt Lyell
orebodies. The inner zones of copper and gold
enrichment close to the granite (eg. Jukes Pty.) implies
a magmatic source for these metals. Phosphorous
and iron, which contribute to the magnetite-apatite
veins within and around the granite, and within the
Mt Lyell orebodies, are also likely to be magmatic
contributions. However, previous studies by Green
et al. (1981) and Solomon et al. (1988) indicate that
sulphur in the ores is probably a mixture of sulphur
derived from the granites and host volcanic sequence,
and reduced sulphate from deep convective seawater.
They demonstrate that sulphur isotope variations in
the massive sulphide ores (7-15 per mil) are similar
to those in the granite alteration systems (8—17.per
mil), and therefore the source of sulphur for both
systems is probably the same. A recent study of
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sulphur isotopes in the Murchison Granite, utilising a
laser microprobe for S-isotope analysis at the Central
Science Laboratory, University of Tasmania, indicates
(based on 24 analyses) that isolated pyrite
disseminations from samples throughout the granite
have d*'S values of 10—17 per mil, with 50% of the
data from 14-17 per mil (Large, in prep). Heavy
sulphur isotopes of this type are incompatible with a
magmatic source and can only be explained by
reduction of sulphate derived from penetration of
seawater deep into the core of the granite. Thus,
although some elements in the VHMS hydrothermal
systems may be of magmatic origin (eg. Cu, Au,
P,0,), other elements (eg. S) are largely derived
from reduced seawater, and other more soluble
metals (eg. Pb, Zn, Ag) may be derived due to
leaching from the volcanic pile by the convective
seawater/magmatic fluid mixture.

4.1. Alternative Sources of Phosphorous
The least altered granodiorite samples of the
Murchison Granite contain about 0.2 wt % P,O,,
while the potassic altered granite (>5 wt % K,O) is
considerably depleted in P,O, with values from 0.02
to 0.15 wt % P,O,. This suggests the possibility that
the magmatic-hydrothermal K-feldspar alteration
event was accompanied by leaching of phosphorous
from the granite, thus providing a source for the P,O,
concentrated in apatite—magnetite veins in the distal
chlorite alteration and related copper ore deposits.
Generally the Mount Read Volcanics contain low
levels of P,O, (0.16 to 0.17 wt % P,0,); however, the
Suite Il andesites and Suite Il basalts defined by
Crawford et al. (1992) contain elevated P,O, levels
from 0.19 to 1.0 wt % P,0O, Phosphorous-rich
hornblende andesites of Suite Il occur within the
volcanic sequence containing the Mt Lyell deposits
(eg. Comstock, Corbett 1992), and provide an
alternative source for the P,O, found in the
mineralisation.

A research program utilising isotope zonation
studies (O, H, C, S, Sr and Pb) around the granites

and the Suite Il andesites is currently underway to
assist in resolving the source of individual components
related to the ores.

5. Conclusions ,

Cambrian granites of the Mt Read Volcanics form a
thin (2-4 km wide), semi-continuous, linear body
extending for over 60 km along the eastern margin of
the volcanic belt from Mt Darwin to the Murchison
Gorge. At the southern end of the belt, copper
mineralisation- occurs in magnetite—pyrite = apatite
veins which are concentrated along the granite
contacts and granite apex. This line of copper
prospects in the. Darwin—Jukes area extends
northwards into the Mt Lyell mineral district, where
Cu—Au and Cu-Pb—Zn massive sulphide deposits
are located 1-2 km west of the inferred granite
position. Regionally, there is zonation of metals with
respect to the granite; copper deposits lie closest to
the granite, followed by gold + copper and then zinc—
lead * copper in more distant locations in the higher
volcanic stratigraphy to the west. In parallel with the
metal zonation there is a consistent pattern of
alteration zonation related to the linear zone of
granites. An inner zone of K-feldspar + magnetite
alteration is overprinted by an intermediate zone of
chlorite—magnetite  apatite * pyrite alteration, which
merges laterally with a distal zone of sericite alteration.
A magnetite—apatite stockwork vein system in the
centre of the Mt Lyell deposit shows similar
geochemical characteristics to the magnetite + apatite
veins and alteration surrounding the Cambrian
granites and indicates that Cambrian granite-related
fluids were probably involved in the genesis of the Mt
Lyell deposits. A preliminary model has been
developed which involves mixing of deep penetrating
convective seawater within magmatic fluid released
from fractionated phases of the magnetite-series
Cambrian granites to produce sub-seafloor
volcanogenic Cu-Au deposits and contemporaneous
seafloor Zn—-Pb mound-style massive sulphide
deposits in the upper part of the Central Volcanic
Complex in the Mt Lyell district.

Figure 10 (on opposite page): Photographs of hand specimens of granite and alteration lithologies: A: Cambrian Darwin
granite containing a black magnetite vein; B: Chlorite (c) forming a vein-network overprinting intensley K-feldspar altered
dacite, Jukes Pty Prospect; C: Pervasively K-feldspar altered dacite (k) containing zones of intense K-feldspar alteration
(K) cut by chlorite veins (c), Jukes Pty Prospect; D: Hydraulic breccia in which magnetite (m) separates jigsaw-fit dacite
clasts, Jukes Pty Prospect; E: Lozenge-shaped domains of apatite (a) are separated by magnetite (m) containing minor
pyrite (arrow), Prince Lyell orebody, Mt Lyell; F: Chlorite-apatite altered volcanic containing a dismembered pyrite

(arrow) and apatite (a) vein, Prince Lyell orebody, Mt Lyell.
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Cambrian granites in western Tasmania and their association to volcanic-
hosted copper-gold-bearing massive sulfide deposits

Bill Wyman
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

The role of granitic magmas in VHMS genesis has
been widely debated in the literature, most recently
by Large et al. (in press), and earlier by Stanton
(1985, 1990), Sawkins and Kowalik (1981), Stoltz and
Large (1992), Large (1977) and Solomon (1976). Many
others have argued these issues as well. Two primary
schools of thought exist: (I) The granites act as a heat
engine driving circulation systems which leach the
metals and other components from the overlying
volcanic pile by sea-water convection; (2) In addition
to heat transfer, the granites supply magmatic
components, priniarily metals, directly to the ore
forming solutions. Magmatic components possibly
supplied by the granites include Cu, Au, Mo, Sn, and
W. This work is directly focused on gathering and
interpreting data in an attempt to critically evaluate
and try to resolve this issue in Western Tasmania.
Andesitic Volcanics are associated with the VHMS
mineralisation at Que River, Hellyer and Comstock
and with the volcanic-hosted disseminated sulfide
deposit (VHDS) at Prince Lyell. The Prince Lyell and
Comstock deposits are associated with the Suite II
rocks and are hosted in the Suite I rocks of Crawford
et al. (1992). Que River and Hellyer are Hosted in
Suite I rocks and are immediately overlain by Suite
III rocks. Crawford et al. also point out that Suite II
and Suite III rocks appear to have been erupted
contemporaneously. It therefore appears that there
may be a genetic link as well as a spatial association
with mineralisation and the andesitic rocks. This
study will also gather data in an attempt to shed
some light on this association and possible genetic
links between the andesites, rhyolites and granites.
This study will focus on the area beginning at the
Darwin granite in the south and extending north to
the Mount Lyell Field. Limited sampling and field

work will be conducted in areas of outcropping
granites at Lake Selina and the Murchison granite
and results will be compared with those from the
study area.

Objectives of the research

Establish the source of ore forming fluids involved
in the generation of Cambrian Cu-Au and Pb—Zn-
Ag mineralisation in western Tasmania and
determine the extent of mixing between various fluid

" types.

Evaluate. the regional extent of hydrothermal
alteration associated with the Cambrian granites in
the Mt. Read volcanic belt. The project will attempt
to establish if a link exists between the alteration in
and around the granites and the hydrothermal
alteration around the VHMS deposits. The approach
to this problem will be to examine the link between
the apatite-magnetite association in alteration
associated with the Cambrian granites, the Jukes
prospect, and the Mount Lyell Field.

Determine the chemical changes in the volcanic
host rocks, induced by hydrothermal alteration
associated with Cu-Au mineralisation. This study
will focus on the Jukes Prospect and comparisons
will be drawn with the Prince Lyell deposit.

Attempt to evaluate the relationship of horn-
blende-andesites, which appear to be coeval with
some of the VHMS deposits, and the hydrothermal
alteration within the CVC

Establish if magmatic fluids were involved in the-

generation of large submarine Cu~Au volcanic hosted
disseminated sulfide deposits such as Prince Lyell in
the Mount Lyell Field.

geochemical and mineralogical vectors to ore . November 1995
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Establish the genetic link between the granites
and the volcanics (andesitic or felsic) associated with
VHMS deposits within the Central Volcanic Complex
(CVQ).

Research plan

The proposed research has three components: (1) field
mapping; (2) geochemical analysis; and, if necessary,
(3) limited geophysical modeling.

Field mapping .

The field portion of the program will involve detailed
geologic mapping of the area between the Darwin
granite and the Garfield andesite (Fig. 1). The
objective will be to detail the composition and
characteristics of the various phases of granitic
intrusion. This will provide the context for samples
of granite that will be collected for geochemical
analysis. Further, geological mapping will be
extended from the granite into the surrounding
volcanics with emphasis on alteration styles and
characteristics. The mapping will extend to the
Garfield hornblende-andesite. Structural modi-
fication to stratigraphy will be carefully evaluated.
The geological mapping will carefully examine the
alteration associated with both the Cambrian granites
and the hornblende andesites.

Limited geological mapping and sampling of
selected Cambrian andesites in the Mount Lyell area
will also be undertaken. These units strike directly
into the Mount. Lyell Field and are lost in surface
mapping due to the intensity of sericite-pyrite
alteration within the field.

Geochemical analysis

Geochemical studies will comprise and important
aspect of the project. The following proposed
analytical studies will be reviewed as the project
progresses. The objective will be to track geochemical
changes in both whole rocks and alteration as they
change with distance from the granites or andesites.
These changes may be useful vectors to assist in
future exploration efforts.

Sulfur isotope analysis of pyrite will be under-
taken. Pyrites will be obtained from within the
granites and andesites through the alteration
assemblages and into the selected VHMS deposits.

The selected deposits include Prince Lyell, Jukes Pty,
Lyell Consols, East Darwin, and other small prospects
on the Jukes-Darwin Ridge. Particular emphasis will
be given to pyrite equilibrium with magnetite in the
apatite/magnetite veins. Establishing pyrite-
magnetite equilibrium or non-equilibrium is
important in constraining the hydrothermal fluid
characteristics. Other workers have already estab-
lished the seawater contribution of sulfur. This work
will focus on evaluating how far magmatic sulfur
can be detected from the granites and andesites and
determine the regime of mixed sulfur sources.
Oxygen isotopes will be analyzed from K-feldspar,
sericite, magnetite, chlorite, and carbonates. 5O
values will be traced from within the granite through
the various alteration styles to the VHMS deposits if
possible. 80 values .of samples of magnetite in the
apatite/magnetite veins will be compared to samples
collected within the granites and various alteration
assemblages and within various VHMS deposits. The
objective of this will be to establish the extent of
mixing between magmatic and non-magmatic fluids

" in the veins.

Various chemical ratios, including Fe /Mg, Ti/ Zr,
and Fe/Ti, will be calculated from mineral chemistry
and compared. Sampling will focus on alteration in
the volcanic host rocks and apatite/magnetite veins
within the granites, volcanics, and feeders to the
VHMS deposits

Limited carbon and hydrogen isotope analysis of
carbonates will be conducted to systematically
evaluate isotopic zonation around the Darwin granite,
and trace fluid sources in the Mt Darwin-Jukes—
Mount Lyell Field.

Whole rock geochemistry (major, minor, trace
elements, and REE) will be determined on granites,
andesites, unaltered volcanics(to establish back-
ground), and altered volcanics. Chemical zonation
of alteration styles around the Darwin granite
will be assessed by whole-rock geochemical
analysis. Further low level gold analysis will be
undertaken to supplement the previous AMIRA data
base.

This study will not only focus on elements
considered to be “immobile” such as Ti, Zr, Y, Nb, P
and the REE but will also examine mobile elements
that may be concentrated or depleted during
hydrothermal alteration and may therefore be useful
vectors in exploration.
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Rare-earth element chemistry of apatites will be
determined from the Jukes-Mt Darwin and Lake
Selina—Murchison area. Results will be compared to
the data available from Mount Lyell to see if the
same geochemical characteristics exist throughout
the study area.

Limited geophysical modelling
Geophysical data suggest that the Cambrian granites
underlie most of the 100 km long belt of Mount Read

volcanics. Extensive magnetic and gravity inter-

pretations have been done by (Leaman and
Richardson, 1989; Payne, 1991). This work will be
critically examined and re-modeled as necessary to
eliminate poésible effects of magnetite bearing
volcanics.

Progress to date

The Jukes Pty Prospect is located approximately 9 km
south of Queenstown. The prospect is a small Cu~
Au prospect that is cut by the Hydroelectric
Comumission of Tasmania (HEC) road to the Crotty
Dam. The Jukes prospect has been the subject of
work by others most recently being Doyle (1990),
and White (1975). This road cut provides an excellent
opportunity to examine a small Cu—Au system hosted
in Central Volcanic Complex rocks in cross section.
As part of this project over 100 ten-metre-long chip
samples were collected along a 5.7 km traverse along
the Jukes Road. Rock chip and whole rock samples
were collected at 500 m intervals outside the prospect
and at 10 m intervals within the prospect. To date 87

selected chip samples and 32 selected hand specimens -

have been analysed. From the rocks collected on the
above traverse, 65 thin sections have been prepared.

A comment about sample preparation: The chip
samples mentioned above represent an entire 10 m
interval in most cases and do not consist only of
pristine un weathered clean rock. They may contain
not only the dominant lithology but weathered rock,
soil, sulfides and minor float debris. It is believed
that the characteristics of the dominant lithology will
over-ride minor impurities that result from this
icontaminationi. Because of the sensitivity of the
analytical procedures, however, 32 selected hand

specimens were crushed and all oxidized/
weathered /sulfide pieces were hand picked and
removed. A comparison of the two sets of data is
presented on the “immobile” element plots (SiO, vs
distance, TiO, vs distance, P,0, vs distance, and Ti/
Zr).

Almost 350 m directly below the Jukes Road is .

the King River Tunnel operated by the HEC. Rocks
exposed in this tunnel would give an excellent cross-
section deeper in the system that formed the Jukes
mineralisation. Unfortunately the tunnel is in use
and has mostly been “rockcreted” in areas of interest.
Allis not lost, however. Geoff Green at the Tasmania
Mines Department (now Industry, Safety and Mines,
ISM) spent several days in the tunnel in 1988 prior to
flooding and he and his crew gathered approximately
80 rock samples over about a 2 km section below

Jukes. Unfortunately they did not create a geological

_map but all of the rocks collected by ISM are now in

our possession. Crushed pulps from these rocks,
which had been kept in sealed plastic bags and are in
excellent condition have also been received. Selected
samples of these rocks will be analysed for the
geochemical suite of minerals of interest and thin
sections will be prepared as necessary. Data from the
Jukes road and the King River Tunnel can then be
combined to create an excellent geochemical cross-
section through the Jukes Pty mineralised system.
As part of this project it was necessary to create a
geochemical database of all previous work in the
area. This database is now almost complete. Selected
samples from the work of various authors were
reanalysed to fill in data gaps or to re-analyse
elements where previous results were questionable.
Samples from Oliver Raymond’s MSc thesis on
the Prince Lyell deposit were reanalysed at the
University of Tasmania to fill in missing elements
and to re-analyse elements where previous results
were in question. This data set is now complete and
results can be compared to other rocks in the MRV.
Darwin Granite samples, from Andrew Jones
Honours thesis, have also been recovered from
archives and re-analysed to fill in gaps in his data
set. This data set is now complete.
Some of the results of the Jukes road geochemistry
and comparisons with MRV geology will be
presented and discussed.
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Geochemistry of the host volcanics to the Benambra massive sulfide deposits,
Victoria, Australia, and the importance of silicic magmatism in VHMS mineralisation

A.J.Stolz 1, G.R. Davies 2 and R.L. Allen 3

(submitted for publication in Economic Geology)

Abstract

The Wilga and Currawong Cu-Zn massive sulfide
deposits are hosted by a deformed sequence of
Upper Silurian basaltic to rhyolitic volcanics and
sedimentary units. The broadly syn-volcanic
mineralisation occurs immediately above a thick
package of rhyolitic volcanics and volcaniclastic
rocks (Thorkidaan Volcanics), and is overlain by
relatively thin intercalated flows of basalt, andesite
and dacite (Gibson’s Folly Formation). The
Thorkidaan Volcanics have €nauzomay = —2.2 to ~9.8
and are considered to have been derived by partial
melting of older crustal rocks, whereas the basalt-
andesite-dacite hangingwall sequence has &nauisma)
=-0.5to +2.0suggesting derivation from arelatively
undepleted mantle source. Relatively high TiO;

.andesitic to dacitic rocks from the Bumble Creek

area have €nquis) = +5.2 to 5.9 suggesting affinities
with Ordovician volcanics elsewhere in the Lachlan
Fold Belt.

The Thorkidaan Volcanics display a limited silica
range (73 to 79 wt.%), but have distinctive minor
and trace element variations indicating a substantial
fractionation history involving feldsparand several
accessory phases. Major and trace element composi-
tions of the basalt-andesite-dacite suite display
regular variations consistent with a cogenetic
relationship by fractional crystallisation. The
basaltic rocks mostly have low TiOz (<0.8 wt.%)
and other chemical characteristics such as high Zr/
Nb and La/Nb which suggest formation in a
subduction-related setting; probably an embryonic
back-arc basin developed on stretched continental
lithosphere, or in small pull-apart basins developed
adjacent to a transtensional margin.

1. Department of Geology, University of Tasmania, G.P.O. Box
252C, Hobart, Tasmania 7001, Australia.

2. Faculteit der Aardwetenschwappen, Vrije Universiteit Be
Boelelaan 1085,1081 HV Amsterdam, The Netherlands.

3. Consultant, ¢/- Mortevein 57, 4085 Hundvag, Stavanger,
Norway.

Consideration of the types of mineralisation
associated with crustal, S-type granitoids, coupled
with thermal constraints limiting the capacity of
small bodies of silicic magma to initiate and sustain
hydrothermal convection cells of reasonable size,
suggests that in the absence of coeval mafic
magmatism, S-type crustal-derived silicic volcanic
packages are likely to be barren of VHMS deposits.
Mineralisation occurs in association with mantle-
derived basalt-andesite-dacite suites that either
provide the necessary heat to facilitate leaching of
the footwall volcanics, or contribute metal-rich
hydrothermal solutions during fractional crystall-
isation, or both.

Introduction

Our understanding of the tectonic setting and
depositional environment in which volcanic-hosted
massive sulfide (VHMS) deposits form has been
substantially enhanced as a result of recent studies
of modern seafloor deposits (e.g. Halbach et al.,
1989; Focquet et al., 1991). However, because of the
restricted stratigraphic interval which is available
for sampling in these modern deposits without
drilling, they provide limited information about
the nature and geochemical character of the host
footwall and hangingwall volcanic packages, and
their role in the mineralising process. Such
information can be more readily obtained from
ancient volcanic sequences that provide a strati-
graphiccross-section due to folding and subsequent
erosion, although stratigraphic relationships may
be complicated by subsequent faulting.

In this study we examined the host sequences of
the Wilga and Currawong VHMS deposits from
northeastern Victoria, Australia. These Cu-Zn-rich
massive sulfide deposits are hosted by Middle to
Upper Silurian volcanics and sedimentary rocks of
the Lachlan Fold Belt in southeastern Australia
(Fig. 1). The Lachlan Fold Belt is part of the larger
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Fig. 1. Geological map of the Limestone Creek region, near Benambra, Victoria (modified after Allen, 1992) showing the locations of the
Wilga and Currawong deposits and the distribution of their Middle to Upper Silurian volcano-sedimentary host rocks.
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Palaeozoic Tasman Fold Belt system that extends
along the greater part of the eastern margin’ of
Australia, and within this belt there are a number of
VHMS deposits ranging from Cambrian to Permian
in age. The Woodlawn, Captains Flat and
Currawang deposits also occur within rocks of
Middle Silurian age in the Lachlan Fold Belt (Davis,
1990). The Wilga deposit has reserves of 3.97 Mt
with 3.0 percent copper, 6.3 percent zinc, 23 g/t
silver, and the Currawong deposit has an indicated
resource of 9.5 Mt with 1.65 percent copper, 4.33
percent zingc, 0.86 percent lead, 38 g/t silverand 1.3
g/t gold (Macquarie Oil NL, 1987; Cox et al., 1990).
Based on stratigraphic relatioriships the Wilga and
Currawong deposits were regarded as essentially
synvolcanic by Allen (1992). However, detailed
textural and metal zonation studies of the
Currawong deposit by Boden and Valenta (1995)
suggest an origin by sub-seafloor replacement of
porous volcaniclastic rocks rather than by seafloor
exhalative processes.

This study seeks to clarify the relationships between

the volcanism, mineralisation and the geodynamic

setting at the time the massive sulphides were
deposited. Specifically, geochemical and isotopic
data for the volcanics are used to evaluate the likely
source rocks for the magmatism, and to provide
constraints on tectonic models for the host sequence
at the time of mineralisation.

Regional Geology_and Stratigraphy

The Wilga and Currawong Cu-Zn VHMS deposits

are hosted by a strongly deformed Ordovician—.

Silurian volcano-sedimentary sequence that occurs
as-a series of northeast striking fault-bounded belts
(Fig. 1; Allen, 1992). These rocks are overlain
unconformably by a gently folded Devonian
succession that includes the Snowy River Volcanics
and the Mt Tambo Group, and they are intruded by
several major granitoid intrusions of Silurian age.
The stratigraphy of thisregion is discussed in detail
elsewhere (VandenBerg et al., 1984; Allen, 1987;
Allen and VandenBerg, 1988; Allen and Barr, 1990;
Allen, 1992), and only abrief summary is presented
here.

The oldest volcanics of interest in this study
occurring within the footwall succession to the
VHMS deposits are from the Bluey’s Creek
Formation. These include dacitic and rhyolitic lavas
and sills which are associated with cherts

" (containing Late Ordovician conodonts), shales,

mudstones and turbiditic sandstones, the latter
including types rich in quartz and basaltic to
andesitic volcaniclastic detritus (Allen, 1992). The
precise age of these volcanics is not well constrained

as they lie stratigraphically above the conodont-
bearing units used to date the sequence. Itis possible
therefore that they represent an early manifestation
of the subsequent, more voluminous silicic
magmatism.

The Enano Group consists of the Middle-Upper
Silurian Thorkidaan Volcanics, the Upper Silurian
Cowombat Siltstone, and the Upper Silurian
Gibson’s Folly Formation. The Thorkidaan
Volcanics comprise a 2-3 km thick package of
porphyritic rhyolitic lavas and associated sub-
volcanic intrusives, with subordinate reworked
volcaniclastic deposits. Many of the relatively
altered, subaqueously deposited rhyolitic lavas
display pseudo-pyroclastic textures which Allen
(1987) interpreted as due to post-depositional
alteration and tectonic processes. The rhyoliticlavas
and subvolcanic intrusives are characterised by
alkali feldspar, plagioclase, minor biotite, and
partially resorbed quartz phenocrysts in a variably
recrystallised spherulitic silicic groundmass. The
intrusives, typified by the Currawong Porphyry
(Allen, 1992) are, in general, more strongly
porphyritic than the lavas.

The Gibson’s Folly Formation wh1ch hosts the
VHMS deposits is up to 500m thick and comprises
a sequence of lenticular basalt, andesite and dacite
lava flows with associated volcaniclastic rocks
enclosed within a fine grained turbiditic sedi-
mentary package. The stratigraphically lower parts
of this sequence have been intruded by some
porphyritic rhyolitebodies thatappear to represent
the final stages of the Thorkidaan silicic magmatism.
In the Bumble Creek area (within the northern part
of Fig. 1) dioritic plutons have intruded basaltic to
dacitic volcanics that have previously been
correlated with the Gibson’s Folly Formation. This
interpretation is based on the observation that they

appear to occur along the regional strike extension

of the host sequence (Fig. 1). However, many of

~ theselithostratigraphic units are fault-bounded and

the relatively high strain that has affected these
rocks may have resulted in the juxtaposition of
discrete unrelated volcanic packages.

. The absolute ages of the Thorkidaan Volcanics and
Gibson’s Folly Formation are constrained by the
inferred ages of the underlying and overlying
unconformities, and a Late Silurian fossil age for the
Cowombat Siltstone (Talent et al., 1975). The Lower
Silurian Benambran orogeny resulted in strong
folding of the Ordovician sedimentary units and
development of the Omeo Metamorphic Complex
which has a faulted contact with the western margin
of the Cowombat Rift (Fig. 1). Uplift associated with
deformation in the Middle Silurian (Crook etal., 1973)
was a result of the Quidongan orogeny, followed
soonafterby the development of a series of extensional

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995




66

basins (including the Cowombat Rift) in the Middle
Silurian. The Upper Silurian Bindian orogeny marked
the end of the host volcanism to the VHMS
mineralisation, and resulted in a strong angular
unconformity between the Middle Silurian
Thorkidaan Volcanics and the overlying Lower
Devonian Snowy River Volcanics (Vandenberg and
O’Shea, 1981; Vandenberg et al., 1984).

Sampling and Analytical Techniques

Analytical data are presented in this paper for a suite
of the least altered, coherent volcanic and intrusive
units collected during a regional sampling program
in the vicinity of the Wilga and Currawong massive

sulfide deposits. The designation of samples to specific

stratigraphic units is based on the mapping of Allen
(1992). The majority of the samples from the Bluey’s
Creek Formation and Thorkidaan Volcanics were
from outcrop, whereas a considerable proportion of
samples from the comparatively poorly exposed
Gibson’s Folly Formation were obtained from drill
core in the vicinity of the Wilga and Currawong
deposits.

Samples were crushed initially in a jaw crusher,
and a hand-picked sub-sample of chips free of vein
material and vesicles was powdered in a tungsten
carbide mill. Major and trace elements were
determined onaPhilips automated XRF spectrometer
at the University of Tasmania using standard fused
' bead and pressed pellet techniques (Norrish and
Chappell, 1977). Rare earth elements were determined
by an ion-exchange-XRF technique at the University
of Tasmania (Robinson et al., 1986). Precision of the
REE analyses is typically in the range 1-4%, and 1-2%
for Sm and Nd. Nd isotope ratios were measured on
a Finnigan MAT 261 Thermal Ionisation Mass
Spectrometer in the Faculteit der- Aardweten-
schwappen, Vrije Universiteit following chemical
separation from0.1g sampleby standard ion-exchange
techniques in the Geology Department, University of
Tasmania (Stolz, 1995). Analyses are normalised to
146N d /144Nd = 0.7219, and during the course of the
study the LaJolla standard gave 143Nd/144Nd =
0.511848 + 8 (n=6). The routine total Nd blank was
about0.2ng and noblank corrections were necessary.

Chemistry

Representative major and trace element analyses of
volcanics from the footwall and hangingwall
sequences (Tables 1 to 4) are grouped principally
according to their stratigraphic designation.
However, the volcanics in the Gibson’s Folly
Formation are split into two geochemically and

geographically discrete suites. The major element
analyses have been recalculated to 100% on an
anhydrous basis to remove variations resulting from
different loss on ignition values. Samples with
obvious evidence of hydrothermal alteration have
not been included in this study, although very
weak sericitic alteration is present in many of the
silicic volcanics. As the volcanics wereall deposited
in a subaqueous setting (Allen, 1992) and have
subsequently experienced low grade (greenschist
facies) regional metamorphism, a greater reliance
has been placed on the immobile elements for
interpretation of original magmatic affinities
(MacLean and Barrett, 1993; Stolz, 1995).

Major and trace element data for the analysed
volcanic samples indicate the existence of five
distinctive rock suites within the stratigraphic package
encompassing the Upper Ordovician Bluey’s Creek
Formation through to the Upper Silurian Gibson’s

- Folly Formation. These suites correspond closely with

their designated stratigraphic and geographic
distribution. They include : (1) dacites and rhyolites
from the Bluey’s Creek Formation, (2) a relatively
high-Ti and a low-Ti suite within the Thorkidaan
Volcanics, (3) a basalt-andesite-dacite suite from the
Gibson'’s Folly Formation, and (4) a high-Ti andesite-
dacite suite from the Bumble Creek area (Fig. 1). A
plot of Zr/TiO; versus Nb/Y (Fig. 2) for the analysed
samplesindicates these suites collectively spanabroad
and continuous range of compositions (from basalt to
rhyolite), and all are characterised by relatively low
Nb/Y values suggesting subalkaline affinities. In a
plot of SiO; versus TiO; (Fig. 3) the separate suites
show a series of strong negative correlations
suggesting that silica concentrations have remained
relatively unmodified during regional metamorphism.
Nevertheless TiO; is used as the abscissa in most
subsequent plots as it is less likely to have been
mobilised and it also assists in discriminating the
various suites in these plots.

Bluey’s Creek Formation

These volcanics are dacitic to rhyolitic in terms of
their variation in silica contents and Ti/Zr values
(Table 1), and the least siliceous samples (~67 wt.%
5i09) have relatively high YFe;03, TiO3, P70s, Zr,
V, Cr, Sc and Ni contents (Figs. 3 to 5) compared
with the other siliceous volcanics in the area. These
rocks are characterised by increasing Zr, Ceand U,
and decreasing XFe;03, P05 and trace transition
element concentrations with decreasing TiO;. They
display a slight increase in Zr/Nb (17-25) with
decreasing TiO; (Fig. 6) which is similar to the
trend for the Gibson’s Folly basalt-andesite-dacite
suite, and they have relatively high Zr/Y values
(Fig. 7) which tend to increase with decreasing
TiO;. The dacites and rhyolites have moderately
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Table 1. Representative major and trace element analyses of volcanics

WY Wb

from the Upper Ordoviclan Biuey's Creek Formation

WY oOWwHvLYWwWHwowHDdbwwwidvdbb

BEJ11 BEJ10 BEJ6 BEJ4 BEJS BEJ7 RLA/ES54
Si02 66.79 66.88 70.78 71.78 73.98 74.26 74.56
TIO2 0.79 0.74 0.56 0.52 0.34 0.33 0.33
Al203 15.83 15.70 14.09 13.68 13.40 13.49 13.48
Fe203# 5.04 5.12 4.53 4.01 3.14 3.27 2.74
MnO 0.08 0.08 0.08 0.08 0.03 0.03 0.03
Mgo , 2.41 2.40 2.03 1.70 0.75 0.99 0.93
Ca0 2.60 2.72 1.75 2.23 0.90 0.65 0.68
Naz0 5.01 4.59 3.23 3.68 4.19 4.53 4.98
K20 1.29 1.62 2.81 2.17 3.19 2.38 2.20
P205 0.15 0.15 0.13 0.13 0.08 0.07 0.07
Total * 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Lol , 2.03 2.00 1.85 1.51 1.04 1.44 1.10
Sc _ 16 14 13 13 12 14 13
v 127 112 83 87 27 27 27
Ccr 41 53 14 13 3 2 3
Ni .16 20 5 6 2 1 1
Cu , 47 35 31 29 3 1 1
Zn 77 46 60 57 40 34 33
Pb 6 16 16 11 4 3 -3
Rb 34 39 69 59 94 51 52
Sr 193 216 142 137 103 95 85
Y 34 37 51 37 55 33 34
Zr . 184 184 200 197 242 240 241
Nb ' 10 11 9 9 10 10 10
Ba 256 319 606 460 527 464 368
Th : 14 15 13 12 14 11 14
u : 3 4 3 3 4 3 3
La 27.6 28 28.5 21 31 24 25
Ce 58.5 58 61.9 45 52 53 54
Pr ‘ 6.96 8.04
Nd 26.3 27 34.6 23 41 28 23
sm 5.60 7.64
Eu 1.28 1.42
ad 5.34 8.22
Th 1.02 1.37
Dy , . 5.43 8.22
Er X 3.86 4.63
Yb 2.76 3.97
(La/Yb)N 6.6 4.7
TIiZr 25.7 24.1 16.8 15.8 8.4 8.2 8.2
Zr/Nb 19.0 16.9 22.4 23.0 23.5 25.3 23.6
ZrlY 5.4 5.0 3.9 5.4 4.4 7.4 71

# Total Fe as Fep03; * Analyses normalised to 100% anhydrous

geochemical and mineralogical vectors to ore. November 1995
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Table 4. Representative major and trace element analyses of volicanics and a dioritic intrusive
from the Bumble Ck area

)

BEJ28 RLAKI14b BEJ26 BEJ22 BEJ23 BEJ2S BEJ24

Diorite . ;:;,r”
Si0z 48.81 54.23 57.54 58.22 62.10 ~ 63.35 65.05 @
TIO; 0.87 1.57 0.87 1.37 1.29 1.12 1.06
Al203 16.91 17.13 17.44 16.04 15.05 15.01 14.42 B
Fe203 # 14.02 11.70 7.94 9.99 8.83 8.07 7.68 @:
MnO 0.21 0.24 0.13 0.17 0.17 0.20 0.18
Mgo 6.48 4.33 4.40 5.05 2.37 2.09 3.42
Ca0 9.26 4.45 3.77 2.33 2.80 2.74 1.72
Naz0 3.10 5.83 7.63 5.04 8.31 6.37 5.31 @
K20 0.16 - 0.24 0.12 1.59 0.86 0.78 0.96 —
P05 0.18 0.28 0.16 . 0.20 0.22 0.27 0.20
Total * - 100.00 100.00 100.00 100.00 100.00 100.00 100.00 \
Lot 2.61 3.77 4.93 3.62 2.32 2.23 2.83 @
Sc 59 32 31 29 22 21 22
v 551 217 174 246 92 52 108
Cr . 12 ] 28 10 3 4 4 g
Ni 21. 4 21 6 1 2 2
Cu 156 27 42 27 16 16 21
Zn 11 120 71 100 95 109 167 .
Pb 1 2 4 2 3 4 5 @
Rb 2 6 .3 32 23 19 30
Sr 334 - 179 132 102 93 125 79 '
Y 15 40 - 38 47 44 50 47 E.Z
Zr 12 106 155 141 . 148 161 152
Nb 1 3 5 4 4 4 5
Ba , 44 102 105 277 184 198 189
Th _ 1 2 5 1 '3 4 _ 4 g
u : <1 1 1 1 1 1 1
La 2 7.54 12 8.74 11 11 16
Ce g 19.7 ‘26 22.1 25 25 32 A
Pr 2.83 3.25 @
Nd 8 14.3 14 15.9 ' 16 17 : 20
Sm : 4.10 4.78 ;
Eu 1.42 1.40 ,
o 5.76 6.20 @
Tb 1.05 :
Dy 6.19 7.29
Er 4.28 5.23 .
Yo 3.86 4.85 @:
(La/Yb)N- : 1.3 1.2 me——
Tilze 431.1 89.1 33.6 58.2 52.3 417 41.8 -
Zr/Nb ' 9.3 35.2 33.0 35.3 36.1 37.4 32.3 ;:
ZrlY 0.8 2.6 4.1 3.0 3.3 3.2 3.2 ,
# Totali Fe as FesO3; * Analyses normalised to 100% anhydrous @
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Fig. 2. Plot of Nb/Y versus Zr/TiO (after Winchester and Floyd, 1977) showing the complete range of

compositions from the host volcanic package.

LREE enriched ((La/Yb)N = 4.7-6.6) chondrite-
normalised REE patterns (Fig. 8) that are character-
ised by significant negative Eu anomalies.

Thorkidaan Volcanics ,

The Thorkidaan Volcanics are all rhyolites
characterised by a restricted range of silica values
(73-79 wt. %), but they can be divided (Fig. 3a) into
a relatively low-Ti (<0.1 wt.% TiO2) and a high-Ti
suite (>0.15 wt.% TiO3) that are distinguishable
using a number of geochemical parameters. The
high-Ti suite has higher XFez03, Sr, Zr, Zr/Y and
Zr/Nb (Figs 3, 4), whereas the low-Ti suite has
substantially higher Rb/Sr. Both suites have very
low concentrations of PoOs, V, Cr, Niand Sc that are
typical for such silicic compositions. In plots of
TiO2 versus Zr, Th, Ce and Zr/Nb (Fig. 4, 6), the
two suites display marked systematic decreases of

these components over a relatively restricted range
of TiO2 concentrations, although depletion is more
pronounced for the low-Ti suite. Moreover, the
depletion trends are subparallel rather than
contiguous suggesting that these volcanic suites
developed as discrete magmatic series.

Both low- and high-Ti suites show a decrease in
Zr/Y with decreasing TiO that is most marked for
the low-Ti suite, and despite the well known mobility
of Rb and Sr during regional metamorphism, the low-
Ti suite also shows a sharp increase in Rb/Sr with
decreasing Zr/Y (Fig. 7). The high-Ti rhyolite suite is
characterised by LREE enriched patterns with La ~
100x chondrite, and amoderate negative Eu anomaly.
The low-Tirhyolites mostly have flatter patterns with
variable overall enrichment in REE, and a marked
negative Eu anomaly. Sample BEJ31B has a TiO2
content that is transitional between the two groups,

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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and its REE pattern, although more similar to the
high-Tisuite, displays some evidence of relative HREE
enrichment compared with the other relatively Ti-
rich sample (B134/604; Fig. 9).

Gibson’s Folly Formation

In plots of SiO3 versus 3 Fe203 and TiO; (Fig. 3) the
volcanics from the Gibson’s Folly Formation display
quite coherent variation trends over a broad range
ofssilica concentrations (48-79 wt. % SiO7) spanning
basaltic to high-silica dacite compositions. This suite
is also characterised by systematic increases in Zr,
Th, U, LREE, and decreasing P20s, S¢, V, Crand Ni
with decreasing TiO2 (Figs. 4 & 5). The basaltic
rocks have flat or slightly. LREE enriched REE
patterns with La ~ 10x chondrite (Fig. 10). The
andesites and dacites display progressive overall
enrichment in REE which is slightly greater for the
LREE, and the mostevolved high-silica daciticrocks
are characterised by slight negative Eu anomalies.

High-Ti Andesite~Dacite Suite

The Bumble Creek andesitic to dacitic volcanics can
be distinguished from the Gibson’s Folly Formation
rocks by their substantially higher TiO2, P2Os5 and
2Fe;03 for a given S$iO7 content (Fig. 3). The high-
Ti suite also has higher Zr, and LREE, overlapping
Th, U, Sc, and generally lower Cr, Ni and V than
rocks of similar SiO; content from the Gibson’s
Folly Formation. In plots of TiO3 versus Zr, V, Ce,
U and Sc (Figs. 4 & 5, not all shown) the high-Ti
andesite-dacite suite generally shows coherent
variation trends that in many cases are transitional
to the rocks of the Bluey’s Creek Formation. The
andesites of the high-Ti suite have almost flat REE
profiles at ~ 20-30x chondrite with a slight negative
Eu anomaly (Fig. 8).

Nd Isotope Data

Nd isotopes provide a useful method of characterising
the source materials of ancient volcanic rocks due to
therelatively robustbehaviour of the REE during low
grade regional metamorphism and sea-floor alteration
{Whitford et al.,, 1989; Stolz, 1995). The Nd isotope
analyses corrected for inferred age of emplacement
(Table 5) suggest that the 4 chemically distinguishable
suites of volcanics were derived from at least 3
isotopically discrete sources (Fig. 11). The dacites and
rhyolites of the Bluey’s Creek Formation have
©Nd(440Ma) = =8.3 to -9.1. This is within the range of
the Thorkidaan Volcanics which have eNd(420Ma) =~
2.2t0-9.8, but with 3 of the 4 analysed samples in the
range eNd(420Ma) =—5-1t0-9.8. In contrast the Gibson's

Folly Formation basalts, andesites and dacites have
eNd(415Ma) = +2.0 to ~0.5, and the high-Ti Bumble
Creek suite have eNg(415Ma) = +5.2 t0 5.9. It could be
reasonably argued that the absolute ages for the
various suites are not well constrained, and that the
various phases of volcanism may have occurred over
a much shorter time interval. However, recalculation
of the eNg values at a single age results in very little
change, and has no significant affect on the substantial
differences in Nd isotopic signature that characterise
these suites.

The relatively large negative eng values of the
silicic volcanics from the Bluey’s Creek Formation
and the Thorkidaan Volcanics closely overlap the
ranges of values displayed by S- and I-type granitoids
from the Lachlan Fold Belt (i.e eNd(400Ma) = —6 to =10
and 0 to -9, respectively; McCulloch and Chappell,
1982). Some samples of the Bluey’s Creek Formation
have pseudomorphs after hornblende phenocrysts
suggesting an affinity with the I-type suite, whereas
the Thorkidaan Volcanics commonly contain biotite
phenocrysts and hornblende is absent suggesting
they are more closely affiliated with the S-type
magmatism in the region. Whatever the specific source
rocks for these volcanics were, their relatively
unradiogenic Nd isotope signature suggests they had
arelatively long-term LREE-enriched history, or that
the magmas have assimilated a large proportion of a
component with an old continental crustal Nd isotope
signature.

The range in eng values for the Gibson’s Folly
Formation is essentially identical to that of basaltic to
rhyolitic volcanics of the Silurian Gundary Formation
(eNd(426Ma) = +2.3t0-0.6) from the Wollondilly Basin,
eastern Lachlan Fold Belt (Fig. 12, Jones et al., 1995).
The Wollondilly Basin is adjacent to the Hill End
Trough which hosts the Woodlawn and Captains Flat
VHMS deposits. The basalts from the Wollondilly
Basin have some major and trace element differences
to the Gibson’s Folly Formation, but they appear to
havebeenderived fromanisotopically similar mantle
source. .

The high-Ti volcanics from the Bumble Creek area
also have a distinctive isotopic signature (eNd(415Ma)
= +5.2 to 5.9) which is most similar to Ordovician
volcanics that occur extensively in the Lachlan Fold
Belt from Goonumbla to Orange in New South Wales
(eNd(450Ma) = +5.8 to 7.6; Sun and Wybomn, 1994).
However, these Ordovician volcanics are dominantly
shoshonitic and have a clear subduction-related
geochemical signature characterised by relatively low
TiO9, Nb and Zr in mantle-normalised trace element
plots (Wyborn, 1992).
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Fig. 3. Plots of (a) SiO3 versus TiO3, (b) SiO2 versus 2Fe as Fe;03 for the host volcanics.
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Table 5. Nd isotope data for the Benambra volcanics

147 144 143 144 '
_ Sm/ Nd ( Ndj Nd)m Eng *
Bluey's Ck
Formation .
BEJ6 Dacite 0.133506 0.512031 + 4 -8.30
BEJ11 Dacite 0.128739 0.511974 + 11 _ -9.14
Bumble Ck
Voicanics
BEJ22 Andesite 0.181804 0.512897 + 12 ) 5.85
RLAK14b Andesite 0.173386 0.512841 + 12 5.20
Thorkidaan
Voicanics
BEJ1 . Rhyolite 0.231093 0.512232 +7 -9.78
BEJ12 Rhyolite 0.214990 0.512301 + 8 -7.56
BEJ31B Rhyolite 0.116265 0.512306 + 6 -2.16
B134/604 Rhyolite 0.115901 0.512153 + 4 -5.13
Gibsons Folly :
Formation .
W171/67 Basalt 0.171903 0.512544 1+ 18 -0.52
B4/5 Andesite 0.195714 0.512621 + 11 ~0.28
" B135/15 Dacite 0.134567 0.512570 + 9 1.97
B135/111 Dacite 0.149715 0.512581 + 4 1.38

# Eng values calculated assuming ageé of 440 Ma for the Biuey's Ck Formation, 420Ma for the
Thorkidaan Volcanics, and 415Ma for the Gibson's Folly Formation and Bumbie Ck volcanics.
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Discussion

Relationships within and between suites

The geochemical and isotopic data provide good.

constraints on the sources of the volcanics in the
Benambraarea, and also on the possible relationships
within and between the suites. The generally coherent
relationships displayed by the volcanics from the
Gibson’s Folly Formation in various plots, including
SiO; versus Y. Fe2O3 and TiO; (Fig. 3), and TiO2 versus
Zr, Th, Sc, Niand Zr/Nb (Figs 4 to 6), together with
the continuous range of compositions from basalt to
high-silica dacite, suggest these rocks comprise a
cogenetic suite. The systematic decreases in TiOg,
MgO, XFe203, CaO, P20s5, Cr, Ni and Sc with
increasing SiO2 which characterise the suite are
consistent with well established fractionation trends
for modern calcalkaline suites (Gill, 1981; Ewart, 1982).
This interpretationisalsosupported by thesystematic
increase in 3 REE concentrations over the composition
range basalt-dacite, with the latter also showing an
increase in (La/Yb)N reflected in somewhat more
LREE-enriched patterns, and slight negative Eu
anomalies that reflect plagioclase fractionation.
Fractionation in the early stages was most likely
controlled by separation of olivine and pyroxene,
followed by plagioclase and homblende with minor
Fe-Ti oxide and apatite in the andesitic to dacitic
rocks. Metamorphic effects have largely obscured the
evidence for these fractionating phases, although
plagioclase is usually preserved (albeit albitised), and

chloriticaggregates in some of the andesiticand dacitic

rocks may be altered ferromagnesian phenocrysts.
The similar éNd(415Ma) values for the basaltic, andesitic
and dacitic rocks from the Gibson’s Folly Formation
{Table 5) provide additional strong support for their
cogenesis and an origin by fractionation of a basaltic
parent magma derived from a mantle characterised
by a Bulk Earth Nd isotope signature.

The markedly different end values of the
Thorkidaan Volcanics compared with the Gibson's
Folly Formation indicates that there is no genetic
relationship between the two suites. This, coupled
with the large volume of the silicic volcanics, and the
absence of more basic and intermediate associates
strongly suggests a separate origin for the Thorkidaan
Volcanics by partial melting of pre-existing crustal
rocks. Furthermore, their large negative €nd values
suggest a source with a substantial time-integrated
history of LREE enrichment. The most likely source
would be Proterozoic metamorphic middle to lower
crust, although Ordoviciansedimentary unitsderived
by reworking exposed Precambrian basement material

" may also be appropriate. The two discrete suites

within the Thorkidaan Volcanics evident from the
chemical variation diagrams (Figs 4, 7) indicate that
some fractionation of the silicic magma occurred in

high-level magma chambers. The relatively low- and
high-Ti suites appear to have evolved separately as
their chemical variation trends are not continuous.
The generally lower 3Fe;O3, TiO, Sr, Ba, Zr/Y, La/
Yb and more pronounced negative Eu anomalies of
the low-Ti Thorkidaan rhyolites suggests they have
experienced the most extensive fractionation which
was probably dominated by alkali feldspar and sodic
plagioclase. Marked depletion of Zr, Thand the LREE,
coupled with Y and HREE enrichment in both suites
suggests trace element fractionation was controlled
by accessory phases such as zircon and allanite. A
number of studies (e.g. Miller and Mittlefehldt, 1982;
Rapp and Watson, 1986; Wark and Miller, 1993) have
demonstrated the strong control on the Zr, Th and
REE concentrations of silicic meltsby the fractionation
of relatively minor quantities of these phases, the
solubility of which is substantially decreased in high-
silica rhyolites compared with less evolved magmas.

The €ngd values for the dacites and rhyolites of the
Bluey’s Creek Formation overlap those of the
Thorkidaan Volcanics suggesting derivation from
similar source materials. However, this suite is
characterised by significantly higher TiO;, Fe;03,

" AlbO3, P20s5, Sc, V, Zr and lower Rb than the
" Thorkidaan rhyolites at sitnilar SiO; contents. These

differences, coupled with the contrasting I-type and
S-type mineralogical characteristics of the Bluey’s
Creek rocks and Thorkidaan Volcanics, respectively,
suggest they had different origins. The Bluey’s Creek
Formation rocks display a moderate range of
compositions (66.8 to 74.6 wt.% SiO2) characterised
by coherent variation on chemical variation diagrams
(Figs 3 to 6), and which appear broadly consistent
with progressive fractional crystallisation involving
separation of plagioclase, amphibole, magnetite and
minor apatite from an andesitic melt. In plots of TiO;
versus Zr, V, Ce, U and Sc (Figs 4, 5, not all shown) the
high-Ti andesite-dacite suite from the Bumble Creek
area generally show coherent variation trends that
appear contiguous with the rocks of the Bluey’s Creek
Formation suggesting a cogenetic relationship
between these suites. However, similar plots of TiO;

- versus Ni, Zr and Zr/Nb, (Figs 4 to 6) do not support

thisinterpretation. Inaddition, themarkedly different
eNd values of the two suites (Fig. 11) confirms their
different sources and independent origins.

Early development of the Lachlan Fold Belt

The tectonic development of the Lachlan Fold Belt
(LFB) during the early to mid- Palaeozoic has been
extensively studied, yet many aspects of the early
history remain controversial (e.g. Cas, 1983; Powell,
1984; Crawford et al., 1984; Scheibner, 1987; Collins
and Vernon, 1992; Fergusson and Coney, 1992a).
Anexcellent, relatively recent review of the geology
and interpretations of the regional tectonic

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
" geochemical and mineralogical vectors to ore. November 1995
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development of the LFB is provided by Coney etal.
(1990). The oldest rocks exposed in the LFB are
Cambrian metabasalts that occur as a series of
narrow, N-S trending faultbounded belts restricted
to the western half of the LFB. These were originally
interpreted as ensimatic crustal basement to the
LFB developed in aback-arc basin (Crawford etal.,
1984). However, probable Middle Cambrian
correlatives from western Tasmania have been
interpreted as part of a forearc volcanic package
that was obducted on to the Proterozoic cratonic
margin during a Middle Cambrian arc-continent
collision (Berry and Crawford, 1988). This model
may also be applicable to the Victorian greenstone
packages, with their present configuration resulting
from subsequent deformation.

A very thick and laterally uniform sequence of
marine turbidites was deposited during the
Ordovician and early Silurian. This may represent a
huge submarine fan derived by erosion of the Late
Proterozoic cratonic margin (Fergusson and Coney,
1992b) that was uplifted asa result of an arc-continent
collision in the Middle Cambrian. In the eastern part
of the LFB, extending from the New South Wales-
Victorian border northward towards Parkes and
Dubbo in New South Wales there are several belts of
Ordovician volcanics and associated intrusives
(Wyborn, 1992). The mafic types are dominated by
shoshonitic compositions with a relatively depleted
mantle-like Nd isotope signature (ENd(480) = 5-8; Sun
and Wyborn, 1994), but volumetrically subordinate
tholeiitic basalts also occur in the southern part of the
belt (Wyborn, 1992). In earlier tectonic models (Cas;,
1983; Powell, 1984) these volcanics were interpreted
as the remnants of an Ordovician volcanic arc (the
Molong Arc), however Wyborn (1992) argued that
they were more likely erupted in an extensional
intraplate setting, and they were derived from oceanic
mantle thathad been metasomatised during an earlier
(probably Cambrian) subduction event. The entire
LFB sequence underwent substantial deformation as
a result of the early Silurian Benambran Orogeny
culminating in the development of the high-

temperature, low-pressure Omeo Metamorphic

Complex and associated syntectonic granitic
magmatism.

Tectonic setting of the Silurian volcanics and VHMS
deposits

The Middle Silurian to Late Devonian represents a
period during which there was extensive silicic
magmatism in the LFB, dominated by I- and S-type
granitic intrusives (Chappell, 1984; Chappell et al.,
1988), with subordinatebut nevertheless substantial
volumes of silicic volcanics and volcaniclastic rocks.
During the Middle Silurian, a number of roughly
N-S oriented elongate troughs developed in the

eastern LFB (Fig. 12). These include the Cowra
Trough, Hill End Trough, Wollondilly Basin and
Captains Flat-Goulburn Trough in New South
Wales, and the Wombat Creek Graben and
Limestone Creek Graben in northeastern Victoria,
the latter which hosts the Wilga and Currawong
mineralisation. Other significant Silurian Cu-Zn-
Pb VHMS deposits that occur in the Captains Flat-
Goulburn Trough insoutheastern New South Wales
include the Woodlawn (McKay and Hazeldene,
1987) and Captains Flat deposits (Bain et al. 1987;
Davis, 1990).

As with the tectonic history of the LFB during the
Ordovician, there has been considerable debate about
the presence or absence of an active arc in the eastern
LFB during the Silurian. Powell (1984) proposed a
modelinvolving regional dextral shearin southeastern
Australia associated with a transtensional boundary
between the palaeo-Pacific plate and the eastern
margin of Gondwana. This is considered to have
resulted in lithospheric extension producing a series
of narrow trough structures accompanied by bimodal
basic and silicic magmatism. Scheibner (1974) and
Degling et al. (1986) prefer a back-arc setting for the
eastern LFB at this time with an arc and subduction
zone located somewhere to the east of the present east
coastline of Australia. The lack of obvious evidence
for a constructional continental margin arc is a major
short-coming of this model. However, a back-arc
basin setting has also been proposed for the somewhat
older (Cambrian) Mt Windsor Volcanic Belt in
northern Queensland (Stolz, 1995) where the arc front
deposits are no longer evident. The occurrence of the
Middle Silurian silicic volcanics in narrow troughs
clearly supports an extensional environment with
crustal melting likely to be facilitated by intrusion of
mafic magmatism generated as a result of lithospheric
thinning and mantle upwelling. The predominance
of silicic magmatism over more mafic volcanic
products suggests that much of the mafic magmatic
component may have solidified near the crust-mantle
boundary underplating the lower crust.

The isotopic and chemical characteristics of the
Silurian mafic volcanics from the LFB are not well
documented, however the scattered literature data
suggestsignificant variability. MiddleSilurian basaltic
to andesitic volcanics from the Gundary Formation in
the Wollondilly Basin (Fig. 12; Jones et al., 1995) differ
from the Gibson'’s Folly Formation basalts in that they
are shoshonitic and are characterised by significantly
higher K20, P,Os, Rb, Sr, Zr, Th, >REE and La/Yb at
similar SiOp, TiO», Al,O3, MgO, CaO. However, both

_suites have a distinctive subduction-related geo-

chemical signature (negative Nb anomalies in N-
MORB normalised plots, Fig. 13) and essentially
identical eng values (i.e. 2.3 to -0.6 and 2.0 to -0.5),
suggesting an isotopically similar mantle source
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characterised by variable enrichment in large-ion-
lithophile elements. The shoshonitic compositions of
the basalts from the Wollondilly Basin appear to
indicate an extension into the Silurian of the
Ordovician shoshonitic volcanism, although their
different Nd isotope characteristics indicate some
source differences. The only relatively low Ti
tholeiitic rocks in the LFB of possible Ordovician age
that are broadly comparable with the Gibson’s Folly
suite, are the Gooandra Volcanics in southern New
South Wales (Owen and Wybom, 1979). However,
Wyborn (1992) suggests these may be Early Silurian
in age. »

Mafic intrusives and eruptives are also closely
associated with the Silurian Woodlawn, Captains Flat
and Currawang VHMS deposits in southeastern New
South Wales. At Woodlawn the mafic rocks are
intrusive (dolerites), and although they post-date the
mineralisation, their emplacement into uncon-
solidated sediment immediately overlying the deposit
(McKay and Hazeldene, 1987) suggests they are only
slightly younger. These intrusives have been
correlated with pillow basalts that form the footwall
to the Currawang Cu-Zn deposit that occurs
approximately 10 km northwest of the Woodlawn
deposit. Theavailable data for Woodlawn maficrocks
(Petersen et al., 1977) indicate quite different
compositions to the Gibson’s Folly Formation. These
rocks are characterised by relatively high TiO; (1.7 -
2.2 wt.%), P205 (0.32 - 0.43 wt.%), Zr (150 - 200ppm),
Nb (9 — 14ppm), Cr (>250ppm) and Ni (>100ppm),
and they are comparable with many intraplate
tholeiitic rocks and flood basalts (cf. BSVP, 1981;
Wilson, 1989). Some of these characteristics (e.g. high
TiOy) are also a feature of the Bumble Creek rocks, but
the latter are generally more evolved and have
significantly lowerMgO, P20s, Ni, Cr, Zrand Nb, and
higher Al;03, Y, and Zr/Nb. Unfortunately there are
no published Nd isotope data available for the mafic
rocks associated with the Woodlawn, Captains Flat
and Currawang deposits, so it remains unknown if
they were derived from a mantle with depleted
isotopic characteristics similar to the Bumble Creek
volcanics, orisotopically less depleted mantle similar
to the other Silurian volcanics from the Cowombat
Rift and the Wollondilly Basin.

The chemistry of the Gibson’s Folly suite is
consistent with its eruption in a continental back-arc
setting similar to the Okinawa Trough which is
currently developing on stretched continental
lithosphere behind the Ryukyu Arc (Letouzey and
Kimura, 1985). Comparison of the compositions of
basaltic rocks from the Gibson's Folly Formation and
the Okinawa Trough (Fig. 13) indicate very similar
characteristics that are also similar to E-MORB (Sun
and McDonough, 1988) with the exception of a
significant relative depletion of Nb in the Gibson’s

Folly and Okinawa Trough rocks. This relative
depletion in Nb is a distinctive feature of volcanics
formed both at the arc front and during the early
stages of back-arc basin development (Stern et al.,
1990). The occurrence of active hydrothermal systems
and modern massive sulphide depositsin the Okinawa
Trough (Halbach et al., 1989) supports the approp-
riateness of the comparison with the Benambra
volcanics, although the lack of evidence for the
presence of a volcanicarc to the east of the Cowombat
Rift during the Silurian remains problematic.

The very similar Nd isotope signatures of the
Ordovician volcanics and the Bumble Creek volcanics
suggests a link between the latter and the Ordovician
volcanism which would be consistent with the
presence of predominantly faulted contacts between
the Bumble Creek volcanics and the established
Silurian sequences. Earlier studies of the region
suggested a closer affiliation of the Bumble Creek
rocks with the Ordovician Nine Mile Creek Volcanics
(Ramsay and Vandenberg, 1986), although in
subsequent mapping they were regarded as lateral
equivalents of the Gibson’s Folly Formation due to
their spatial association with limestones similar to
those within the Enano Group to the southwest (Fig. 1;
Allen, 1992). However, the Bumble Creek rocks are
chemically somewhat differentfromboth the Gibson’s
Folly Formation basalts and the Ordovician volcanics.
A further possibility is that the Bumble Creek volcanics
were derived from an evolving mantle source region
shortly after the Gibson'’s Folly Formation basalts. In
this scenario the early volcanism is generated from
subduction modified mantle, whereas the later
magmatism is derived from mantle that has not
experienced significant modification by subduction
processes. Stolz (1995) proposed a similar model to
explain a change in the composition of the basalts of
the Cambrian Mt Windsor Volcanic Belt with time
from relatively low-Ti basalts characterised by a
marked subduction signature to relatively high-Ti
basalts and andesites with many similarities to the
Bumble Creek rocks. Oceanic back-arc basin basalts
(e.g. Mariana Trough, Stern et al., 1990) commonly

- display a similar change in compositions from early

eruptives with a well-developed subduction signature
to more normal MORB compositions as the site of
back-arc basin magma generation becomes more
remote from the subduction zone. A significant
difference between the relatively high- and low-Ti
rocks from the Cowombat Rift and the Mt Windsor
belt is that the latter are characterised by similar Nd
isotopic signatures, whereas the Bumble Creek rocks
have substantially different eng values to the Gibson's
Folly Formation. This could reflect in the source of the
Bumble Creek Volcanics a smaller contribution to a
depleted mantle source of a subduction component
with a relatively low end value. However, the

geochemical and mineralogical vectors to ore. November 1995
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preferred interpretation is that the Bumble Creek
volcanics are of Ordovician age due to the restricted
and different ranges of isotopic characteritsics for the
Ordovician and Silurian volcanics evident from other
studies, and because of the lack of gradational chemical
and isotopiccharacteristics between the Bumble Creek
and Gibson’s Folly suites.

As theOrdovicianshoshonitic volcanics insouthern
New South Wales are no longer considered the
remnants of an Ordovician arc (Wyborn, 1992), the
earliest post-Cambrian evidence of arc magmatism in
eastern Australia is provided by the Late Silurian-
Early Devonian Calliope Arcvolcanics in the northern
New England Fold Belt (Murray, 1986). However, the
compositions of the Calliope volcanics suggest they
were erupted in an oceanic island arc setting, and the
arc was subsequently accreted onto the eastern
Australian margin (Day et al., 1978; Powell, 1984).
Continental margin arc volcanism does not appear to

have been established in the New England Fold Belt’

until the Carboniferous when the Connors Arch
volcanics were produced. Although there was
widespread silicic volcanism and intrusive activity in
the LFB during the Silurian, Devonian and
Carboniferous, this is spread over the entire 800km

width of the LFB (Chappell et al., 1988; Coney et al.,

1990), and does not appear to be related to concurrent
subduction activity. However, Fergusson and
Vandenberg (1990) argued for the existence of a
Silurian arc located close to the present coast of
southeastern Australia based on the presence of an
apparent subduction complex in the Bungonia-
Goulburn area. The deformation in these apparent
forearc rocks was originally interpreted in terms of a
west dipping subduction zone (Powell, 1984;
Fergusson and Vandenberg, 1990; Fergusson and
Coney, 1992a), although subsequently it has alsobeen
interpreted as related to an east dipping subduction
zone (Fegussonand Coney, 1992b). A model involving
a west dipping subduction zone near the present
continental margin may be consistent with the
distribution of granitoids in southeastern Australia.
The north-south oriented I-S line separates
dominantly S-type granitoids in the west from
exclusively I-type granitoids to the east (White et al.,
1976). The concentration of I-type magmatism in a
discrete linear belt may be reflecting the roots of a
Silurian arc that has been removed by erosion, or the
remobilisation of material that was underplated
during Silurian subduction-related magmaticactivity.

The characteristic subduction-related geochemical
signature of thebasalts in the Gibson’s Folly Formation
indicates they were derived from a subduction-
modified mantle source. However, there is good
evidence both from modern arcs (Johnson et al., 1978;
Stolz et al., 1993) and ancient volcanic packages
(Wyborn, 1992) that a subduction modified source

may be tapped well after subduction has ceased, most
likely during a period of post-collisional extension.
Hence the geochemical data for the volcanics from the
Cowombat Riftdonot provideclearsupport for either
a transtensional margin or a back-arc setting during
the Silurian, although it is difficult to explain the
periodic strong episodes of deformation within the
LFB from the Lower Silurian to Lower Devonian in
the absence of a proximal convergent margin
(Fergusson and Coney, 1990). The considerable
uncertainty that surrounds the existence of an arc in
the LFB during the Silurian attests to the difficulty in
producing a coherent tectonic model for this complex
terrane.

Basement to the Lachlan Fold Belt
There has been considerable debate in the literature
regarding the composition of the basement to the
LFB (e.g. McCulloch and Chappell, 1982; Cas, 1983;
Crawford etal., 1984; Chappell etal., 1988; Coney et
al., 1990; Fergusson and Coney, 1992a). Early models
that envisaged deposition of the Ordovician
turbidites on oceanic lithosphere are inconsist-
ent with Nd isotope and P-T constraints on
subsequent derivation of S- and I-type granitoids
by partial melting of the middle to lower crust
(Chappell et al., 1988; Coney et al., 1990). The
relatively large negative €nvq values of the S-type
granitoids (€ne = =5 to-13; McCulloch and Chappell,
1982), and coeval eruptives such as the Thorkidaan
Volcanics (Table 5), indicate derivation from
relatively old crustal material with a substantial
time-integrated history of LREE enrichment.
Depleted mantle model ages suggest that this crustal
material is of Upper Proterozoic age (McCulloch
and Chappell, 1982). Estimates of the maximum
thickness of the sedimentary package are typically
~10km, and segregation of the S-type melts probably
occurred ata depth of about20-25km. Thissuggests
that the source for the S-type granitoids was not the
Ordovician turbidite package, although it was
probably similar late Proterozoic crustal material
to that from which the Ordovician sediments were
derived. Crawford et al. (1984) suggested that a
wedge of continental crust may have been thrust
westward under oceanic crust providing the
basementsource for the S-type granitoids. However,
Fergussonand Coney (1992a) suggest thisis unlikely
as it does not explain the complex deformation
pattern in the LFB.

The substantial overlap between the Nd isotope

ratios of the S- and I-type granitoids is somewhat °

problematic if they are considered to be derived from
discrete sedimentary and igneous sources, res-
pectively (Chappell and White, 1974; Chappell and
Stephens, 1988; White and Chappell, 1988). This
problem is highlighted by the large negative eng
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values (ENd =-8.2t0-9.1) and depleted mantle model
age of 1100 Ma for the source of the hornblende-
phyricdacitic (I-type) volcanics from the Bluey’s Creek
Formation. If the I-type granitoids were derived from
an igneous source, their relatively large negative end
values mustbe attributed to continuous underplating
and aging of the igneous source materials over a
considerable time interval (McCulloch and Chappell,
1982), or they were inherited from igneous lower
crustal material that was characterised by a substantial
subduction component (Chappell and Stephens, 1988).
Gray (1984) proposed that the geochemical and
isotopic character of many of the LFB granitoids and
volcanics could be explained by a simple mixing
model involving contamination of mantle-derived
magmas by Ordovician turbidites. However, although
much of the Nd, Sr and O isotopic data of the S- and
I-type granitoids can be modelled in terms of mixing
of a depleted mantle component and an older
continental crustal component, the very large crustal
componentin many I-type magmas inferred from the
isotopic data is inconsistent with many of their major
and trace element characteristics (McCulloch and
Chappell, 1982; Chappell and Stephens, 1988; White
and Chappell, 1988).-

An alternative explanation is that the underplated
I-type source materials assimilated substantial

- amounts of Proterozoic lower crustal material at the

time of their emplacement. This could have occurred
at any time between the late Proterozoic and Early
Silurian, depending on the amount of material
assimilated. Anearly Silurian age for theemplacement
of the I-type souce rocks would be consistent with the
inferred extensional tectonic environment and
associated mafic magmatism. However, this model
would require substantial assimilation of Upper
Proterozoiclower crustal material by the underplating
magmas as there would be negligible time forisotopic
evolution of unmodified mantle-derived compositions
to produce the relatively radiogenic Sr and
unradiogenic Nd isotope compositions that charac-
terise the I-type granitoids. Assimilation of crustal
material during crystal fractionation (DePaolo, 1981)
hasbeen proposed toexplain the relatively radiogenic
Sr and unradiogenic Nd isotopic characteristics of
continental flood basalts and iritrusives (Carlson etal,
1981). Chemical and isotopic variations in lower crustal
mafic xenoliths have also been explained by this
mechanism (Rudnick et al., 1986; Rudnick and
Goldstein, 1990), and substantial changes in theisotope
signature can accompany relatively small changes in
the bulk composition of the magma. Partial melting of
mafic to intermediate lower crustal rocks modified in
this mannermay explain the I-type chemistry coupled
with the more continental crust-like Nd, Sr and O
isotope characteristics of the I-type granitoids and
volcanics in the LFB.

Pb isotope data for the I- and S-type granitoids
from the LFB (McCulloch and Woodhead, 1993)
indicate a very restricted range of compositions with
substantial overlap between the granitoid suites and
the Ordovician sedimentary.rocks which they have
intruded. McCulloch and Woodhead (1993) proposed
that the limited range in Pb isotope ratios coupled
with the relatively large range in Sr and Nd isotope
ratios for the granitoids reflected homogenisation of
the Pb in their source regions by deep crustal-scale
fluid advection systems. However, assimilation of
relatively Pb-rich sedimentary material (6-33 ppm,
McCulloch and Woodhead, 1993) with a restricted
range of Pb isotope ratios during fractional
crystallisation of relatively Pb-poor basic magma
(~1-2 ppm) could also produce an igneous source
with a fairly uniform Pb isotope composition and yet
maintain a significant range in the Sr and Nd isotope
ratios due to the substantially greater difference in Pb
(compared with the Sr and Nd) concentrations

between the assimilating magma and the assimilate.

The importance of silicic magmatism to mineralisation
Considerable importance hasbeen attributed to the
rhyolitic rocks associated with massive sulphide
deposits in influencing the development of
mineralisation. The implied role of the silicic
magmatism differs depending on the preferred
model for the genesis of these deposits and either
involves (1) a passive role whereby the metals are
leached from footwall silicic volcanics by seawater-
dominated hydrothermal fluids (e.g. Spooner and
Fyfe, 1973; Franklin et al., 1981; Ohmoto et al.,
1983), or (2) a more direct role through exhalation
of base metal-rich fluids from crystallising high-
level silicic magma bodies (Urabe and Sato, 1978;
Sawkins and Kowalik, 1981; Urabe, 1987; Stanton,
1990, 1994). Solomon (1976) made the important
observation that about 50 percent of massive
sulphide deposits have a footwall package
dominated by rhyolitic volcanics and volcaniclastic
rocks. These were predominantly Zn-Cu and Zn-
Pb-Cu type deposits, the names reflecting the
relative metal concentrations in the deposits. In
contrast, the Cu-Fe or Pb-poor Cyprus-style deposits
are apparently never associated with rhyolitic
volcanics (Solomon, 1976). These relationships were
interpreted as indicating derivation of the Pb in the
Zn-Pb-Cudeposits fromrelatively Pb-rich rhyolites
(12-20 ppm Pb), whereas ocean-floor basalts with
< 1ppm Pb are incapable of providing significant
Pb to spatially associated deposits regardless of the
mechanism by which metals are enriched.
Anadditional feature of many of the rhyolite hosted
VHMS deposits is that there is commonly no basic or
intermediate (mantle-derived) volcanism occurring
as a precursor to the silicic volcanism (Sillitoe, 1982;
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Large, 1992), and the mineralisation is located either
at the interface between the silicic volcanics and
overlying sequence or within the overlying mixed
basalt-andesite-dacite package as in the case of the
deposits from Benambra and the Mt Windsor Volcanic
belt (Stolz, 1995). This relationship suggests that the
basic magmatism exerts a more important influence
on the mineralisation process than the silicic
magmatism. :

Stanton {1985, 1990, 1994) has been one of the most
enthusiastic proponents of a magmatic source for the
metals in VHMS deposits and argued for a close
relationship between the magmatic evolution of the
calc-alkaline rock series in island arc settings and the
type of associated mineralisation, the Zn-Cu type
deposits being related to the basalt-andesite stage of
fractionation, and the Zn-Pb-Cu-type more closely
related to the dacite-rhyolite stages of volcanism. In
addition, Urabe (1987) argued on the basis of the close
spatial relationship between massive sulphide
deposits and dacitic to rhyolitic domes in the
Hokuroko district, as well as other chemical features
of the ores, that subvolcanic silicic magmas are an
important source of metals in the deposits via an
exsolved volatile phase. There is also fluid inclusion
and isotopic evidence from modern hydrothermal
systems (de Ronde, 1995) and the Cambrian Hellyer
deposit from western - Tasmania (Khin Zaw et al.,
1995) that suggest a significant component of the
mineralising fluids may be derived from a magmatic
source. However, there seems tobe general agreement
that relatively small intrusions of silicic magma of the
type thatoccur in the footwall to many VHMS deposits
(cf. Campbell et al., 1981) would not have sufficient
latent heat of crystallisation to drive a hydrothermal
convection cell of the size necessary to leach the
quantity of metals occurring in even a small VHMS
deposit (Cathles, 1978, 1983; Lydon, 1989). Thermal
balance calculations indicate that relatively large,
shallow and hot convecting magma bodies are
necessary to provide sufficient heat to drive a
hydrothermal convection system of the magnitude
required to produce areasonable size massive sulphide
deposit (Cann et al., 1985; Strens and Cann, 1986).

The results of this study provide no direct support
foreither aleaching or magmaticsource for the metals
in the deposits. However, the recognition from the
isotopic and trace element data for the Benambra
volcanics and also the Mt Windsor Volcanic belt
(Stolz, 1995) that there are two chemically and
isotopically discrete suites of silicic volcanics
associated with massive sulphide deposits in some of
these belts is important. It enables us to distinguish
silicic volcanic packages derived by partial melting of
older sedimentary rocks that are unlikely to be
mineralised from those produced by fractionation of
basaltic or andesitic magmas. Blevin and Chappell

(1992) demonstrated a close relationship between
highly fractionated, relatively reduced S-type
granitoids and Sn-W mineralisation in the Lachlan
Fold Belt, whereas Cu-Au mineralisation appears to
be associated with relatively unfractionated and
oxidised, intermediate I-type magmas. Due to the
relatively reduced character of the sediment-derived
S-type magmas, sulphides are precipitated early,
depleting the melt in sulphur and base metals. The
preference of the Sn-W mineralisation for S-type
magmas and Cu-Au mineralisation with more
oxidised systems is also supported by experimental
work discussed by Candela (1989).

Perhaps most important from the exploration
perspective is the observation that in some belts the
appearance of the VHMS mineralisation can be
correlated with a marked change in the composition
and style of the volcanism from these crustal-derived
silicic eruptives to a mantle derived basalt-andesite-
dacite suite. Moreover, where a thick package of S-
type silicic volcanics is erupted prior to any basaltic,
andesitic or dacitic volcanics, the rhyolitic package is
unlikely to be mineralised. The appearance of the
basalticmagmatism seems necessary to either provide
the heat to initiate a substantial hydrothermal
convection cell, or the fractionating basalt-andesite-

-dacite suite is necessary as a direct magmatic source

of metal-rich hydrotherinal fluids (e.g. Fig. 14). If on
the other hand, the mafic magmatism has preceded or
been active concurrently with the S-type silicic
magmatism, mineralisation may potentially occur
anywhere within the sequence, and the recognition of
these discrete magma types will be of limited use in
exploration.

The broader significance of these conclusions to
other mineral fields is uncertain because the data
necessary to distinguish these different groups of
silicic rocks is generally lacking. Sillitoe (1982) noted
that a substantial proportion of VHMS deposits with
a felsic footwall package do not have an earlier phase
of mafic magmatism, and some of these sequences
may include crustal derived silicic melts. For the well
studied Kuroko deposits where some isotopic data is
available, the general stratigraphic relationships
indicate both pre-ore and post-ore phases of basaltic
volcanism, but the pre-ore basalts apparently do not
occur in close association with the deposits (Urabe,
1987). The Sr isotopic data for the host volcanics to the
Kuroko deposits does notindicate the presence of two
isotopically distinct suites of silicic volcanics. The
rhyolites all have significantly less radiogenic Sr than’

the analysed basement rocks from the district (Farrell

and Holland, 1983), and are therefore probably
comagmatic with the basalts. However, Sr isotope
data for subaqueously erupted volcanics are

particularly susceptible to modification by seawater,

and Nd istope studies similar to those undertaken in
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Fig. 14. A hypothetical model showing how a fractionating basic to intermediate magma body may
provide heat to drive a hydrothermal convection cell and periodically contribute metal-rich

hydrothermal fluids to a mineralising system,

this study may prove more fruitful in elucidating the
source characteristics and mineralised potential of
other ancient submarine volcanic sequences.

Conclusions

Middle to Upper Silurian volcanics that host the
Wilga and Currawong Cu-Zn massive sulphide
deposits in northeastern Victoria can be grouped
into four chemically and isotopically distinct suites
with discrete origins. The earliest manifestation of
volcanism in the Cowombat Rift comprises minorI-
type dacites, closely followed by voluminous
rhyolitic and rhyodacitic lavas and volcaniclastic
deposits. The rhyolitic rocks, which form the
dominant footwall sequence to the massive sulphide
deposits, have a Nd isotope signature that suggests
they were derived by partial melting of Late
Proterozoic lower crustal rocks, and they display at
least two chemically discrete suites that have
evolved by crystal fractionation processes in
separate magma chambers.

The hangingwall and host volcanic sequence is a
basalt-andesite-dacite suite with auniform Nd isotope
signature that indicates they represent a cogenetic
suite related by fractional crystallisation. Spatially

associated, relatively high-Ti andesites and dacites
have a differentNd isotopic signature as well as other
trace element features which distinguish them from
the hangingwall volcanics. The volcanism and related
VHMSmineralisationin the CowombatRiftdeveloped
in a restricted extensional basin concomitant with
similar features further north in the LFB. The
geochemical characteristics of the mafic volcanics
from the Cowombat Rift are similar to those from the
Okinawa Trough; amodernback-arcbasin developing
on attenuated continental lithosphere adjacent to the
Ryuku arc. A similar tectonic setting is the preferred
model for the Cowombat Rift, although the limited
evidence for an active arc to the east of the Cowombat
Rift during the Middle to Upper Silurian means that
development of the basin adjacent to a dextral
transtensional margin remains a possibility.
Comparisons with mineralisation styles associated

. with S-type granitoids, coupled with thermal

constraints on the ability of small silicic magmabodies
to generate significant hydrothermal convection cells
suggest that the thick rhyolitic footwall package at
Benambra and in similar volcanic belts are unlikely to
contain VHMS deposits. Exploration for this style of
deposit should be focussed where there is a change to
mantle-derived basalt-andesite-dacite volcanism, or
within these mixed volcanic suites.
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Geochemistry of the Mt Windsor Volcanics : implications for the tectonic setting of
Cambro—Ordovician VHMS mineralisation in northeastern Australia.

A.J. Stolz

(submitted for publication in Economic Geology)

Abstract

The Mt Windsor Subprovince is an important relic of
Upper Cambrian to Lower Ordovician sedimentation
and volcanism in the northern part of the Tasman
Orogenic Zone. Volcanic-hosted massive sulfide
mineralisation occurs at several stratigraphic horizons
within the volcano-sedimentary package and one
major mine is operational within the belt. Major and
trace element data and Nd isotope ratios are
presented for the least altered coherent units from
the three major volcanic-bearing formations in the
Mt Windsor Subprovince. The data are used to
discriminate four major phases of volcanism and
related intrusive activity derived from three
isotopically discrete sources, and to assess the
geodynamic setting in which the volcanism occurred.

The earliest phase of mafic volcanism has minor -

and trace element characteristics suggesting an
alkaline intraplate or rift association, and was
probably produced by partial melting of attenuated
subcontinental lithospheric mantle. The overlying
Mt Windsor Formation silicic volcanics have Nd
isotope characteristics (ENd (480Ma) = —4.7 to -12.8)
which suggest they were produced by partial melting
of underlying Precambrian crustal rocks. Mafic
volcanics of the overlying Trooper Creek Formation
include a low-TiO, suite and a high-TiO, suite with
a range of distinguishing chemical characteristics,
but similar Nd isotopic ratios (ENd (480Ma) = +3.8 to
+2.3) which indicate derivation from relatively

Centre for Ore Deposit and Exploration Studies, University of
Tasmania, G.P.O. Box 252C, Hobart, Tasmania 7001, Australia.

depleted asthenospheric mantle variably modified
by subduction processes. The high-TiO, suite is also
represented by abundant intrusives within the
underlying volcanic package. The more silicic
volcanics in the Trooper Creek Formation appear to
be cogenetic with their mafic associates, but have
varying Nd isotope ratios which suggest progressive
crustal interaction with increasing SiO, content.

Comparisons with modern volcanic compositions
and ore depositional environments suggest that the
volcanic and sedimentary units within the Mt
Windsor Subprovince were deposited in a back-arc
basin developed by extension of continental
lithosphere along the eastern Australian margin in
the late Cambrian and early Ordovician. Mineral-
isation and volcanic deposits of similar age further
north in the Tasman Orogenic Zone suggest that this
basin may have had a north-south orientation,
although there is no clear evidence remaining of the
original arc front deposits.

Introduction

The Mt Windsor Subprovince is an important relic of
Upper Cambrian to Lower Ordovician volcanism
and sedimentation in the northern section of the
Tasman Orogehic Zone (Fig. 1). It is host to one
significant massive sulfide deposit (Thalanga) as well
as a number of smaller deposits, and has substantial
exploration potential for this style of deposit (Berry
et al., 1992). Lithogeochemical studies of ancient
volcanic belts are largely under-utilised during
exploration for volcanic-hosted massive sulphide
(VHMS) deposits. However, when integrated with
basic geological mapping and an appreciation of the

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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volcanic facies architecture, the geochermical data can-
be used to facilitate stratigraphic correlations as well
as provide basic information about precursor
lithologies where secondary mineral assemblages
predominate. The geochemistry of the least altered
mafic volcanic units in such sequences can also
provide useful information about the geodynamic
setting at the time of deposition and the tectonic
evolution of the belt.

When coupled with our rapidly advancing
knowledge of the depositional environment and
tectonic setting of modern exhalative seafloor massive
sulfide deposits, the geochemical data for ancient
sequences comprise an important aid in the selection
of regional exploration targets. This study builds on
earlier studies of the geology, structure and

'mineralisation of the Mt Windsor Subprovince

{Henderson, 1986; Berry et al., 1992; Duhig et al.,
1992) and aims to use geochemical and Nd isotopic
data for the volcanics to help clarify stratigraphic
relationships, and to assess the likely tectonic setting
of the volcanism at the time of mineralisation.

Regional Setting and Geology of the Mt
Windsor Subprovince

The Mt Windsor Subprovince is part of the early
Palaeozoic Lolworth-Ravenswood Block (Fig. 1). It
comprises a linear belt of volcano-sedimentary units
which principally occur as a subvertical, south-facing
limb of an east-west trending fold (Berry et al., 1992).
The volcano-sedimentary belt outcrops discon-
tinuously over a distance of about 160 km and has
been extensively intruded along its northern margin
by Ordovician-Devonian granitoids of the Lolworth—
Ravenswood batholith (Richards, 1980).

The Lolworth-Ravenswood Block is separated
from the Ordovician Broken River Province to the
north by the Clarke River Fault (Fig. 1; Day et al.,
1978; Murray, 1986), and is covered to the south by
Devonian to Carboniferous rocks of the Drummond
Basin, and various alluvial and ferricrete deposits of
Tertiary age. The Balcooma metamorphic belt which
occurs about 250 km to the north of the Mt Windsor
belt also hosts several small massive sulfide deposits
(Huston et al., 1992) and has been correlated with the
Mt Windsor Subprovince despite substantially higher

grade (amphibolite facies) metamorphism in the
former (Henderson, 1986; Withnall et al., 1991).

There are four major stratigraphic subdivisions
in the Mt Windsor Subprovince (Fig.1; Henderson,
1986; Berry etal., 1992). The Puddler Creek Formation
(PCF), which is the oldest exposed part of the
sequence, comprises a thick sedimentary package of
mixed continental and volcanic provenance, and a
small volume of basaltic to intermediate volcanics
which occur predominantly in upper two hundred
meters of the package. Mafic sills and dykes comprise
a volumetrically important part of the PCF (10-15%),
and silicic dykes are also locally abundant in the
upper part of the sequence. The base of the PCF is
nowhere exposed due to the extensive granitoid
intrusives.

The overlying and broadly conformable Mt

Windsor Formation (MWF) is composed of a thick

sequerice of rhyolitic volcanics and associated
volcaniclastic rocks. These are occasionally intruded
by mafic sills and dykes similar to those which are
abundant in the PCF. The transition to the conform-
ably overlying Trooper Creek Formation (TCF) is
delineated by the first appearance of dacitic or
andesitic volcanics which typically occur as thin flows
and display relatively rapid facies variations with
associated volcaniclastic units. The Rollston Range
Formation (RRF) represents the youngest part of the
sequence and is composed almost exclusively of
volcanic-derived sedimentary rocks.

The age of the volcanics within the TCF is
reasonably well constrained by fossiliferous units
within the TCF and RRF which indicate a Lower
Ordovician age for those formations (Henderson,
1983). The conformably underlying MWF and PCF
have been interpreted as Upper Cambrian by
Henderson (1986), although both formations are
devoid of fossils, and they could be of similar age to
the TCF rocks if they were deposited in a rapidly
subsiding basin.

These volcanic and sedimentary units have
experienced low to moderate grade regional
metamorphism. Metamorphic grades range from
prehnite—pumpellyite facies in the eastern part of the
belt to greenschist facies in the central part of the belt
(Berry et al., 1992). Further west, close to the Thalanga
mine (Fig. 2), the regional metamorphism has been
substantially overprinted by contact metamorphic

geochemical and mineralogical vectors to ore. November 1995
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effects of the nearby Devonian granitoids resulting
in hornblende hornfels assemblages. The meta-
morphic grades are amphibolite facies at Waddy’s
Mill (Fig. 2) and are characterised by higher strain,
possibly resulting from recrystallisation in response
to simultaneous regional deformation and granitoid
emplacement.

Sampling and Analytical Techniques

The analytical data in this paper relates to a suite of
the least altered, coherent volcanic and intrusive units
selected from approximately four hundred samples
collected along ten detailed traverses across the belt

from Waddy’s Mill in the west to Sunrise Spur in the

east (Fig. 2). Outcrop samples were supplemented
by drillcore material in the vicinity of the major
prospects or mines, particularly Thalanga and
Waterloo. Samples were crushed initially in a jaw
crusher, and a hand-picked sub-sample of chips free
of vein material and vesicles was powdered in a
tungsten carbide disc mill. Major and trace elements
were determined on a Philips automated XRF
spectrometer at the University of Tasmania using
standard fused bead and presséd pellet techniques
(Norrish and Chappell, 1977). Concentrations of Th
and Nb in some of the basaltic rocks are close to or
below the detection limits (2 and 1ppm, respectively),
and although relatively imprecise at these levels,
they provide an indication of the abundances for
comparison with less depleted rocks. Rare earth
elements were determined by an ion-exchange XRF
technique at the University of Tasmania (Robinson
etal., 1986). Precision of the REE analyses is typically
in the range 1-4%, and usually 1-2% for Sm and Nd
(Robinson et al., 1986). Accuracy of the REE analyses
was monitored by concurrent analysis of standard
rocks. Nd isotope ratios were measured on a Finigan
MAT261 TIMS operated in peak switching mode at
the Geology Department, Adelaide University,
following chemical separation in the Geology
Department, University of Tasmania. Sample
powders (~0.1 g) were dissolved in a mixture of 8M
HNO, and, 40% HF in a screw-top teflon beaker at
80°C for 36hrs. Nd was separated in a three-column
procedure. This involved initial separation of the
REE on ion-exchange columns eluting with 2.5M
HCl and collecting the REE fraction with 6M HCI.

This was followed by separation of Ba from the REE
on a smaller set of columns; eluting with 1.5M HNO,
and - collecting the REE with 8M HNO,. Final
separation of Nd from the other REE was achieved
using PTFE columns and eluting with 0.25M HCl
The routine total blank was about 0.2 ng, hence no
blank corrections are necessary.

Constraints on the Data

Variable mobility of the chemical components of
ancient volcanics during hydrothermal alteration and
low grade regional metamorphism is now a well
known and documented phenomenon (e.g. Wood et
al., 1976; MacLean and Kranidiotis, 1987; Gemmell
and Large, 1992). Samples with obvious evidence of
hydrothermal alteration and rocks with excessively
high loss on ignition values were avoided for this
study, but all volcanics in the belt have experienced
regional metamorphism at prehnite-pumpellyite or
greenschist facies conditions. Under these conditions
the least mobile elements are likely to be the high
field strength elements (HFSE) such as Ti, Zr, Nb,
and the rare earth elements (Whitford et al., 1989). A
number of other minor and trace elements (including
P, Sc, V, Cr, Ni and Th) probably also have
concentrations which closely approximate their
original values. However, the measured concen-
trations of the large-ion lithophile elements (LILE)
such as K, Rb, Ba and also Sr are not likely to provide
reliable estimates of pre-eruptive magmatic abun-
dances. Rocks subjected to intense hydrothermal
alteration may display substantial mobility of the
LREE and most other elements (Campbell et al., 1984),
although Zr, Ti, Al and the HREE appear to remain
essentially immobile (MacLean and Barrett, 1993).
There are numerous tests for element immobilty
based on coherence of inter-element correlations (e.g.
Zr vs Nb; cf. Whitford et al., 1989; MacLean and
Barrett, 1993). However, these are only useful for
individual suites of rocks. If several discrete suites
are represented, a spread in the data may be a primary
feature rather than a result of differential element
mobilisation during metamorphism or hydr;athermal
alteration. In general, there is a strong negative
correlation between Ti/Zr values and SiO, contents
of the Mt Windsor volcanics (Berry et al., 1992)
indicating that silica mobility has been quite limited
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Fig. 2. Geological map of the Mt Windsor Subprovince between Waddy’s Mill and Sunrise Spur showing the distribution of the principal units and younger granitoid intrusives.
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during the metamorphism. The rocks have therefore
been classified primarily on the basis of their silica
contents (e.g. Peccirillo and Taylor, 1976; Gill, 1981),
although the Ti/Zr (Berry et al.,, 1992) and Zr/TiO,
values (Fig. 3) result in comparable classification.

Chemistry

The chemical data for the volcanics and dykes (Tables
1 to 3) are presented according to their stratigraphic
designation based on mapping and the lithological
constraints discussed above. The major element
analyses have been recalculated to 100% anhydrous
to remove variations due to different loss on ignition
values. From a total data set of about 180 whole-rock
analyses four discrete suites can be distinguished in
the Mt Windsor Volcanic belt that can be related to
stratigraphic position and timing of emplacement.

Puddler Creek Formation Volcanics

Volcanics from the upper part of the PCF range from
basaltic andesite to dacite in composition based on
their silica concentrations and Ti/Zr values. The mafic
variants are characterised by moderate TiO, (>1.2
wt. %), high'P,O, (>0.60 wt. %), high concentrations
of incompatible elements (e.g. Zr, Nb and Th), high
Nb/Y, and low Zr/Nb values (Figs 3 to 6) typical of
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Fig. 3. Plot of Nb/Y versus Zr/TiO; (after Winchester and Floyd,
1977) for the Mt Windsor volcanics (symbols as for Fig. 4).

intraplate volcanics (e.g. Sun and McDonough, 1989).
In addition, they are characterised by relatively low
MgO (< 5wt. %), Cr and Ni contents, and low Ti/Zr
values (Figs 5, 7), suggesting they are moderately
fractionated. The PCF volcanics also have high LREE
concentrations (La 300 X chondrite) and are strongly
enriched in LREE relative to the HREE (La/Yb ~ 17)
in chondrite-normalised REE diagrams (Fig. 8), with
only minor evidence of relative Eu depletion in the
more evolved samples. The strong enrichment in
incompatible elements in these rocks (e.g. Zr, Nb,
Th, P and LREE) coupled with low Zr/Nb (4.4-6.7),
La/Nb (0.9-1.7), and high Nb/Y values suggests
they represent an alkaline intraplate association. They
would therefore be more accurately termed trachy-
andesites and trachytes, despite their low alkali
contents which are probably due to post-depositional
alteration processes. Alkaline volcanics from
convergent margin settings may also be strongly
enriched in incompatible elements, but they are
characterised by substantially higher Zr/Nb
(typically > 15) and La/Nb (typically > 5-8), and
lower Nb/Y values reflecting their generation in a
subduction setting (Foley et al., 1987; Stolz et al.,

© 1990).

Trooper Creek Formation Volcanics

" In contrast, most basaltic to andesitic volcanics within

the TCF have a clear subduction-related geochemical
signature with low TiO, (<1 wt. %; Fig. 4), low
incompatible element concentrations (including P,
Zr,Nb and Th), high Zr/Nb (~14; Fig. 6) and La/Nb,
and low Nb/Y values (Fig. 3) compared with
volcanics from divergent margin or intraplate
settings. This results in the characteristic negative
Nb anomaly displayed by subduction-related
volcanics in mantle- or MORB (mid-ocean ridge
basalt)-normalised multi-element plots. The most
mafic rocks extend to relatively high MgO contents
(up to 10 wt. %) with correspondingly high Cr, and

. to alesser extent, Ni concentrations (Fig. 7). The TCF

basaltic rocks have low total REE contents (La 10-30
X chondrite) and they are characterised by straight,
slightly LREE-enriched patterns (Fig. 9). The andesitic
rocks generally have subparallel patterns with
slightly higher total REE concentrations.

The more silicic rocks of the TCF are pre-
dominantly dacites and high-silica dacites. The latter
are distinguished as having greater than 70 wt. %

/
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Si0,, but with consistently higher Ti/Zr values than
the clearly rhyolitic rocks of the MWF (Fig. 10). These
high-silica dacites generally contain plagioclase
phenocrysts and less than 1 modal percent quartz
phenocrysts, in contrast to the rhyolitic rocks in which
quartz is generally the dominant phenocryst phase.
They are also characterised by high Na,0O/K,O values,
which despite the likelihood of some alkali
mobilisation during metamorphism, may broadly
reflect the original values. REE abundances in the
TCF silicic rocks are generally higher than in
associated andesites (although exceptions include
HW1, Fig. 9), and the patterns are essentially parallel
except for the presence of small negative Eu anomalies
in a few samples.

A feature of the volcanics in the TCF is the
continuous and coherent nature of the geochemical
variation from basalt to high-silica dacite. This is
best illustrated in plots of SiO, vs TiO,, P,O, and Zr
(Figs 4, 5), although the SiO,-TiO, variation suggests
the possibility of a separate very low TiO, (~0.5 wt. %)
basalt-andesite group which is distinct from the main
basalt-andesite suite. Overall these coherent chemical
variations appear to be consistent with the TCF lavas
being a cogenetic suite related by low pressure
fractional crystallisation. .

The systematic decreases in MgQO, Cr, and CaO
with increasing SiO, content are consistent with
fractionation of olivine + clinopyroxene or amphibole
and plagioclase. In contrast, TiO, is relatively constant

- over the silica range 50-60 wt.% and only decreases

to very low levels at higher silica contents. This
suggests fractionation of a Ti-bearing accessory phase
such as magnetite became more important in the
more silicic compositions reflecting the diminishing
solubility of Ti with increasing SiO, (Ryerson and
Watson, 1987). P,O; increases systematically with
Si0, to a maximium of ~0.25 wt.% at 62% 5iQ,, and
decreases quite rapidly following apatite saturation
to very low concentrations (<0.05 wt.%) in the high-
silica dacites. Evidence for the fractionating phases,
apart from plagioclase, has generally been obscured
by the effects of subsequent metamorphism.

Mt Windsor Formation Volcanics

The MWF volcanics span a relatively narrow silica
range (71-79 wt. %) and are characterised by very
low P,O; and low TiO, (Fig. 4), CaO and MgO. They
display a broad range in Na,O and K,O values with

widely varying Na,0/K,O values. This suggests some
samples have had their alkali contents significantly
modified, possibly due to exchange with seawater
immediately following eruption. The MWF rhyolites
are characterised by LREE-enriched patterns with
distinct negative Eu anomalies (Fig. 8), and their
total REE concentrations are generally higher than
rocks of equivalent silica content from the TCF.

The silicic rocks of the MWF are most readily
discriminated from the siliceous TCF rocks by their
lower Ti/Zr and P/Zr values (Fig. 10), and generally
higher Th and lower TiO, in a plot of TiO, vs Th
(Fig. 11). Indeed the latter plot is probably the most
effective in discriminating all the major volcanic types
of the Mt Windsor Subprovince. The MWF rhyolites
also typically have higher total REE and more
pronounced negative Eu anomalies that are rare or
only weakly developed in the TCF dacites.

Ti-rich Dykes and Volcanics

The mafic dykes that are abundant in the PCF also
occur within the MWF and TCF, but not the RRF. In
the TCF, this magmatic event appears to be
represented by both minor intrusives and highly
vesicular extrusives with very similar chemistry.
These rocks have SiO, contents in the range 50.8 to
58.6 wt. %, and are characterised by moderate to
high TiO, (1.4-2.3 wt. %), coupled with low to
moderate ons (0.19-0.35 wt. %; Fig. 4). Their high Ti
contents clearly distinguish them from the main low-
Ti TCF suite, and their lower P,O,, Zr, Nb and Th
(Figs 4, 5, 6, 11), and higher Zr/Nb distinguish them
from the PCF volcanics.

The Ti-rich dykes and volcanics have similar or
slightly higher LREE concentrations (La 30~60 X
chondrite) to the TCF andesitic rocks, but they have
significantly higher HREE contents resulting in
somewhat flatter, only slightly LREE-enriched
patterns (Fig. 8) with no relative depletion of Eu.

Nd Isotopes

Nd isotope analyses were undertaken of represent-
ative samples from the geochemically distinguishable
groups with the aim of assessing possible source
differences between the different volcanic suites. Nd
isotopes are probably the most useful isotopic system
for this purpose in ancient volcanics as the REE are
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Table 4. Nd isotope data for the Mt Windsor volcanics

147 144 (143 144
Sm/14Nd  (149Nd/144Nd)y, ENd(480Ma)

[Puddier Ck 4

Formation ,
WT32 Andesite 0.106969 0.512263 -1.81
HW30 Andesite 0.091517 0.512168 -2.72
PC9 Andesite 0.097106 0.512304 -0.16

. Mt Windsor
' Formation

WT44 Rhyolite 0.131621 0.511990 -8.67
HW35 Rhyolite 0.186467 0.511953 -12.75
S517 Rhyolite 0.165989 0.512117 -8.29
TH4 Rhyolite 0.124537 0.512171 -4.69
TC28 Rhyolite 0.137062 0.511961 -9.60

Trooper Ck

Formation
TH23/1 Basalt . 0.122103 0.512596 +3.76
TB25 Basalt 0.159747 - 0.512638 +2.27
SS9 Andesite 0.135695 0.512508 +1.21
TH33/241 Dacite 0.170243 0.512368 -3.65
GY39 Andesite 0.164868 0.512235 -5.92
GY46 Dacite 0.168565 0.512338 -4.13
HW10 Dacite 0.136788 0.512164 - -5.58

Table 5. Comparison of the average metal contents of some modern and
ancient massive sulfide deposits

. P Cu . Au
(wt. %) (wt. %) (wt. %). (g/t)

Thalanga 3.9 2.2 0.6
Okinawa 14.3 1.8 4.6
Trough
East Pacific 0.05 7.8 0.26
Rise
Lau Basin 0.6 3.3 1.7
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Geochemistry of the Mount Windsor Volcanics 107

relatively immobile during low grade regional
metamorphism (Wood et al., 1976; Menzies et al.,
1979; Ludden et al., 1982). In addition, there is a large
amount of Nd isotope data now available for modern
volcanics from a variety of tectonic settings where
contributions from different mantle and crustal source
materials are commonly inferred.

Nd isotope data for the four chemically dis-
tinguishable suites in the Mt Windsor Volcanic belt
(Table 4, Fig. 12) suggest at least three isotopically

discrete sources for the volcanism. Firstly, the LREE-'

enriched PCF volcanics have €, 4, values which
span a relatively narrow range (-0.2 to -2.7) close to
the predicted Bulk Earth value. This is consistent
with their derivation from a relatively undepleted or
slightly enriched mantle source, interpreted in this
case to be subcontinental lithosphere. The MWF
rhyolites have a relatively restricted range of €, .y
values (—4.7 to -12.8) suggesting they were derived
from a long-term LREE-enriched source such as old
continental crust. In contrast, the TCF rocks display
a broad range of €, 500, values from +3.8 to -7.3.
The basaltic to andesitic rocks are mostly character-
ised by positive values, whereas the dacites and
rhyolites have negative values. The positive €, ,sma)
values for the TCF basaltic rocks reflect their mantle
source which was depleted in LREE for a substantial
period compared with the source of the PCF
volcanics. A model depleted mantle composition
similar to the source of modern MORB would have
had €, ma ~ +8-6- This is somewhat higher than
the values of the TCF volcanics. However, modern
island arc and back-arc basin volcanics frequently
have relatively unradiogenic Nd isotope values when
compared with MORB (e.g. Morris and Hart, 1983;
Loock et al., 1990; Stern et al.,, 1990), and this is
attributed to modification of a depleted MORB-source
by a subduction-related fluid phase which may in
part have an older crust-like Nd isotope signature. A
high-Ti basaltic andesite from the TCF (Table 4, TB25)
and a likely intrusive equivalent from the Ti-rich
dyke suite (e.g. Table 4, GY71) have similar €, s,
values to the low-Ti subduction-related variants,
indicating that the mantle source for the Ti-poor and
Ti-rich magmas was isotopically similar.

In a plot of €, s, versus Si0, (Fig. 13) there is
a general decrease in €, with increasing silica

Nd (480Ma)
content for the TCF volcanics. If it is accepted that

these rocks comprise a cogenetic suite (as suggested
by their coherent chemical variations), this relation-
ship is best explained by assimilation of continental

- crust during fractional crystallisation where the crust

had a similar isotopic signature to that which is
considered to have undergone partial melting to
produce the MWF rhyolites. The assimilation-
fractional crystallisation (AFC) process can be
modelled using the equation of DePaolo (1981) after
making a number of assumptions about the nature
of the contaminant and the degree of interaction.
However, given the large uncertainties in the isotopic
and chemical composition of the contaminant, as
well as possible post-crystallisation modification of
SiO, values in the volcanics, this exercise is only
intended to demonstrate that the broad compositional
and isotopic variations in the TCF suite are consistent
with the AFC model. Firstly, the basaltic rock with
the highest positive €, value (TH23/1; € soMa) =
+3.8, Nd = 10.4ppm; SiO, = 52.4 wt.%) was assumed
to be the least contaminated parental magma

composition. The contaminant was assumed to have

a similar isotopic composition to felsic granulite
xenoliths from North Queensland (€, dtdsoMa) ~ -14.0,
Nd ~ 25ppm; SiO, = 74 wt.%) which may be indicative
of the nature of the Proterozoic crust in the region
(Stolz and Davies, 1989). '

The ratio of the mass of contaminant to the mass

. of crystals was set at 0.4 although somewhat higher

values may be justifiable at relatively deep crustal
levels due to reduced temperature contrast between
the magma and wall-rock. At higher values of r the
composition of the melt more rapidly approaches
the composition of the contaminant for a given degree
of crystallisation. The modelled variation of €, as a
function of SiO, for these conditions is shown in
Fig. 13. The trend is in general agreement with the
variations in the natural rocks, although there are
several andesitic rocks which appear to have lower
€ausoms Values than predicted for their SiO, contents
(e.g. Table 4, GY39). This may reflect enhanced
assimilation by some magmas, or variability in the
composition of the contaminant. The silica content
used in the calculations is higher than that of the
xenoliths, and a range of contaminant compositions
can be used to calculate a variety of mixing trends
that span the variations in the natural data.

geochemical and mineralogical vectors to ore. November 1995

CODES: AMIRA Project P439 — Studies of VHMS-related alteration: @



108

Comparable Modern Volcanic
Associations and Tectonic Settings

Modern Analogues

The strong enrichment in incompatible elements (e.g.
Zr, Nb, Th, P and LREE), the low Zr/Nb and high
Nb/Y values of the PCF volcanics suggest similarities
to intraplate or continental rift-related alkaline
volcanics. Their incompatible element abundances
and the La/Nb values (average 1.2) are somewhat
higher than typical alkali basalts (La/Nb generally
<1; Sun and McDonough, 1989), and their TiO,
contents are generally lower than rift-related mafic
alkaline volcanics or typical OIB (ocean island basalts)
resulting in slight relative depletions of Nb and Ti in
a N-MORB normalised plot (Fig. 14). Although the
strong enrichment in incompatible elements may in
part be explained by their relatively evolved nature
(evident from their low MgO, Cr and Ni), the elevated

La/Nb and low TiO, values suggest the involvement .

of an enriched lithospheric mantle component in their

origin. Similar (although less enriched) geochemical

signatures characterise many continental flood basalts

- and have been explained either by derivation from
ancient subduction-modified lithospheric mantle
(Hergt et al., 1991; Lightfoot et al., 1993), or by crustal
contamination of asthenospheric-derived melts (e.g.
Carlson et al., 1981; Brandon et al., 1993). Given the
relatively evolved nature of these volcanics,
interaction with continental crust during fractional
crystallisation is feasible. However, this would be
expected to produce a decrease in the €, 4, Value
with increasing SiO,, as is the case for the TCF

* volcanics, but the reverse trend is observed for the
PCF volcanics (Fig. 13).

In a MORB-normalised plot (Fig. 14) the basalts
and andesites of the TCF display patterns typical of
many modern subduction-related volcanics with a
marked relative depletion of Nb and similar or lower
abundances of the HREE and Ti to N-MORB. This
pattern is partly controlled by the enrichment in
LILE (e.g. Rb, Ba and K) and although the abundances
of these elements are not reliable in ancient volcanics,
the relatively high Th abundances support the
validity of these patterns. In addition to island arc
and continental margin arc volcanics, this geo-
chemical signature is frequently a feature of back-arc
basin (BAB) basalts formed during the early stages
of back-arc basin evolution (e.g. Fig. 14, Okinawa

Trough; Ishizuka et al., 1990; Honma et al., 1991).
With progressive opening of a basin, the basalts
generally evolve toward N-MORB compositions (e.g.
Stern et al.,, 1990) possibly due to the dilution of
subduction-modified mantle material by upwelling
asthenospheric mantle as the subduction zone
becomes more remote from the principal site of BAB
magma generation.

The presence of quite primitive compositions (i.e.
high MgO, Cr and Ni) within the TCF further

supports the interpretation that these rocks were

erupted in a BAB setting. Island arc basalts generally
have lower MgO (average 5 to 6 wt. %; BVSP, 1981),
Cr and Ni than BAB, although there are some
exceptions (e.g. New Britain arc, BVSP, 1981). It could
be argued that the negative Nb anomalies that
characterise these rocks may have been imposed on
them as a result of the interaction between basaltic
magma and continental crust. However, the very
low Zr concentrations (20-30 ppm) and positive
€4 wsoma) Values which characterise the more primitive
compositions suggest this is unlikely.

The Ti-rich dykes and volcanics have relatively
smooth MORB-normalised patterns characterised by
only a slight relative depletion of Nb, and abundances
intermediate between E-MORB and OIB for most
minor and trace elements (Fig. 14). Their compositions
closely resemble those of continental flood basalts
and also basalts from some back-arc basins (e.g. South
Sandwich spreading axis, Tarney et al., 1977; Lau
Basin, Hawkins, 1977; Volpe et al., 1988).

Therefore the chemistry of the more mafic
volcanics in the Mt Windsor Subprovince reflects
their derivation from a range of mantle sources,
including subcontinental lithosphere, subduction
modified asthenospheric material, and astheno-
spheric mantle that has not been affected by
subduction processes, but which displays isotopic
evidence of moderately long-term depletion in LREE
compared with model Bulk Earth estimates.

Tectonic Model for the Mt Windsor Subprovince

Murray and Kirkegaard (1978) interpreted the Mt
Windsor Subprovince as a volcanic arc separated
from the Precambrian craton of the Georgetown Inlier
to the north by a marginal sea of unknown extent.
Subsequently, Henderson (1986) interpreted the
sequence as the fill of a back-arc basin which
developed on the Precambrian craton west of a
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continental margin volcanic arc. The idea that the
basin developed on stretched continental lithosphere
was based on the relative abundance of silicic
volcanics in the Mt Windsor Formation compared

’ with mafic volcanics in the Mt Windsor Belt as a

whole. This is supported by the Nd isotope data
presented in this study which suggests these rocks
were derived by partial melting of older
(Precambrian) crustal rocks.

The Mt Windsor Subprovince appears to comprise
a relatively thick (possibly in excess of 12 km;
Henderson, 1986) volcano-sedimentary package
indicative of substantial basin subsidence. The overall
thickness of the package is not well constrained given
the poor level of understanding of the structural
relationships in the PCF. However, such thicknesses
may not be unrealistic as seismic evidence suggests
that about 10 km of sediment and volcanics have
accumulated in the northern Okinawa Trough since
the Miocene (Letouzey and Kimura, 1985).

Volcanological studies of the Mt Windsor
Subprovince (Stolz, 1991) also indicate that the large
majority of the volcanic and volcaniclastic units have
been deposited in a subaqueous environment. Some
of the mafic volcanics display relic pillow structures,
and hyaloclastite deposits, whereas the silicic
volcaniclastic units include abundant hyaloclastite
material and some insitu, quench-fragmented
deposits. A considerable proportion of the silicic
volcaniclastic units have been redeposited as mass-
flow units. In addition, the presence of exhalative
sea-floor massive sulfide deposits within the sequence
(Berry et al., 1992) supports the interpretation that
the host package was deposited in a deep submarine
environment. '

A model for the tectonic evolution of the belt
based on the stratigraphic, geochemical and isotopic
relationships discussed above is summarised in
Fig. 15. Evidence from recent supercontinent recon-
structions (e.g. Moores, 1991; Brookfield, 1993)
suggests that Australia and Antarctica rifted off from
western North America in the Neoproterozoic
resulting in a passive margin along much of eastern
Australia. The late Proterozoic to Lower Cambrian
margin of northeastern Australia may therefore have
been an attenuated passive margin upon which
continental-derived sedimentation was occurring.
Quartz-rich and micaceous metasedimentary rocks
of the Puddler Creek Formation are probably

representative of the material derived from an
exposed Precambrian crustal source and deposited
on the passive margin.

Atsome stage early in the Cambrian it is suggested
that westerly dipping subduction of oceanic crust
was initiated. This may have involved foundering of
cold, relatively dense oceanic crust close to the old
passive margin. However, current models (e.g.
Mueller and Phillips, 1991) favour the view that
passive margin boundaries become annealed with
time and that subduction is more likely to be initiated
along old intra-oceanic transform structures in
response to attempted subduction of buoyant
material at a mature trench. An alternative mechan-

“ism for achieving a westerly dipping subduction zone

is by subduction polarity reversal following collision
of an island arc with the continental margin due to
subduction of the intervening oceanic crust along an
easterly dipping subduction zone. This model has
been invoked to explain relationships between
Neoproterozoic and Cambrian rocks in western
Tasmania (Berry and Crawford, 1988; Crawford and
Berry, 1992). However, the lithological and structural
evidence for a collision of this type that has been
well documented in western Tasmania is not as well
developed in the Mt Windsor Subprovince.

After subduction of oceanic lithosphere was
initiated, there would have been a lag period of
approximately 2 to 5 Ma (depending on convergence
rate and subduction geometry) before significant
subduction-related volcanism was generated due to
metasomatism of the mantle wedge above the
subsiding slab. Extension of this active continental
margin arc, possibly due to rollback of the subducting
slab, subsequently initiated development of a back-
arc basin. Although there is considerable debate about
the mechanisms by which BAB opening is initiated,
the evidence from currently developing marginal
basins such as the Hachijo and Aoga Shima Rifts
behind the Izu-Bonin arc (Klaus et al., 1992), suggests
that extension causes the arc to split longitudinally
along the volcanic front as it represents the hottest
and mechanically weakest part of the lithosphere.

Subsidence of the attenuated continental litho-
sphere appears to have been followed initially by
rapid deposition of the PCF sediments. These were
largely derived from the adjacent Precambrian craton,
particularly in the western part of the basin
suggesting a westerly landward provenance. Further

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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Back-arc Rifting and Silicic Volcanism

" Lithospheric Mantle

Subduction modified

maritle wedge / RN

UPPER CAMBRIAN
Initiation of Subduction

NEO-PROTEROZOIC ? - UPPER CAMBRIAN
Passive Margin

. 50 km l
Trooper Creek Formation g Puddier Creek Formation
and high-Ti dyke suite {greywackes, siltstones, high Nb andeSItes)

Volcanic arc Crust - F-=] oceanic Crust
- Mt Windsor Formation Continental Crust
(Quartz-phyric rhyolites)

Fig. 15. Model for the tectonic development of the Mt Windsor Subprovmce in northeastern
Australia from the late Proterozoic to the Lower Ordovician.
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east in the PCF, particularly in the upper portions of
the sequence, there is substantial evidence of an
increased volcanic component which was most likely
derived from the frontal arc that was probably located
toward the east. The orientation of the original
depositional basin is uncertain and a matter of some
debate. Henderson (1986) argued that the arc and
adjacent back-arc basin were oriented north-south,
roughly parallel to the broad structural grain of the
Tasman Orogenic Zone. The present east-west
orientation of the belt is regarded by Henderson
(1986) as due to disruption and folding associated
with the emplacement of the Ravenswood
Granodiorite Complex. The preliminary observations
regarding the provenance of sedimentary and

volcanic components within the PCF noted above

lend some support to Henderson’s model. However,
these observations would also be broadly consistent
with a northeast-southwest oriented arc that was
aligned parallel to the Precambrian cratonic margin
as inferred from gravity and magnetic data, and
defined by the Diamantina Lineament (Fig. 1).

The small volume of PCF basaltic andesites and

andesites generated in response to continued
lithospheric thinning and increased heat-flow
resulting from upwelling mantle appears to be the
first manifestation of volcanism in the basin. At the
same time the increased heat-flow is probably
responsible for substantial crustal melting, the
products of which were subsequently erupted as the
MWF rhyolites. This phase of silicic volcanism
appears to have been completed by the onset of
volcanism produced by melting of variably sub-

duction-modified mantle sources (i.e. TCF). The -

earliest low-Ti basalts and andesites reflect contri-
butions from the most extensively subduction-
modified mantle, whereas the relatively high-Ti dyke
swarm and related volcanics reflect the input of
progressively less modified asthenospheric mantle
material into the melting regime.

Following the eruption of the TCF volcanics,
evidence of volcanic activity is rare, and the youngest
Rollston Range rocks probably represent mainly re-
worked TCF volcaniclastic material, but may also
contain contributions from an active arc further east.
The Mt Windsor Subprovince contains no volcanic
sequences that are MORB-like in composition, and
hence it is inferred that lithospheric extension did not
proceed to the stage of developing new oceanic crust.

It is uncertain what proportion of the back-arc
basin sequence is represented by the presently
exposed window of Cambro-Ordovician units, and
what tectonic events led to basin uplift and
preservation. However, the relatively low levels of
strain and recrystallisation which characterise
deformation within the Mt Windsor Subprovince
(Berry et al.,, 1992) do not suggest a major collision
event. Instead the convergent margin may have been
converted to a major transform structure due to more
oblique plate convergence.

Correlation with other Sequences in the Tasman
Orogenic Zone

A volcano-sedimentary package of essentially
identical age (478 to 471 +5 Ma; Withnall et al., 1991),
but characterised by substantially higher meta-
morphic grade (amphibolite facies) than the Mt
Windsor Subprovince occurs about 250km to the
northwest at Balcooma (Fig. 1; Henderson, 1986;
Huston, 1990; Withnall et al., 1991). This sequence,
which hosts several small massive sulfide bodies
{Huston, 1990; Huston et al., 1992), is separated from
the Mt Windsor Subprovince by Ordovician to
Carboniferous rocks of the Broken River Province,
and Ordovician-Devonian granitoids of the
Lolworth~-Ravenswood batholith. The northwestern
margin of the Balcooma Metavolcanics is a mylonite
zone, and the dominantly Proterozoic basement rocks
of the Georgetown Inlier are considered to have been
thrust westward over the Ordovician-Devonian
sequences (Withnall et al., 1991).

The Balcooma Metavolcanics are dominated by
silicic volcanic and volcaniclastic rocks with
apparently only a small package of andesitic rocks.
The lack of published geochemical data for these
more mafic rocks precludes any comparison with
the volcanics from the Mt Windsor Subprovince.
However, the abundance of silicic volcanic composi-
tions, and the recognition of inherited zircons with
Archean ages in some of these units (Withnall et al.,
1991) suggests that the silicic magmatism in the
Balcooma area may have had a similar origin to the
Mt Windsor Formation rhyolites, by partial melting
of older crustal rocks. The close overlap in age, and
the lithological similarities of the Balcooma and Mt
Windsor sequences supporté the model that they
were both deposited in a back-arc basin with a
broadly north-south orientation. There is no obvious

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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evidence for the location of the frontal arc to this
basin and presumably the majority of the arc deposits
were eroded and have been covered by younger
deposits. ' :

A number of studies have argued that the
Ordovician to Devonian metasedimentary rocks of

the Hodgkinson and Broken River Provinces (Fig. 1)

were deposited in a back-arc basin (e.g. Murray,
1986), and it has recently been argued that the
Devonian to Carboniferous deposits of the
Drummond Basin are back-arc basin deposits (Davis
and Henderson, 1994) . If these interpretations are
correct, it suggests the repeated development of back-
arc basins in this region of northeastern Australia
over a considerable time interval.

Development of the Mt Read Volcanic Belt in
western Tasbmaniavhas also been interpreted as being
broadly coeval with the Mt Windsor Subprovince

(Henderson, 1986). However, ¥*Ar/®Ar and U-Pb.

zircon (SHRIMP) ages (Perkins and Walshe, 1993)
indicate the Mt Read Belt is slightly older (~500 Ma)
than the Mt Windsor Subprovince, and their
respective locations at the southern and northern
extremities of the Tasman Orogenic Zone make
correlations more tenuous. The Mt Read Volcanic

Belt records evidence of a substantially more complex

tectonic history than the Mt Windsor Subprovince
with the main phase of calcalkaline volcanism (the
Central Volcanic Complex) apparently following the
allochthonous emplacement of an ophiolite sheet due
to collision of the Precambrian continent with an
island arc (Berry and Crawford, 1988; Crawford and
Berry, 1992). In addition, several volcanic centres
within the Mt Read Belt are characterised by post-
collisional volcanics with distinctive geochemical
characteristics (e.g. the hangingwall sequence to the
Hellyer and Que River VHMS deposits, Crawford et
al., 1992) which have no correlates in the Mt Windsor
Subprovince. '
Despite the differences between these volcano-
sedimentary belts, there are substantial similarities
in the character of many of the volcanic products
and the style of mineralisation. There is also limited
Nd and Sr isotopic data for the Mt Read Volcanits
(Whitford et al., 1990) which suggests that some of
the silicic volcanics were produced by partial melting
of older (Precambrian) crustal rocks. This supports
a continental margin arc or back-arc depositional
environment for both the Mt Read and Mt Windsor

belts, and suggests that during the Middle Cambrian
to Lower Ordovician the eastern Australian margin
was characterised by active subduction associated
with periods of extension.

Relationship between Mineralisation and
Volcanism

Studies of modern seafloor massive sulfide deposits
and their associated volcanic rocks have added
substantially to our understanding of the spatial
relationships between ancient massive sulfide
deposits and their host volcanic sequences. Tectonic
settings for the ancient deposits can also be inferred
from comparisons with compositionally similar
sulfide deposits and volcanics from the modern ocean
basins. 4

Massive sulphide mineralisation within the Mt
Windsor Subprovince occurs at the boundary
between the MWF and TCF (e.g. Thalanga) and at

stratigraphically higher levels within the TCF (e.g.

Waterloo and Liontown prospects, Fig. 2; Berry et
al., 1992). The main mineralising events follow the
eruption and deposition of the MWF silicic magmas,
and are synchronous with the onset of back-arc
volcanism produced by partial melting of subduction-
modified sub-arc mantle. Although there is evidence
for weak hydrothermal activity prior to the initiation
of the MWF silicic magmatism, it is noteworthy that
there are no mineralised horizons within the MWF
despite the existence of a thick sequence of silicic
eruptives. One possibility is that the eruption rate
for the MWF rhyolites was too high to permit the
deposition of significant thicknesses of exhalative
massive sulfides on the seafloor. Alternatively, it
could be argued that the presence of more mafic
magma was necessary, either to provide a more
substantial heat source to drive the hydrothermal
circulation cells, or as a direct source of metals.

A close modern analogue to the Mt Windsor
Volcanics and the associated style of VHMS
mineralisation is provided by the Okinawa Trough
(Letouzey and Kimura, 1985; Halbach et al., 1989).
This is a back-arc basin currently developing by
extension of continental lithosphere behind the
Ryukyu trench-arc system. Seafloor massive sulphide
deposits from the Okinawa Trough are relatively

rich in Pb and Zn and closely comparable with the
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Cambro-Ordovician deposits in the Mt Windsor
Subprovince (Table 5). The basic volcanics which
host the Okinawa deposits are also geochemically

“very similar to the TCF lavas (cf. Fig. 14). However

the mafic and silicic rocks in the Okinawa Trough
have essentially identical Nd and Sr isotope
signatures (Honma et al., 1991) suggesting little or
no interaction of the magmas with underlying
continental crust as has clearly occurred during
emplacement of the Mt Windsor volcanics. It is
unknown if the footwall sequence to the Okinawa
massive sulfide deposits includes a suite of crustal
derived melts similar to the MWF rhyolites due to
the limited portion of the stratigraphy available for
inspection.

The relatively Pb-rich VHMS dep051ts from the
Okinawa Trough and Mt Windsor Subprovince
contrast with the Pb-poor Fe—Cu ( Zn) type deposits
from the major ocean spreading ridges (e.g. East
Pacific Rise, Table 5), and mature back-arc basins
which are developed on oceanic lithosphere (e.g.
North Fiji Basin, Grimaud et al., 1991; Lau Basin,
Fouquet et al., 1991). Deposits in the southern part of
the Lau Basin also have relatively low Pb contents
(Table 5) despite being hosted by volcanics with a
distinctive subduction-related geochemical signature
(Fouquet et al., 1991). This illustrates the close
relationship that exists between host volcanic and
massive sulfide compositions. Pb-poor VHMS
deposits are hosted by N-MORB or similar oceanic
basalts with extremely low Pb concentrations (<1
ppm), whereas Pb-rich VHMS deposits are hosted
by calcalkaline silicic or andesitic volcanics which
have substantially higher Pb concentrations.
Although the Lau Basin deposits are associated with
calcalkaline volcanics, the host rocks are likely to
have very low Pb concentrations, based on the data
for the associated Tonga~Kermadec arc volcanics
(Ewart and Hawkesworth, 1987), probably reflecting
the nature of the subduction component added to
their mantle source.

Despite the close relationship that exists between
host volcanic and massive sulfide compositions, it
remains unclear whether the metals in these deposits
have a magmatic origin, as exsolved fluids from
crystallising subvolcanic magma chambers (e.g.
Stanton and Ramsay, 1980; Urabe, 1987; Stanton,
1990), or if this association simply reflects the metals

available for leaching in the footwall volcanics by
circulating hydrothermal fluids (e.g. Large, 1992).
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Mineralisation and Alteration Module

Team members

J. Bruce Gemmell Garry Davidson
Robina Sharpe Anthea Hill
Mark Doyle Karin Orth

Russell Fulton

Introduction

In the past there has been considerable research on

alteration geochemistry of VHHMS systems. Our "

research is not to repeat previous work but to break
new ground, utilising a multi-disciplinary approach
at the ore deposit scale, with emphasis on selective
geochemical techniques.

The specific aims of this module are:

¢ To undertake case studies of alteration halos related
to specific VHMS deposits with particular
emphasis on footwall and hangingwall alteration
zonation, and the relationship between alteration
patterns and volcanic facies.

* To develop a set of vectors towards ore, based on

the ore deposit specific studies, that can be applied
'in the exploration for VHMS deposits in submarine
volcanic sequences throughout Australia. The
vector matrix will include:

* hangingwall alteration vectors

* exhalite vectors

* vectors based on mineral chemistry (e.g. chlorite,

sericite, carbonate)

* vectors based on whole-rock oxygen isotopes
* vectors based on sulfur isotopes

* vectors based on C/O isotopes in carbonates.
* vectors based on volcanic facies factors

Deposit case studies

Case studies will be conducted on selected ore
deposits from the Mount Read Volcanics, Mount
Windsor Volcanics and Murchison Province of
Western Australia in order to devélop alteration halo
models and integrate these with the vectors analysis.

The deposits for study in the MRV:

¢ Hellyer

Bruce Gemmell and Cliff Stanley (MDRU-UBC).
This new research will focus on determining subtle
geochemical and isotopic halos in the hangingwall
basalt and black shale sequence and the footwall
andesite— extending up to several kilometres from
the deposit. This study will involve interpretation
of whole rock geochemistry using Pearce Element
ratios.

Russell Fulton and Bruce Gemmell. Investi-
gation of the mineral chemical variation in
hydrothermal minerals (in particular sericite,
carbonate, chiorite) of the hangingwall alteration.

¢ Rosebery
A project on the mineralogy and mineral chemistry
of the carbonate alteration is proposed.

. » Henty

No published data are available on alteration
associated with the Henty gold deposit.-A detailed
halo study is under negotiation.

geochemical and mineralogical vectors to ore. November 1995
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* Mount Lyell
See Bill Wyman’s section in the Regional Geo-
chemistry/Petrology Module (p. 57).

The deposits for study in the MWV:

¢ Thalanga »
Two studies are currently underway at Thalanga.:
1. Anthea Hill is completing her PhD research
entitled “Geology and geochemistry of the
Thalanga massive sulfide deposit, Queensland”
2. Holger Paulik has just returned from his initial
field season at Thalanga where he is undertaking
“a comparison of volcanic facies architecture and

~ alteration styles of felsic and mafic volcanic host
sequences to massive sulfide deposits ——Thalanga,
North Queensland and Teutonic Bore, Western
Australia”.

Highway-Reward

These are unusual pyrite—chalcopyrite pipes that
may show different alteration patterns and vectors
when compared with other VHMS deposits. This
work could form part of the on-going PhD study
by Mark Doyle entitled “Volcanic facies and
mineralisation, Highway-Reward Cu~Au deposit,
Queensland”. ’

* Garry Davidson and Joe Stolz. Geology and geo-
chemistry of volcanic associated Fe formations,
vectors to VHMS mineralisation. Field work will
be conducted in the Mount Windsor Volcanics in
late 1995. '

The deposits for study in the Archean Murchison
province:

* Gossan Hill
Robina Sharpe is currently in the second field
season of her PhD research entitled “Mineral-
isation, alteration and structure of the Gossan Hill
Cu-Zn VHMS deposit, WA: implications for ore
genesis and exploration”.

¢ Teutonic Bore
Although Holger Paulik’s PhD thesis will be
investigating the alteration associated with the
Teutonic Bore deposit, no field work has been

undertaken to date. It is anticipated that Holger
will begin field work at Teutonic Bore in mid 1996.

Collaboration with other research
groups

This project will involve collaboration with two other
research groups working on hydrothermal alteration
in Canada.

1. Mineral Deposit Research Unit (MDRU) at the
University of British Columbia which has an
industry/NSERC funded project on “Litho-
geochemical exploration for metasomatic
alteration zones associated with hydrothermal
mineral deposits”. Principal investigators are
Professor A.]. Sinclair and Dr C.R. Stanley.

2. Geological Survey of Canada based in Ottawa,
which has a Mining Industry Technology Council
in Canada (MITEC) funded research project on
“The roles of regional-scale alteration zones and
subvolcanic intrusions on the generation of
volcanic-associated massive sulfide deposits”.
Principal investigators are Drs A.G. Galley, H.L.
Gibson, M.D. Hannington, B.E. Taylor and D.H.
Watkinson. -

Discussions have been held with the principal
representatives of these two groups in order to
develop a framework for collaboration in the areas
of overlap within our three projects. It is planned
that during the course of the three projects, joint
meetings will be held to exchange research results
and models. Dr Cliff Stanley visited CODES in May,
1995 and conducted two days of field work with
Bruce Gemmell at Hellyer. Drs Mark Hannington
and Allan Galley hope to visit Australia in mid to
late 1996.

In addition to the intermational collaboration,
collaboration will also occur with Industry, Safety
and Mines (formerly Mineral Resources Tasmania)
in the mapping, collection and analysis of rocks from
the Mount Read Volcanics and with the Key Centre
for Strategic Minerals, UWA, in the studies on
Archean VHMS deposits in the Golden Grove district.
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Lithogeochemical Exploration for Metasomatic Alteration Zones
using Pearce Element Ratios: Hellyer Case Study

Clifford R. Stanley and J. Bruce Gemmell

Mineral Deposit Research Unit, Department of Geological Sciences, University of British Columbia;
and Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

Many mineral deposits have associated hydrothermal
alteration zones that envelop the mineralization and
thus are larger than the deposits themselves. As a
result, these zones constitute i_deal intermediate
exploration targets that may be used as guides to
mineralization. This study intends to improve
lithogeochemical explbration methods to enhance a
geologist’s ability to locate, identify and understand
these hydrothermal alteration zones, and thus
improve their chances of discovering associated
mineral deposits. This will be accomplished by
(i) developing a numerical methodology, founded
on simple yet sound theory, that may be used to
quantify the metasomatism that accompanied the
hydrothermal reactions responsible for the alteration
zones and (ii) investigate the Hellyer alteration system
in order to test the lithogeochemical exploration
methodology. In short, the goal of this project is to
provide an improved exploration tool for the AMIRA
participants, supply them with the means to use this
tool, and equip them with the geological criteria and
knowledge to effectively direct its use.

Background

The principal sources of geochemical variation

_ observed in host rocks of VHMS deposits are

(i) measurement error, including error during
sampling (nugget effect) and analysis, (ii) closure, a
mathematical artifact caused by the requirement that
a rock composition sum to 100%, preventing the
manifestation of differences in rock composition from
directly reflecting the actual changes that have
occurred in the rock, (iii) fractionation, systematic
geochemical variations produced by crystal or volatile

separation from a melt, and by crystal sorting; present
before mineralising fluids alter these rocks,
(iv) compositional mixing, mechanical mixing of
rocks of different genesis and composition (e.g.
volcaniclastics with exotic clasts) and (v) meta-
somatism, material transfer associated with chemical

reactions between mineralising fluids and host rocks.

Lithogeochemistry has traditionally been used in
mineral exploration to locate hydrothermal alteration
zones associated with volcanic-hosted massive
sulphide (VHMS) deposits. Examples include the
numerous Na and Ca depletion anomalies identified
in the volcanic footwalls to many VHMS deposits. In
many cases, these anomalous zones contributed to
the discovery of the deposits. Unfortunately, these
lithogeochemical anomalies may sometimes be
difficult to identity. This is because (i) the processes
that produce these lithogeochemical anomalies are
not restricted to only those responsible for hydro-
thermal mineral deposits, (ii) pre-existing litho-
geochemical variations in the host rocks can obscure
these anomalous patterns and prevent their
identification, (iii) many elements do not necessarily
display consistent lithogeochemical patterns in the
alteration zones (e.g. K in VHMS footwalls), and (iv)
the effect of closure, a mathematical peculiarity that
introduces spurious numerical variations to
concentration data. can obscure any real litho-
geochemical pattern that does exist. All of these
factors can make it difficult to confidently identity
anomalous lithogeochemical patterns associated with
the alteration zones related to hydrothermal mineral
deposits.

A number of numerical approaches, all of which
avoid the spuribus effects of closure in coricentration
data, have been developed to quantity the effects of

geochemical and mineralogical vectors to ore. November 1995

CODES: AMIRA Project P439 — Studies of VHMS-related alteration: @



120

metasomatism (Akella, 1966; Gresens, 1967; Grant,
1986, MacLean and"‘Bar;ett, 1993). Recently,
theoretical advances in Pearce element ratioanalysis
(PER) (Russell and Stanley, 1990; Stanley and
Madeisky, 1993) have also allowed its use to study
various types of material transfer processes, including
metasomatic processes associated with hydrothermal
alteration and mineral deposit genesis. Whereas PER
was originally used to study fractionation processes
in igneous systems (e.g. Russell and Stanley 1990),
Stanley and Madeisky (1993) have demonstrated how
PER can also be used effectively in lithogeochemical
exploration for several types of hydrothermal mineral
deposits. One of their significant discoveries was
that the magnitude of pre-existing lithogeochemical
variability in VHMS deposit host rocks (i.e. the

background variations caused by phenocryst sorting
~ in the host volcanics) may, in many cases. be as large
as the variations produced‘by the metasomatism that
accompanied deposit genesis. Previous numerical
approaches that lack the ability to model and remove
the pre-existing lithogeochemical variability are
unable to accurately quantity the effects of meta-
somatism because of this background ‘noise’. The
ability to avoid the effects of closure and to model
and remove the effects of pre-existing litho-
geochemical variations (fractionation) make PER
analysis a superior tool in lithogeochemical
exploration for igneous rock-hosted hydrothermal
mineral deposits. With this methodology, even subtle
metasomatic effects that would otherwise be obscured
by the background lithogeochemical variability can
readily be identified.

Preliminary application of the PER methodology
to VHHMS deposits has already resulted in several
new observations with significant exploration import.
in the Rio Tinto VHMS camp, the most evolved
portions of the footwall rhyolite appear to be spatially
associated with the deposits, and are the most
metasomatized. This suggests that the degree of
petrologic evolution, along with the degree of
metasomatism, may constitute important exploratidn
parameters for VHMS deposits (Stanley and
Madeisky 1993). Furthermore, explanations for
common observations made during lithogeochemical
exploration have also been discovered using PER’s.
In VHMS footwalls, K is known to generally be a less
effective exploration tool for discovering footwall
alteration zones to VHMS deposits than Na or Ca

(personal communication, Dr. Steve Juras, 1993). This
is because K can be added or lost during the formation
of a quartz-muscovite-pyrite alteration zone. PER
analysis has demonstrated that this variable
lithogeochemical behavior is dependent on the
original feldspar composition and (Na+K)/Al ratio
of the volcanic host rocks (Stanley and Madeisky,
unpublished work). Because it is unlikely that these
discoveries could be made using a numerical
methodology that could not remove the effects of
pre-existing background lithogeochemical variation,
significant advantages can be gained through use of
the PER technique in lithogeochemical exploration.

The theoretical basis for PER analysis requires
that (1) at least one conserved element be present (an
element that is “incompatible” during igneous
fractionation and “immobile” during hydrothermal
alteration), (2) the rocks be related to a common

- parent that was at one time homogeneous (at least

with respect to the conserved element) and (3) at
least one material transfer process has acted to create
the geochemical variability observed in these rocks.
The PER approach uses a ratio formulation (computer
spreadsheet) where the material transfer equation is
expressed in molar terms using a conserved
constituent (element) in the ratio denominator. This
causes the PER to be directly proportional to the
amount of material transfer in the numerator element.

By using a mole instead of mass concentrations in

PER analysis the resulting material transfers can be
related directly to mineral formulae and chemical
reactions (Stanley and Madeisky, 1993). This allows
solid-solution mineral composition variations to be
accommodated and allows development of linear
fractionation models which can represent the
geochemical heterogeneity in volcanic rocks before
the advent of hydrothermal alteration. PER analysis
overcomes the effects of closure and also allows
geochemical variations associated with fractionation
and crystal sorting to be recognised and accomuno-
dated. It has been demonstrated that the magnitude
of pre-existing lithogeochemical variability in VHMS

~ deposit host rocks (i.e. background variations caused

by phenocryst sorting in host volcanics) may, in many
cases, be as large as the variations produced by the
alteration). ,

A study of alteration in a variety of felsic hosted
VHMS deposits (Archean to Mesozoic, zeolite to

middle amphibolite metamorphic grades) by PER
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analysis by Madeisky and Stanley (1994) concluded
that the patterns of metasomatic additions and losses
in both quartz-sericite and quartz-chlorite alteration
zones are surprisingly consistent among deposits.
Fluid-rock (buffered) reactions include the common
Na and Ca metasomatic losses as well as the addition
of K, an often erratic behaviour that is controlled by
the primary K/Na ration (alkali feldspar) and Al
budget of the host rocks, and the stability of sericite.
The behaviours of chalcophile elements (Cu, Pb, Zn,
Ag, Au) can be explained in terms fluid only
(unbuffered) reactions within specific alteration
mineral stability fields, and the mass transfer of other
trace elements (Sr, Rb, Ba, Cr, Ni, Mn) corresponds
with camouflaging major element behaviour.
Environments where Al is mobile in the hydrothermal
fluids appear to be restricted (Madeisky and Stanley,
1994). To date there has not been a study using PER
to a VHMS system hosted by intermediate to mafic
volcanics, this is why Hellyer was choosen and will
make an excellent case study.

The recent development of the above numerical
methodologies to study material transfer processes
provides a unique opportunity to (i) study meta-
somatic processes at a level of rigor previously
unattainable, leading to a better geological and
geochemical understanding of hydrothermal mineral
deposits and the processes that formed them, and (ii)
develop effective, theoretically-based strategies,
methodologies and models for use in litho-
geochemical exploration for hydrothermal mineral
deposits. The ability of PER analysis to avoid the
effects of closure and to model and remove the effects
of pre-existing lithogeochemical variations (fraction-
ation) make PER analysis a superior tool in
lithogeochemical exploration for igneous rock-hosted
VHMS deposits (Stanley and Madeisky, 1993).

Research

This research project can be divided into three basic
objectives. These are: (i) to develop a new, effective
lithogeochemical exploration methodology, (ii) to
produce dedicated computer software with which to

implement this methodology, and (iii) to test this

methodology, expand its application, improve its
results, and identify sound strategies for its use in
exploration.

Hellyer Case Study

As the lithogeochemical signature of the footwall
(Gemmell and Large, 1992) and hangingwall (Jack,
1989) alteration at Hellyer has previously been
investigated and is well charcterised this study will
concentrate on the lithologies surrounding the deposit
to detect a regional lithogeochemical signature. At
Hellyer, data from Jack (1989), Gemmell (1990),
Gemmell and Large (1992), Sinclair (1994) and
unpublished Aberfoyle data will be used in
conjunction with new analyses for the Pearce Element
lithogeochemical study. In May, 1995 Cliff and Bruce
made a field visit to Aberfoyle’s Burnie exploration
office to collect drill logs and geochemical data,
including the pulps from Jack’s Masters thesis. This
project will be broken down into two parts:
(i) previous data from both the footwall and
hangingwall alteration zones will be interpreted to
determine the systematics of the intense alteration
and (i) new samples and previous data from the
immediate footall and hangingwall lithologies away
from the alteration zones will be analysed to
determine vectors towards the alteration and
mineralisation. In addition ninety new samples were
collected from the Hellyer basalt, Que River Shale
and the footwall andesite in drill holes up to 4 km
away surrounding Hellyer (Table 1). For the purpose
of this investigation no footwall polymict debris flow
material will be analysed.

These samples are currently being crushed ina W
carbide pulverizer.and will be analysed by lithium
mets borate frisioll XRF whole rock analysis for SiO,,
TiO,, ALO,, Fe,0,, MnO, MgO, Ca0, Na,0, K0, P,0;
and LOI and by pressed pellet or fused disk for Ni,
Cr,V, Zr, Y, Sc, La, Sr, Rb, Ba, Cu, Pb, Zn, Au, Ag,
Nb, T1, Se, Sb, Cd and Mo. In addition both H,O+
and CO, contents will be determined. The samples
will be analysed at the University of Tasmania.

Initial results and interpretations will be presented
at the next AMIRA meeting.
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Table 1. Drill holes sampled for the Hellyer Pearce

Element Ratio Study
HL 14

HL 15
HL 26*
HL 30
HL 31
HL 35A
HL 39
HL 50
HL 57
HL 61
HL 80*
HL 246*
HL 306
'HL 345
HL 345A
HL 469
HL 469B
HL 469C
HL 541*

HAT 4*
HAT 8*
HAT 9*

MAC ¢4*
MAC10*
MAC 11*
MAC15
MAC17
MAC 19*
MAC 21*
MAC 25*
MAC 31*

MC12*

* New samples collected from these holes. Pre-existing
lithogeochemical data from the other holes by Aberfoyle,
Jack (1989), Gemmell (1990), Gemmell and Large (1992)
and Sinclair (1994) will also be analysed in this study.
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Hellyer Hangingwall Alteration Study

Russell Fulton and J. Bruce Gemmell
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

Hangingwall alteration has only been documented
in a few Australian VHMS deposits (e.g. Hellyer —
Jack, 1989; Scuddles — Ashley et al., 1988; Mt
Chalmers — Large, 1992). In general the effects of
hangingwall alteration is subtle and can extend for
tens to hundreds of metres into post-ore volcanics.

In this project we will focus on the mineralogy,
mineral chemistry and whole rock geochemistry of
hangingwall alteration at Hellyer in order to develop
a more complete database and determine vectors to
mineralisation. ’

Jack (1989) studied the hangingwall alteration at
Hellyer based on the initial surface exploration
drilling. His study documented the alteration
mineralogy and the gross geochemical signature of
this alteration. Little mineral chemistry data was
generated in Jack’s (1989) study. :

Our study will focus on the detail of the alteration
mineralogy, mineral chemistry of specific phases
(fuchsite-sericite, carbonate and chlorite) and a re-
evaluation of the whole-rock geochemistry. Tobegin
with we will utilise Jack’s (1989) thesis thin section
collection of the hangingwall alteration (Table 1) for
a detailed investigation of the alteration mineralogy,
paragenesis, zonation and mineral chemistry. Jack’s

(1989) whole rock data will then be re-evaluated
inlight of the results of the mineralogical study. Jack’s
thin section collection and whole-rock geochemical
data was collected from Aberfoyle’s Burnie Explor-
ation office in August, 1995. It is anticipated that
additional samples will be collected from the initial
surface drilling and subsequent underground drilling
in 1996.

This study will be the thesis project for Russell
Fulton’s Master of Economic Geology degree. Russell
will begin this research in November 1995 and initial
results from this research will be presented at the
next AMIRA meeting.
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Table 1. Hellyer hangingwall alteration samples.

SAMPLE #

272844
333916
333917
333918
333919
333920
333921
333922
333923
333924
333925
333926
333927
333928
333929
333930
333969
333970
333971
333973
333974
333975
333976
333977
333978
333994
333995
333996
333997
333998
333999
334001
334002
334003
334004
334005
334006
334007
334008
334009
334010
334011
334012
334013
334014
334015
334016
334017
334018
334019
334020
334021
334022
334023
334024
334025
334026

HOLE

HL7
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14
HL14

DEPTH

66.4
85.0-89.6
89.6-92.0
92.0-112.0
112.0-118.0
118.0-121.0
121.0-144.8
144.8-187.0
187.0-189.0
189.0-199.0
199.0-201.8
201.8-213.0
213.0-223.0
223.0-225.4
225.4-230.87
230.87-234.1
49
75.81
106.97
139.27
177.38
198.66
224.5
226.5
234
857
823
805
805
790
782
64.0-91.2
91.2-145.0
145.0-152.8
152.8-259.1
179.5-210.3
210.3-225.0
225.0-233.8
233.8-241.0
241.0-258.0
258.95-259.1
73.5
83.3
89.5
92
100.05
100.7
101.8
102.9

112 .
116.45
116.7
123.5
125.05
129.2
129.65
133.7

SAMPLE

=

833388888883888833333333335555555555555556655555555555556‘3

NORTHING EASTING

10600.3
10500.1
10500
10499.4
10499.2
10499
10498
10495.8
10495.6
10495.1
10494.9
10494.3
10493.7
10493.5
10493.2
10493
10500.8
10500.4
10499.6
10498.2
10496.3
10495.1
10493.6
10493.4
10493
10718.6
10708.4
10703
10703
10698.5
10696.1
10896
10893.9
10893.6
10893
10892.7

1 10892.8
10892.8
10892.9
10893.1
10893.1
10896.8
10896.3

10896
10895.9
10895.6
10895.5
10895.5
10895.4

10895
10894.9
10894.9
10894.6
10894.5
10894.4
10894.4
10894.2

5567.8
5408
5409.5
5422
5425.8
5427.6
5442.6
5469.5
5470.8
5477.2
5479
5486.2
5492.7
5494.2
5497.8
5499.9
5381.9
5399.2
5418.9
5439.1
5463.3
5477
5493.6
5495
5499.9
6105.3
6137.8
6155
6155
6169.3
6176.9
5895.1
5876.6
5874
5865.2
5854.6
5849.4
5846.3
5843.7
5837.6
5837.2
5901.3
5897.9
5895.7
5894.8
5892
5891.8
5891.4
5891.1
5887.9
5886.4
5886.3
5883.9
5883.4
5882
5881.8
5880.5

R.L.

642.3
618.3
616.5
600.9
596.2

593.9

575.4
543
541.5
533.8
531.6
523.1
515.5
513.7
509.6
507.1
649.4
629
604.8
579.7
550.4
534.1
514.4
512.9
507.2
390.8
390.5
390.3
390.3
390.1
390.1
603
552.5
545.1
519.9
491
477.3
469
462.3
446.5
445.4
619.5

© 610.3

604.5
602.2
594.7
594.1
593
592
583.5
579.3
579.1
§72.7
571.2
567.3
566.9
563.1

SECTION
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Table 1 cont.

334027 HL55 141.2 TC 10894 5877.9 556.1
334028 HL55 151.7 TC 10893.7 5874.4 546.2
334029 HL55 153.6 TC 10893.6 5873.7 544.4
334030 HL55 154.2 TC 10893.6 5873.5 543.8
334031 HL55 157.85 TC 10893.5 5872.3 540.4 )
334032 HL55 165.5 TC 10893.3 5869.8 533.2
334033 HL55 167.1 TC 10893.3 5869.3 5631.7
334034 HL55 176 TC 10893 5866.3 523.3 )
334035 HL55 183.55 TC 10892.9 5863.9 516.1
334036 HL55 189.6 TC 10892.7 5861.9 510.4 )
334037 HL55 191.15 TC 10892.7 5861.4 508.9
334038 HL55 193.5 TC 10892.8 5860.4 506.8 )
334039 HL55 198.4 TC 10892.8 5858.8 502.2
334040 HL55 203 TC 10892.8 5857.2 497.9
334041 HL55 207.85 TC 10892.7 5855.5 493.3
334042 HL55 218.5 TC 10892.8 5851.7 483.3
334043 HL55 223.35 TC 10892.8 5850 478.8
334044 HL55 227.9 TC 10892.8 5848.4 474.6
334045 HL55 232.2 TC 10892.8 5846.9 470.5 )
334046 HL55 239.4 TC 10892.9 5844.3 463.8
334047 HL55 247 ~TC 10893 5841.6 456.7
334048 HL55 257.5 TC 10893.1 5837.8 446.9
334099 HL79 379.1 TC 11060.8 5971.4 313.3
334067 HL30 188 TC 10902.9 5513.6 506.5 )
334068 HL30 204.4 TC 10902.8 5519.4 491.2
334069 HL30 218.1 TC 10902.7 5524.3 478.4
334070 HL30 243 TC 10902.4 . 5533.2 455.2
334071 HL30 268.5 TC 10901.8 5542.5 431.4
334072 HL30 274.5 TC 10901.7 5544.7 425.8
334072 HL30 274.4 TC 10901.7 5544.7 425.9
334072 HL30 274.5 TC 10901.7 5544.7 425.8
334073 HL30 275.3 TC 10901.6 5545 425.1
334074 HI.30 278.7 TC 10901.5 5546.2 421.9
334108 HL30 186.9-200.0 TG 10902.8 5517.9 495.3
334109 HL30 200.0-263.0 TG 10902 5540.5 436.5
334110 HL30 263.0-272.4 TG 10901.7 5543.9 427.8
334111 HL30 272.4-278.3 TG 10901.5 5546.1 422.3
334112 HL30 278.3-278.8 TG 10901.5 5546.3 421.8
334113 HL30 278.8-283.4 TG 10901.4 5548 417.6
334134 HL31 102.0-105.0 TG 10889.8 6009.5 588.3
334135 HL31 105.0-126.8 TG 10887.8 6001.2 568.3
334136 HL31 126.8-142.0 TG 10886.2 5995.4 554.3
334137 HL31 142.0-172.5 TG 10883.1 5983.5 526.4
334138 HL31 172.5-188.0 TG 10881.4 5977.3 512.2
334139 HL31 - 188.0-195.0 TG 10880.7 5974.5 505.9
334140 HL31 195.0-205.0 TG 10879.6 5970.4 496.8
334141 HL31 205.0-220.9 TG 10877.9 5963.8 482.5
334142 HL31 220.9-284.0 TG 10872.2 5937.2 425.5
334143 HL31 284.0-288.4 TG 10871.9 5935.4 421.5
334144 HL31 288.4-308.6 TG 10870.8 5926.8 403.3
334145 HL31 308.6-324.2 TG 10870 5920.1 389.2
334049 HL31 316.15 TC 10870.4 5923.6 396.5 v
334162 HL6 208.4 TC 10498.4 5830.1 563.9
334171 HLS 284.5 TC 10707.1- 5746.9 - 466 v
334172 ADIT 697 MR 10670.7 6258 389.2 v
334174 ADIT 717 MR 10676.6 6238.9 389.4 v
334175 ADIT 737 MR 10682.6 6219.8 389.6 v
334176 ADIT 755 MR 10688 6202.7 389.8 v
334177 ADIT 719 MR 10677.2 6237 . 389.4 ~

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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Table 1 cont.

334191 HL50 243.83 AC 10743 5775.1 494.9 v
334192 HL50 262.22 AC 10742.4 5765.4 479.3 )
334193 HL50 282.9 AC 10741.7 5754.5 461.8 )
334194 HL50 299.09 AC 10741.1 5745.9 448 )
334195 HL28 139.6 AC 10901.6 §760 562.8 ¥
334196 HL28 145.5 AC 10901.2 5762.6 5§57.5 4
334197 HL28 157.96 AC 10900.2 5768.1 546.4 )
334198 HL28 169.61 AC 10899.3 §773.3 536 ¥
334199 HL28 170.32 AC 10899.2 5773.6 535.3 )
334200 HL28 173.32 AC 10899 5774.9 532.6 )
334201 HL28 187.96 AC 10897.7 5781.3 519.6 ¥
334202 HL28 208.27 AC 10895.9 §790.3 501.4 )
334203 HL28 228.87 AC 10894.2 5799.6 483.1 )
334204 HL28 234.63 AC 10893.7 5802.2 478 )
334205 HL28 249.14 AC 10892.4 5808.8 465.1 )
334206 HL28 265.76 AC 10891.1 5816.5 450.5 )
334207 HLS7 222.58 AC 10746.2 5752.4 538.8 )
334208 HLS7 229.19 AC 10746.2 5747.7 634.1 ¥
334209 HL57 245.43 AC 10746.2 5736.3 522.6 )
334210 HLS7 271.3 AC 10745.7 5718.1 504.2 )
334211 HL57 286.82 AC 10745.3 5§707.3 493.1 A
334212 HLS7 296.5 AC 10745 §700.5 486.2 )
334213 HLS7 305.14 AC 10744.8 - 5694.4 480 )
334214 HL57 312.88 AC 10744.6 5689 474.5 v
334215 HL57 317.68 AC 10744.5 5685.6 4711 )
334216 HL57 322.25 AC . 10744.4 5682.4 467.9 )
334222 HL57 323.53 AC 10744.4 5681.5 467 )
334223 HL57 326.62 AC 10744.4 5679.3 464.8 )
334217 HL24 217.43 AC 10744.5 5685.8 471.3 )
334218 HL24 232.62 AC 10909.3 5764.3 464.5 )
334219 HL24 246.1 AC 10909 5§768.3 451.6 ¥
334220 HL24 249.31 - AC 10908.9 §769.2 448.6 )
334221 HL24 252.8 AC 10908.8 §770.3 445.2 )
334265 HL24 183.0-187.9 AG 10910.1 §751.3 5§07.3

334266 HL24 187.9-199.5 AG 10909.9 5§754.7 496.2

334267 HL24 199.5-203.9 AG 10909.8 §755.9 492

334268 HL24 203.9-211.2 AG 10909.7 §758.1 485

334269 HL24 211.2-220.0 AG 10909.5 §760.6 476.6

334270 HL24 220.0-251.6 AG 10908.9 §769.9 - 446.4

334271 HL24 251.6-253.9 AG 10908.8 §770.6 444.2

The following data is available for all samples

Whole Rock Chemistry
Si02, TiO2, Al203, FeO, MnO, MgO, Ca0, Na20, K20, P20s, L.O.I.

Trace Element Chemistry
Cu, Pb, Zn, Sr, Y, Zr, Ni, Cr, Ba, Sc, La, As, Ag, Rb, V, Nb, S,

Key:

Sample type - M = Tasmanian Mines Dept, Launceston. XRF
T = Geology Dept, Universuty of Tasmania. XRF
A = AMDEL ICP, AAS, XRF

G= cbnﬁnuous core grind
C = split core sample
R = rock grab sample
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Rosebery Site Study

Ross Large
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

Aim

* To determine distribution and geochemistry of
carbonate alteration related to the Rosebery VHMS
deposit ,

¢ To develop geochemical and isotope vectors to ore
in carbonate altered volcanics; hangingwall,
footwall and along strike.

Research plan

¢ Summarise the results of previous work on the
geochemistry of host rocks and related hanging-
wall and footwall volcanics at Rosebery — from
PhD, MSc and Honours theses and available non-
confidential company reports.
¢ Sampling of drill core to give a three-dimensional
data set of alteration in the hangingwall, footwall
and along-strike from one of the Northern ore
lenses.
¢ Whole-rock and selected trace element analyses of
samples in order to relate carbonate trends to
whole-rock geochemical trends.
¢ Analyses of selected acid digests to study carbonate
chemistry. :
* Microprobe analyses of carbonate minerals.
¢ Carbon and oxygen isotope analyses on selected
* samples.
¢ Compilation of analytical data on cross section
and plan to relate chemical variations to the ore
lens position..

- ® Development of an alteration vector matrix.

Ore lens for study

The ore lens selected for study will ideally have the

following characteristics:

¢ be at the north end of the mine away from the
effects of the Devonian granite

* be known to have associated carbonate alteration

* be a mineable ore lens of typical Rosebery grade
and significant tonnage

¢ have boundaries defined by relatively close spaced
drilling :

* have a number of drill holes which intersect the
barren ‘ore position” along-strike for a considerable
distance (say, ideally, 100-500 m)

Who will do the study
The study will be undertaken by a post-graduate

research student or a post-doctoral fellow in
collaboration with Professor Ross Large.

When

Depending on the availability of a suitable student,
or Research Fellow, the project will commence in
about August 1995.

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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Support required from Pasminco

* Access to previous non-confidential geochemical
data on the Rosebery deposit

* Logistics support on-site

¢ Accommodation at Rosebery as part of the in-kind
support for the ARC-AMIRA Collaborative project

Reporting

It is expected that the project will take 12 months to
complete. Six-monthly reports will be provided to
Pasminco as part of the reporting schedule required
by AMIRA. : '

=

TR R B R



WOV PDIDIDIDPIDIIIPIPIBOLYVYWIYY® VYD wwww w

129

Textures and origins of carbonate associated with the volcanic-hosted
massive sulfide deposit at Rosebery, Tasmania

Anthea Hill and Karin Orth

Introduction

Carbonate-bearing rocks are commonly associated
with volcanic-hosted massive sulfide (VHMS)
deposits but have been overlooked in many ore
genesis models (e.g. Lydon, 1988). Numerous
deposits in Australia are associated with carbonate
including Scuddles (Archaean), Hellyer, Que River,
Hercules, and Rosebery (Cambrian), Thalanga
(Cambrian-Ordovician), Captain’s Flat, Mt Bulga,
Breadalbane (Upper Ordovician-Lower Devonian),
and Mt Chalmers (Permian). The carbonates have
been interpreted either as exhalative (e.g. Large and

-

f
N 4

ROSEBERY

Mt Read
Volcanics

FIG. 1. Location of Rosebery in the Mount Read
Volcanics, western Tasmania (after Large, 1992).

Centre for Ore Deposit and Exploration Studies, Geology
Department, GPO Box 252C, Hobart, Tasmania, Australia
7001 :

Both, 1980; McLeod and Stanton, 1984; Ashley et al.,
1988; Gregory et al., 1990), or the result of
hydrothermal alteration associated with massive
sulfide mineralization (e.g. Gemmell and Large, 1992;
Khin Zaw and Large, 1992; Hill and Orth, 1994).
Dixon (1980) described the mineralogy, textures,
and distribution of carbonates at Rosebery in western
Tasmania. Our study rexamines and re-interprets

_ the Rosebery carbonate textures in the light of recent

volcanological studies (Allen and Cas, 1990; McPhie
and Allen, 1992) which demonstrate that the deposit
occurs in the upper part of a graded pumiceous
mass-flow deposit. This textural study shows that
the pumice clasts are altered to carbonate and we
suggest that Rosebery is partly a subsea-floor
replacement deposit.

The Rosebery deposit is hosted by the Middle to
Late Cambrian Mount Read Volcanics, a 200 x 20 km
volcanic belt of dominantly felsic lavas and
volcaniclastic rocks (Corbett, 1989, 1992) (Fig. 1).
Corbett (1992) and McPhie and Allen (1992) outline
the stratigraphy, volcanic facies associations, and
geological setting of the Mount Read Volcanics. The
Mount Read Volcanics host several important VHMS
deposits, including Mount Lyell, Hellyer, Que River,
Hercules, and South Hercules. The geology of these
deposits is reviewed by Large (1992).

Geology of the Rosebery deposit

The geology and geological setting of the Rosebery
VHMS deposit are documented by Brathwaite (1972,
1974), Green et al. (1981), Green (1983), Corbett and
Lees (1987), Corbett (1992), and Allen and-Cas (1990).
Recent textural studies by Allen and Cas (1990) have
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shown that the thick footwall units were emplaced
by subaqueous pumiceous and variably crystal-rich
mass flows sourced from nearby subaerial or shallow
water environments. The graded top of the youngest
thick pumiceous mass flow deposit and other thinner
graded pumiceous mass-flows (the “host rocks”) host
the orebody (Fig. 2), and are overlain by pyritic black
mudstone (“black slate”) and thinner, quartz-bearing
volcaniclastic mass-flow units (“hangingwall
pyroclastics”).

The stratiformn Rosebery orebody is composed of
multiple tabular massive sulfide lenses that dip at
45° to the east and have strike lengths of up to 1500 m
(Brathwaite 1974; Green et al., 1981) (Fig. 3). Massive
to blebby carbonate forms a halo around and between
the ore lenses. The multiple ore sheets are considered
to represent either an original blanket-like syn-
volcanic deposit that has been structurally repeated

(Brathwaite, 1972; Khin Zaw et al., 1988; Berry, 1990;

Large, 1990), or, alternatively, structurally controlled
dilatant zones that filled with sulfides mobi]ized from
the footwall during Devonian deformation and

metamorphism (Aerden, 1990, 1991).

- Carbonate distribution and composition

Dixon (1980) documented the textural features of the
carbonates and described the main textural groups
as blebby, massive, colloform, and diagenetic
carbonate. Carbonate occurs in the “host rock”
immediately along strike from the sp-gn-cp lens, and
interfingers with the sulfides (Fig. 3). A siliceous
zone typically separates the sulfides and massive
carbonate, and there is a gradation away from
mineralization to blebby or poddy carbonate
{Brathwaite, 1974; Dixon, 1980). Carbonate varies
from calcite—kutnohorite—rhodochrosite in com-
position, with minor Mg and Fe substitution (Khin
Zaw, 1991).

Carbonate is always associated with sericite—
quartz—chlorite + albite assemblages in the “host
rocks”. Minor sulfides, including sphalerite and
pyrite, occur in the carbonate as small veins and
replacement areas.

"hangingwall pyroclastics”

massive to thick bedded quartz and
feldspar-rich sandstone breccia, feldspar
and minor quartz-bearing pumice breccia
and sandstone, quartz and feldspar crystal-
rich sandstone breccia

"black slate”
black, pyritic mudstone, grey mudstone,
minor crystal-rich sandstone -~

“host rocks" _
" bedded siltstone and tuffaceous sandstone,
host to massive sulphides

"footwall pyroclastics”
massive feldspar-bearing, pumiceous

volcaniclastics (tube pumice)

FIG. 2. Simplified stratigraphic column of the volcaniclastic sequence that hosts the Rosebery.

deposit (after McPhie and Allen, 1992).
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FIG. 3. Geology of the northern ore lenses at Rosebery, section 1113 mN (frorf\ Huston and Large,
1988). Note carbonate lenses below, above, and lateral to the ore lenses.

Textures in the Rosebery carbonates

In this study detailed petrographic and cathodo-
luminescence (CL) analyses of the carbonate at
Rosebery have been undertaken in the light of recent
developments in the understanding of the volcanic
setting of the area (Allen and Cas, 1990; McPhie and
Allen, 1992; McPhie et al., 1993).

Methods

Cathodoluminescence is the emission of light from a

material under electron bombardment (Nickel, 1978;
Pierson, 1981). Crystal lattice imperfections and
substituted ions in the crystal structure act as
luminescent centres and absorb energy from the
electron beam, either activating or inhibiting
luminescence. Transition metal ions are common
impurities causing luminescence, and in carbonates,

Mn? is an activator of luminescence and Fe* is a

quencher of luminescence (Sommer, 1972; Nickel,
1978; Pierson,. 1981). Luminescence in carbonate rocks
is typically yellow-orange-red, and the intensity of
luminescence is controlled by the balance of activator

and quencher centres. Fe?* will quench luminescence
in carbonate as its concentration reaches 10,000 ppm,
and above concentrations of 15,000 ppm Fe%,
carbonate is non-luminescent regardless of Mn**
content (Pierson, 1981).

Cathodoluminescence studies were conducted on
a Nudide ELM-2B Luminoscope using 6-8 kV and
about 0.5 mA current and a focussed beam 8-12 mm
in diameter generated by a cold cathode electron
gun. The residual gas and chamber pressure was
maintained around 100 mTorr during operation.
Glass-mounted polished thin sections were placed
within the sample chamber prior to evacuation and
observed through a binocular microscope.

Textures

Spheroidal and blebby textures are typical of most
carbonate at Rosebery, and vary from dispersed to
close-packed. Massive and poddy carbonate are
common where spheroids are closepacked and
intergrown. Macroscopic carbonate forms and
distinctive microscopic textural criteria are summar-
ised in Table 1. The categories defined here are an

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
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Table 1. Textures of the carbonate at Rosebery.

Carbonate texture

Core

Rim

Spheroidal:
(1) large spheroids
(Fig.4a)

(ii) small spheroids

(Type A; Fig. 4a, b)

(iii) small spheroids
(Type B)

Blebs

Pods (Fig. 4c,d)

Rhombs (Fig. 4e)

Massive (Fig. 4f)

Spherical to nodular shape
Up to 20 mm diameter
Mosaic of anhedral carbonate
grains

Non-luminescent to dull and
speckled brown-red under CL

Spherical shape
Up to 10 mm diameter
Mosaic of anhedral grains

" Non-luminescent to speckled,

dark blood-red to red-
brown under CL

Irregular shape

Small, 0.2-2 mm

Mosaic of anhedral grains
luminescent to dull
brown-red under CL

Irregular shape, some
rectangular (possibly
carbonate after feldspar)
Variable size up to 10 mm
Mosaic of fine anhedral

grains

Irregular shape

Up to 100 mm in length
Mosaic of anhedral carbonate
grains or intergrown
spheroids

Dusty, inclusion-rich in
transmitted light

Dull to non-luminescent under
CL

Mosaic of anhedral to euhedral
carbonate grains, or intergrown
carbonate spheroids

0.2-0.4 mm thick
Radial, euhedral grains
Non-luminescent

0.2-0.4 mm thick

Radial, euhedral grains (Fig.5a,c)
Fine dark red to bright red-orange
bands under CL (Fig. 6a,c)

0.5-1 mm thick

Zoned, coarse, radial,
euhedral grains (Fig. 5b)
Fine bands of alternating
dark and bright red
luminescent carbonate

Rare rims of radial, euhedral
carbonate rhombs
Dark red under CL

Irregular margins, no
distinctive rim

Zoned, <1.5 mm thick .
Alternating bands of blood-red
and dull red-brown
luminescent carbonate (Fig. 6a)

Intergranular sericite, quartz
and chlorite is common

interpretation of those described by Dixon (1980).

The carbonate occurs in a matrix of fine grained
sericite with quartz, minor albite and chlorite.
Feldspar crystals are strongly quartz, sericite, and
calcite altered, and this calcite is irregular in shape,
bright orange under CL, and extends along the
feldspar cleavage planes.

Carbonate spheroids have a wide variation in
grainsize and packing (Fig. 4a, b). Large, small and
rhombic spheroids (Table 1) can all occur together,
with small rhombs interstitial to many carbonate

spheroids. Type-B spheroids appear similar to the
small type-A spheroids in handspecimen, but contain
asmall, irregular core and zoned, radially intergrown
euhedral rhombs visible in thinsection (Fig. 5b).
Poddy carbonate has gradual contacts with the
surrounding spheroidal or blebby carbonate (Fig.
4c,d). Scattered spheroids become massive carbonate
where late carbonate overprints and fills the spaces
between spheroids. This is clearly seen under CL
(Fig. 6e).
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Textures within carbonate
Carbonate-sericite-quartz aggregates form pseudo-
morphs after feldspar phenocryéts in some spheroidal
carbonate. The phenocrysts appear highly corroded
and sub to anhedral under plane polarized light, but
are clearly euhedral under CL (Fig. 6c). Most feldspar
crystals occur in the spheroid cores (Fig. 5d), although
altered feldspar crystals also occur near the margins
of the larger nodular spheroids. Carbonate grains
radiate out from the feldspar crystals, indicating that
the carbonate nucleated on the feldspar and
enveloped other feldspar crystals as it grew.
Circular and arcuate shapes occur in the fine

grained, anhedral cores of many carbonate spheroids, -

but have notbeen observed in the recrystallized cores
or euhedral rims of spheroids (Fig. 5e,f,g). In most
samples, these features are now completely replaced
by single carbonate crystals which remain optically

- continuous across the ‘circles’ and ‘arcs’. Rare arcuate

features are rimmed by a thin layer of fine grained
sericite-chlorite. Allen and Cas (1990) have demon-
strated that the Rosebery “host rocks” are the fine

top of a purniceous mass-flow deposit. We therefore

interpret the circular and arcuate features within the
carbonate to be uncompacted pumice replaced and
preserved by carbonate.

Timing of carbonate deposition

Cathodoluminescence shows that carbonate at
Rosebery is composed of several generations of
carbonate (Fig. 7). The earliest carbonate (I) occurs in
the cores of spheroids, replacing pumice walls and
filling vesicles, and is dark red to brown and speckled
in texture under CL (Fig. 6a). Euhedral carbonate
rims (II) are highly zoned with alternating light red
to yellow and dark red to brown bands visible under
CL. Some vesicles in pumice are filled with this zoned
carbonate (Fig. 6b). The interstitial carbonate rhombs
have the same luminosity and zonation under CL as
the euhedral overgrowths on spheroidal carbonate
(Fig. 6a) indicating that both are the same generation.
An overprinting carbonate phase (III), blood red
under CL, partly replaces the core-and rims,
preserving zonation in the euhedral carbonate (Fig.
6c). Non-luminescent carbonate (IV) partly replaces
the earlier spheroids, in places forming massive

carbonate (Fig. 6d). Successive phases of carbonate
deposition are likely to have occurred during one
episode of carbonate alteration, and differences in
timing probably reflect the distribution of carbonate
within the deposit and proximity to major fluid
pathways. .

Cleavage wraps around the spheroids, rhombs
and pods of carbonate (Fig. 4a), indicating that most
carbonate formation at Rosebery pre-dates Devonian
deformation. However, in some samples, calcite
occupies pressure shadow regions of spheroids,
indicating either remobilization and recrystallization
of earlier carbonate, or secondary carbonate
precipitation during deformation.

Sulfides occur in all carbonate samples, either
disseminated in the “host rock”, or within spheroids
and rhombs. Sulfides rim pumice fragments
preserved in some carbonate spheroids (Fig. 5g).
Sulfides also occur as veinlets subparallel to the
cleavage, wrapping around spheroids or un-
commonly crosscutting carbonate blebs. On the mine
scale, sulfides replace carbonate (Fig. 4g). Carbonate
formation appears to be part of the early stages of
hydrothermal activity, rather than a post-sulfide
event as interpreted at South Hercules (Khin Zaw
and Large, 1992). The concentration of carbonates
laterally along strike from the massive sulfides,
suggests that ore fluids may have replaced part of
the carbonate altered “host rocks” with sulfides. We
suggest that Rosebery may be partly a sub-seafloor
replacement VHMS deposit. However, further work
is necessary to relate this replacement style
mineralization to other parts of the deposit. This
research is part of ongoing work that aims to establish
how sulfide mineralization and carbonate formation
occurred at Rosebery.

Discussion
Origin of spheroidal textures

Previous workers have interpreted the spheroidal
carbonates at Rosebery as ooids that precipitated on

* the sea floor (Brathwaite, 1974; Dixon, 1980).

Spheroidal carbonate textures elsewhere (e.g.
Hercules, Lees, 1987; South Hercules, Khin Zaw and
Large, 1992; Mattabi, Franklin et al., 1975) are

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
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FIG. 4. Carbonate handspecimen textures. A. Large spheroids and small carbonate blebs after feldspar, in foliated
sericite-chlorite-quartz-albite matrix. B. Close-packed small spheroids displaying some zonation in sericite-chlorite-
quartz-albite matrix. Spheroids are partly coalesced into more massive carbonate on the left. C. Irregular pods of
carbonate with intervening small rhombs and spheroids in sericitechloriteuartz-albite matrix. D. Zoned carbonate
rhombs in a foliated matrix of sericite-chlorite-quartz-albite. E. Massive carbonate, partly composed of intergrown
spheroids, with chlorite and crosscutting silica veinlets. F. Pods of carbonate surrounded and cross-cut by massive

sulfides (sphalerite-galena-pyrite).

¢
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FIG. 5 (opposite). Photomicrographs of carbonate textures. A. Typical small spheroid (type A), with core of fine
grained anhedral carbonate surrounded by radiating coarse rhombs. Crossed nicols. B. Small spheroids (type B),
composed of radiating carbonate rimmed by clear carbonate, in a chlorite-quartz matrix. Interstitial sphalerite
occasionally replaces carbonate. Plane light. C. Carbonate spheroids (type A) displaying zones of radiating carbonate
with an overgrowth of coarse rhombs (arrow). Carbonate may have nudeated on a pumice vesicle wall. Crossed nicols.
D. Pumice vesicles and glass walls preserved by carbonate and a fine layer of sericitechiorite. Coarse carbonate rhombs
occur at the edge of the pumice fragment. Plane light. E. Pumice textures clearit preserved in carbonate. Plane light. E.
Feldspar crystals in core of carbonate spheroid. Crossed nicols. G. Pyrite repladng carbonate. Fine-grained pyrite
forms a coating on some pumice walls (arrow). Crossed nicols.
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FIG. 6. Photomicrographs of Rosebery carbonate under cathodoluminescence. A. Under CL the spheroid core is dark
red and speckled (1), with bands of blood red and yellow luminesdng carbonate at the rim (11). Adjacent small rhombs
have similar zonation and are probably contemporaneous with the spheroid rim. B. Pumice textures in the spheroid
core are partly defined by non-luminescent sericite-chlorite. Zoned carbonate (11) in some vesicles indicates open-
space growth. C. Euhedral feldspar crystals in spheroid core are replaced by non-luminescent sericite, quartz and
carbonate. The zoned spheroid rim (11) is also partly replaced by the non-luminescent carbonate (IV) (arrow). D. Red
luminescing carbonate (III) partly replaces yellow and brown banded spheroids (I and II) and mimics the preexisting
zoning in places. Veins of non-luminescent carbonate (W) crosscut the spheroid (arrow). '

pumice o I [ | W,

FIG. 7. Cartoon illustrating the episodes of carbonate alteration. I: pumice walls replaced and some vesicles infilled, IE:
spheroids rimmed and remaining vesicles infilled, llI: cores and rims of spheroids and blebs partly replaced, W:
carbonate veins crosscut and partly replace spheroids and blebs.

@ D

-y
\( 3

{

(

TR

-

n®|

o @

NAAPRABRRRB R



\y W ¥

y

W @ W W v w w

W W

A

O OWDYOWwwwww

Textures and origins of carbonate associated with VHMS, Rosebery 137

considered to result from alteration associated with
VHMS formation. In many sedimentary environ-
ments spheroidal carbonate textures are diagenetic
(e.g. Floran and Papike, 1975; Carrigan and Cameron,
1991), and most workers attribute the spherical habit
to unrestricted or displacive growth in soft sediments
(Talbot and Kelts, 1986; Brown and Kingston, 1993;
Gibson et al., 1994). However, at Rosebery carbonate
replaces glass rather than displaces unconsolidated
pumice clasts.

Carbonate formation may have been initiated by
nucleation on feldspar phenocrysts in pumice, free
feldspar crystals, or pumice fragments in the upper
part of the host mass-flow deposit. Abundant
nucleation sites may allow preservation of pumiceous
textures in the carbonate. Euhedral carbonate does
not retain any preexisting textures and this may reflect
fewer nucleation sites and subsequent overprinting
of pumice. Spheroidal or blebby growth is possibly
a natural habit for carbonate growing in a porous
environment. Closely packed spheroids or blebs
reflect numerous nucleation sites.

Preservation of pumiceous textures
Preservation of primary volcanic textures indicates a
replacement origin for the carbonate, rather than
sea-floor precipitation. At Rosebery, most pumice
textures in carbonate are pristine and we suggest
that carbonate has directly replaced the pumice
fragments in these sites. Replacement of felsic glass
by carbonate has been recognized in other volcanic
sequences (Browne and Ellis, 1970; Carrigan and
Cameron, 1991; Howells et al., 1991). Furthermore,
in some geothermal areas calcite is an important
component of the hydrothermal alteration assem-
blage (Muffler and White, 1969; Browne 1978; Browne
and Ellis, 1970; Henley and Ellis, 1983), whereas
zeolite and clay minerals are typical of diagenetic
alteration of volcanic glass (Bargar and Beeson, 1981;
Fisher and Schmincke, 1984; Noh and Boles, 1993). In
addition, the close spatial association of carbonate
with the Rosebery orebody strongly supports a
genetic relationship with the hydrothermal system.
Fine grained sericite-chlorite mark vesicles and
tube walls in some samples, but in most cases
submicroscopic minerals or inclusions define the
pumice walls. As both pumice walls and vesicles are
now carbonate, an early stage of alteration may be

necessary to coat the pumice clasts in order to
preserve the volcanic textures through the carbonate
replacement. Prior to the deposition of the “footwall
pyroclastics” and “host rocks” the edges of the
pumice clasts may have been oxidized or reacted
with seawater, especially if the pumiceous mass flows
were hot before encountering seawater. Alternatively,
diagenetic zeolite or clay minerals ‘may line the
pumice walls, similar to the rims of glass shards in -
other volcaniclastic deposits (Boles and Coombs, 1975;
Noh and Boles, 1993). Evidence of oxidation or the
reaction of pumice clasts with seawater should be
recognized throughout the mass flow deposit,
whereas diagenesis is likely to be controlled by
porosity and permeability and would explain the
patchy distribution of the puﬁlice clasts recognized
in carbonate.

Allen (1991) recognized an early silica and feldspar
alteration at Rosebery that preserves the pumice
fragments. He considers carbonate alteration to be
later, replacing the secondary feldspar, but retaining
the pumice textures. In 'the samples we have
examined there is no evidence that carbonate is after
secondary feldspar, but further work is required to
determine the overall alteration timing rélationships.

Mechanisms of carbonate deposition

Carbonate deposition occurred early in the formation
of the Rosebery deposit, similar to some other VHMS
deposits (Large and Both, 1980; Galley et al., 1993),
suggesting that carbonate formation may representa
cooler temperature or distal equivalent to the massive
sulfides (Large and Both, 1980). Calcite has reverse
solubility (Ellis, 1963) and could be deposited directly
from seawater oversaturated in CaCQ, if rising high
temperature fluids mixed with the overlying
seawater. Galley et al. (1993) propose that carbonate
associated with VHMS mineralization was preci-
pitated on the seafloor from the overlying seawater
and dolomitized during hydrothermal alteration. We
have found that the carbonate at Rosebery shows no
evidence of seafloor deposition.

Acidic CO,-rich hydrothermal fluids will deposit
calcite in open spaces at elevated temperatures (Ellis,
1963) and replace plagioclase with calcite and clays
(Giggenbach, 1981). We suggest that at Rosebery,
hot, acidic CO,-bearing fluids reacted with felsic glass -
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within the porous top of the pumiceous mass flow
(Fig. 10) replacing the pumice with carbonate and
eventually precipitating carbonate in the vesicles and
pore spaces. At the time of carbonate deposition, the
sea floor was either at the top of the pumiceous “host
rock” or equivalent to a level within the accumulating
“black slate”. Indeed, the pumiceous “host rock”
may have behaved as an aquifer beneath the fine
grained top of the mass flow or the overlying “black
slate” aquitard (Fig. 8). The period of quiescence
represented by the “black slate” may infact
correspond to the episode of carbonate and sulfide
mineralization.

Possible sources of CO, in hydrothermal fluids at
Rosebery include decarbonation of limestone or
dolomite or reactions with organic matter dispersed
in rocks lower in the stratigraphy, from solution in
seawater, or magma tic fluids. Galley et al. (1993)
suggests that carbonate in the lower part of the
footwall alteration zone at the Chisel Lake and North
Chisel deposits could have been deposited from either
aboiling hydrothermal fluid, or ahydrothermal fluid
mixed with seawater. At Hercules, oxygen and carbon
isotopic studies combined with fluid inclusion
research.by Khin Zaw and Large (1992) suggests that
the carbonate was sourced from seawater modified
during circulation through the volcanic pile. Mixing
of a hot CO,-bearing hydrothermal fluid with
seawater in the permeable pumiceous “host rocks”
at Rosebery probably triggered carbonate formation.

Conclusions

Carbonate occurs along strike from the massive
sulfide deposit at Rosebery and is overprinted by the
sulfides. Spheroidal and blebby carbonate textures
are common and comprise radial carbonate rims
overgrowing cores of anhedral grains. Massive to
poddy carbonate reflects variations in the spacing
and number of nucleation sites. Arcuate and circular
textures in cores of carbonate spheroids are similar
to pumice textures in unaltered “host rocks” along
strike from the orebody. In some cases, altered
feldspar crystals occur in the spheroid cores. We
conclude that carbonate nucleated on pumice clasts
and feldspar crystals.

Carbonate alteration is confined to the upper part
of a graded pumiceous mass-flow deposit. Un-
compacted pumice textures indicate that glassy
pyroclasts were replaced and infilled by carbonate
either immediately below the seafloor position, or if
the “black slate” was an aquitard, at some shallow
depth beneath the seafloor during the accumulation
of the mud. Carbonate probably precipitated when
hot CO,-bearing hydrothermal fluids mixed with cold
seawater, and replaced the felsic glass and eventually
infilled spaces within and between pumice clasts.

Compositional zonation in carbonate overgrowths
and carbonate veins replacing spheroids and blebs
indicate many stages of carbonate alteration.
Nevertheless, the stages may have been more or less
concurrent but at different positions relative to the
source of hydrothermal fluids. Euhedral rhombs and
rims on spheroids postdate replacement of pumice
clasts, but formed prior to the onset of sulfide
mineralization. Sulfides deposition at Rosebery post-
dates carbonate formation, replacing the carbonate
in places. This evidence suggests that Rosebery is
partly a subseafloor replacement VHMS deposit.
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Volcanic facies relationships and hydrothermal modification of primary
volcanic textures at the Thalanga deposit

Anthea P. Hill
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

The Thalanga Zn-Pb—-Cu-Ag-Au deposit is located
at the contact between rhyolitic volcanics of the
Mount Windsor Formation, and the overlying dacitic
to andesitic volcanics and volcaniclastics of the
Trooper Creek Formation in the Cambrian to
Ordovician Mount Windsor Volcanics, northern
Queensland. The ore and enclosing volcanics are
locally strongly deformed and metamorphosed to
upper greenschist facies. Bedding is now subvertical
and the ore horizon has been divided into four main
lenses by post-tectonic normal faults: West, Central,
and East Thalanga and the Vomacka Zone (Fig. 1).

Sulfide mineralisation at Thalanga is spatially,
and probably genetically associated with subaqueous
felsic intrusions and mass-flow deposits, that together
constitute the ore horizon. The main ore minerals are
sphalerite, chalcopyrite, pyrite and galena, and in
most places the sulfides are coarse-grained with
annealed grain boundaries. Banding in the massive
sulfide lenses is interpreted to be mainly tectonic in
origin. Chalcopyrite, and to a lesser degree, sphalerite
and galena have been remobilised during deform-
ation and now occupy fault zones and sites of dilation.
Metal zonation is erratic and mainly reflects the
widespread remobilisation of sulfides at Thalanga,
although there is a general variation from pyrite—
chalcopyrite-rich sulfides at the base of the ore
horizon, to sphalerite-galena + barite towards the
stratigraphic top of the ore horizon. Quartz-magnetite
lenses along strike from the massive sulfides are
interpreted as distal, low temperature exhalites
contemporaneous with sulfide mineralisation (Duhig
et al., 1992). ' ‘

Rhyolites (Rhyolitic Volcanics) with both coherent
and clastic textures are present in the footwall at
Thalanga. However, variable quartz % sericite +

chlorite + pyrite alteration makes identification of
facies relationships difficult. The least altered
coherent rhyolite at Thalanga is feldspar- and quartz-
phyric with microcrystalline quartzo-feldspathic
groundmass, and is present down dip and along
strike from the sulfide lenses. Rare spherulites and
perlitic fractures demonstrate that the groundmass
was originally glassy.

Perlitic fractures in the altered rhyolites are
replaced by fine grained white mica (sericite), and
the kernels are replaced by recrystallised quartz. With
increasing quartz-sericitetpyrite alteration, a
network of sericite envelopes circular or polygonal
quartz kernels. Textures comprising isolated k"‘e1;nels\\
of recrystallised quartz in pervasive sericite fhay
result from intense alteration of perlite.

Monomict rhyolitic breccias that have gradational
contacts with coherent rhyolite were probably
generated by autoclastic (quenching, flow fragment-
ation) processes. Single flow-banded rhyolite clasts
in pervasive quartz + sericite + chlorite * pyrite
alteration are possibly relicts of rhyolitic hyaloclastite
or autobreccia. In intensely altered parts of the
footwall, textural domains comprising abundant,
irregularly distributed, poorly sorted quartz crystals
are interpreted as originally volcaniclastic, whereas
domains of evenly distributed, well sorted quartz
crystals are interpreted as altered coherent rhyolite.

Syn-volcanic quartz—feldspar-porphyry (QFP)
sills, with peperitic contacts with enclosing siltstones,
are present within the ore horizon in East Thalanga.
QFP sills also occur at the ore horizon position in the
Thalanga Range to the northwest of the deposit. The
QFP sills are coarsely porphyritic and contain 25—
35% distinctive rounded and embayed blue quartz
(maximum = 8 mm) and white feldspar (maximum =

geochemical and mineralogical vectors to ore. November 1995
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4 mm) phenocrysts. Typically, the groundmass is
composed of fine grained, recrystallised equant
quartz, with minor sericite. Mega-clasts of QFP (>20
m) in Central Thalanga contain recrystallised
spherulites, indicating that the microcrystalline,
sericite-rich groundmass was formerly glassy.

Poorly sorted, polymict, normally graded quartz
crystal-rich breccias (locally, quartz ‘eye’ volcani-
clastics; QEV) occur in both West and East Thalanga,
and rarely in Central Thalanga. Components of the
QEYV are listed in Table 1. The blue quartz crystals,
feldspar crystals, and crystal fragments in the QEV
have nokglassy selvages. QFP clasts are non-vesicular
and are the largest and most abundant clasts in the
QEV, suggesting proximity to source. Rare QFP clasts
with sericite-rich groundmass and wispy termin-
ations may be altered pumice.

The abundant coarse quartz and feldspar crystals
in the QEV are interpreted to have been liberated
from of a highly porphyritic QFP magma by explosive
eruption. The small volume of clasts interpreted as
altered pumice or glass shards suggests that some of
the pumiceous fraction produced by such an
explosive eruption was separated from the crystals
during eruption and/or transportation. The site of
eruption is poorly constrained, but was probably
located in shallow water (< 1 km deep; cf. McBirney,
1963) or in a subaerial environment at the basin
margin. The internal organisation of units of the QEV
is consistent with transport to the site of final
deposition by subaqueous mass flows (cf. Cas, 1983).
The mass flows collected clasts from the substrata,
including clasts from massive sulfide lenses which
must have been exposed on the seafloor.

_ Large, angular to blocky QFP clasts are more
common at the base of the QEV, and apparently
grade into coherent QFP in East Thalanga. Non-
vesicular QFP magma is interpreted to have been
emplaced as shallow sills while the QEV was wet
and unconsolidated, resulting in blocky peperite
comprising QFP clasts in QEV matrix. In West
Thalanga, where QFP sills are absent, the QEV may
include clasts generated by quench-fragmentation of
QFP clasts. Perhaps QFP intrusions broke through
the seafloor, quenched and fragmented, and the
resulting hyaloclastite was incorporated by sub-
sequent crystal-rich mass flows.

The Hanging Wall Fragmental (HWF) has sharp,
depositional contacts with the underlying QEV and
massive sulfides, and is composed of multiple beds
of unaltered, graded to massive siltstones and sandy
siltstones, with fresh feldspar crystal fragments.
Perlitic dacite clasts are dispersed through the
siltstones, and minor rhyolite clasts are common at
the base of graded beds. Dacite clasts in the HWF are
more common in East and Central Thalanga, where
the HWF is up to 18 m thick, compared to West
Thalanga where the HWF is <2 m thick.

Coherent dacite overlies the HWF in all parts of
the Thalanga deposit, with sparsely (2-5%) feldspar-
phyric dacite common in East Thalanga, and 5-8%
feldspar-phyric dacite present in West Thalanga. The
basal contact varies from sharp and planar, to
disrupted and peperitic with clasts of perlitic sparsely
feldspar-phyric dacite within the HWF. Perlitic
fractures are present towards the stratigraphic top of
the dacite. The dacite has gradational contacts with
overlying poorly sorted dacite breccia thought to be
in situ hyaloclastite. The dacite is interpreted to have
flowed over and foundered into partly consolidated

A gradational contact occurs between the in situ
dacite hyaloclastite and overlying, normally graded,
poorly-sorted dacite breccias. White, siliceous dacite
clasts with angular to cuspate margins are the most
abundant clast-type in this breccia, and are
interpreted as resedimented dacite hyaloclastite.
Coherent andesite overlies and partly intrudes the
resedimented dacite hyaloclastite in Central
Thalanga. Elsewhere, either dacite or andesite overly
the resedimented hyaloclastite. v

Massive sulfide lenses in West Thalanga are
interpreted to partly replace carbonate- and chlorite-
rich alteration that is restricted to a narrow interval
(<30 m thick) at the stratigraphic top of the Rhyolitic
Volcanics. The QEV overlies the massive sulfides in
West Thalanga. In Central Th'alanga and the Vomacka
Zone, a single lens of massive sulfides, interpreted as
exhalative in origin, directly overlies the Rhyolitic
Volcanics. QEV and QFP do not occur in the Vomacka

~ Zone, but pods of QEV and QFP are present in the

western parts of Central Thalanga. Two main ore
lenses are present in East Thalanga, the footwall lens
and the hangingwall lens, and each is interpreted to

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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be exhalative and to represent a seafloor position.
The QEV and QFP sills occur between the ore lenses,
and are interpreted to have been synchronous with
mineralisation, interrupting but also preserving the
ore lenses.

Table 1 Components of the Quartz 'Eye’ Volcaniclastic deposit
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Components Size Range

Shape Abundance

Quartz crystals and <1 mm to 12 mm, average = 6 mm

crystal fragments ~ blue to grey

Feldspar crystals - partly albitised
plagioclase, minor K-feldspar crystals

<1 mm to 4 mm

QFP clasts 1 cm to 5 m, commonly 10-20 cm

Rhyolite clasts- siliceous, quartz-phyric <1 ecm to 60 cm, commonly 5-10 cm

Chloritic wisps - patches of chlorite <lem

Sericitic streaky wisps <Seam

- quartz-phyric with intergrown

quartz-sericite groundmass

Massive sulfide clasts — <10 cm, possibly upto 1m
massive py to sp—gntcp

Quartz-magnetite clasts up to 30 cm

variable, up to 60%, common
towards top of QEV

rounded crystals to angular fragments

variable, absent in places, common
towards stratigraphic top

subhedral crystals to angular fragments

angular and blocky, irregular, to rounded common, up to 80% of QEV in places

rounded to blocky and cuspate in places minor companent, overall <10% of QEV

angular to wispy, elongate parallel to patchy distribution, about 5-10% of QEV

(after biotite) cleavage

wispy, irregular clasts patchy distribution about 5-10 % of QEV

rounded to elongate parallel to cleavage rare

blocky to rounded and irregular ’ rare
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A comparison of volcanic facies architecture and alteration styles of felsic
and mafic volcanic host sequences to massive sulphide deposits —
Thalanga, northern Queensland and Teutonic Bore, Western Australia

Holger Paulick
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

The supervisors of project are Dr J. McPhie and Dr
Bruce Gemmell (CODES), and Prof. Dr Gerhard Franz
(TU, Berlin)

The aim of this project is to compare two distinct
volcanic sequences which share the common feature
of hosting sighnificant volcanic-hosted massive
sulfide (VHMS) mineralisation. The Archean
volcanics at Teutonic Bore form part of a greenstone
belt in the Yilgarn cratonic complex while the
Cambro-Ordovician volcanics at Thalanga belong to
a deformed volcano-sedimentary sequence deposited
in a continental backarc basin. The main purposes
are to unravel the volcanic facies architecture in both
areas and to define their style of alteration.

The project commenced in June 1995 with field
work at the Thalanga mine, which is located at the
western end of the volcano-sedimentary Mount
Windsor Subprovince, approximately 180 km west
of Townsville (northern Queensland). During a visit
from Dr J. McPhie, a number of representative
diamond drill holes were examined and several
aspects concerning the direction of the study were
discussed with on-site geologists. In conclusion,
diamond drill holes from three cross sections through
the Thalanga orebody have been selected for detailed
logging. These are located at the western margin of
the western ore lens of Thalanga (19460E), through
the central part of the western lens (20080E) and in
the central part of the Thalanga deposit (10860E).
This selection was guided by the availability of core
intersecting considerable stratigraphic thickness of
the host rock volcano-sedimentary sequence and the
intention to map individual stratigraphic unit and
alteration phenomena in three-dimensional space.
Logging of these drill holes has been carried out
from June to October 1995.

This work revealed several major consistent
differences between the hangingwall and the footwall
strata of the Thalanga orebody concerning volcanic
facies and alteration. The footwall consists almost
entirely of coherent rhyolites and associated
monomict volcaniclastic deposits. The alteration of
these units is pervasive and two dominant end-
member textures can be defined: (1) strongly foliated
sericite-chlorite assemblages, and (2) “flooding” by
white silica replacing the entire groundmass.

The major textural differences between alteration
styles appear to be their pervasive or their dominantly
vein-controlled character. To date, the following
distinctions seem to be reasonable:

I. Pervasive alteration, dominantly siliceous
groundmass

(a) homogeneously while silica

(b) dark grey and pale grey silica phases with dark
grey, silica domains appearing as pseudoclasts (e.g.
TH410 @ 322.8 m)

Gradational contact between Ia and Ib in TH410 @
3228 m.

II. Pervasive alteration, phyllosilicate-rich ground-
mass

(a) sericite/chlorite assemblages in well defined
layers of irregular domains to networks of a few
millimetres to centimetres thickness

(b) sericite/chlorite ‘blotches’ usually not foliated
or deformed, appearing as pseudoclasts (e.g. TH410
@169.90 m)

Gradational contadct between Ib and Ila in TH410
@ 192.8 m, and gradational contact between Ia and
ITa in TH410 @ 131.0 m)

geochemical and mineralogical vectors to ore. November 1995
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III. Vein controlled to patchy alteration — SiO,

(a) silica veins

(b) silica-calcite veins (TH410 @503.0 m)

(c) silica veins with chlorite patches (with or
without calcite) (TH410 @337.80 m)

IV. Epidote and/ or feldspar-hematite (?) assemblages
in veins and patches

Usually associated with pinkish and/or yellow-
greenish staining of surrounding volcanic ground-
mass material (this alteration style seems to be
confined to coherent volcanics — dacites and rhyolites
— that have not been affected by phyllosilicate
forming alteration.

(a) Pinkish staining along veins penetrating into
the surrounding volcanic groundmass for up to 2 cm
with fussy/gradational terminations. Colour dyes:
hematite? Red-pink material in veins: feldspar with
hematite inclusions?

(b) Yellow-greenish staining of groundmass in
patches and along veins penetrating into the
surrounding volcanic groundmass for up to 1 cm
with fussy/gradational terminations. Colouring of
grondmass: dispersed epidote. Yellow-green material
in veins: epidote.

V. Patches/veins of actinolite-sericite (TH410 @
295.0 m)

VI. Calcite veins
(a) white calcite (TH410 @ 503.0 m)
(b) purple/pinkish calcite

Alteration process and according mineral reactions
may only be possible to determine by detailed
observations in thin sections, whole-rock geo-
chemistry and microprobe analysis. However, in one
sample the successive replacement of feldspar by
biotite through a transitional contact from alteration
style Ib to Ila could be observed (TH410A @ 278.0
m).

~ The composition of the hangingwall sequence is
much more diverse but coherent dacites and
associated feldspar-rich volcaniclastic sedimentary
deposits are volumetrically dominant. Laminated
shales occur at several stratigraphic levels but appear
ta be more abundant from 100 m stratigraphically
above the favourable horizon onwards. A quartz-
feldspar-phyric, coarse rhyolite variety and associated

volcaniclastic deposits — which have previously beerv
considered to be exclusive to the favourable horizon
— have been encountered in the hangingwall
sequence. Furthermore, coherent andesites with
unclear emplacement characteristics are present.

This succession of volcanic and sedimentary rocks
has been affected by dominantly vein-controlled to
‘patchy’ alteration, except for the feldspar-rich
volcaniclastic units which usually have a groundmass
consisting of strongly foliated sericite and chlorite.
This characteristic may be attributable to the
reseumably high content of volcanic glass in these
deposits. The coherent dacites frequently show
alteration by yellow-green epidote and pink Fe¥-
bearing feldspar (?) vein-filling assemblages. These
veins are surrounded by 1-2 cm wide, ‘fussy-edged’
haloes of pink or green staining of the volcanic
groundmass. Furthermore, veins may contain white
silica sometimes associated with white calcite and/
or chlorite or may be entirely filled with white or
pale purple calcite.

The whole volcano-sedimentary host succession
of the Thalanga orebody experienced metamorphism

- of apparently upper greenschist facies conditions.

These may be responsible for the frequenly observed
transformation of feldspar into biotite, which may
have occurred in accordance with the reaction: K-
feldspar + chlorite — biotite + muscovite + quartz +
H,O. Bright red garnets (presumably rich in
almandine and/ or pyrope endmember composition)
occasionnally occur in chlorite-rich domains and may
chlorite +
muscovite — garnet + biotite + quartz + H,0.
Sampling of the examined cross sections has been
chiefly directed by the following aims:
- unravel the metamorphic influence on mineral
assemblages and textures . :
- characterise the alteration assemblages and clarify
the sequential order of specific reactions
- determine the original emplacement characteristics

be attributable to a reaction such as :

of the volcanic units and their distribution in time

and space. ,

Consequently, the analytical work currently
underway will include detailed petrographic studies
of thin sections and whole-rock gedchemical analyses,
which will be followed-up by electron microprobe
analyses of the most important mineral phases.
Possibly isotopic studies will bne conducted at a
later stage of the project.
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Preliminary investigation of alteration at the Highway and Reward
deposits, Mount Windsor Volcanics, Queensland

Mark Doyle
Centre for Ore Deposit and Exploration Studies, Geology Department, University of Tasmania

Geological setting

The Mount Windsor subprovince comprises an Upper
Cambrian to Lower Ordovician volcano-sedimentary
terrain which hosts several major VHMS-style
deposits (Fig. 1). The belt extends for around 160 km
discontinuously from Ravenswood in the east to
Pentland in the west. The current stratigraphic
nomenclature for the Mt Windsor subprovince was
proposed by Henderson (1986). The four principal
components are:

Puddler Creek Formation (Late Cambrian)

Mt Windsor Formation (Late Cambrian—-Early
Ordovician)

Trooper Creek Formation (Basal Ordovician)

Rolston Range Formation (Bendigonian—Late
Lancefieldian)

The Puddler Creek Formation consists primarily
of lithic sandstone, greywacke, and sandstone.
Quartz, feldspar, phyllite grains, polycrystalline
quartz, and detrital mica are the main components.
The Puddler Creek Formation is overlain con-
formably by the Mount Windsor Formation. The latter
Formation was defined by Henderson (1986) as a
thick sequence of rhyolitic volcanics and pyroclastics
with minor dacites and rare andesites, and which
lacks interlayered sediments. The conformably
overlying Trooper Creek Formation was interpreted
to comprise siltstones, mudstones, andesitic to
rhyolitic tuff, and lesser basaltic andesite and andesite
flows, andesitic lapilii tuff, and volcaniclastic
sandstone and conglomerate. In contrast, the
conformably overlying Rolston Range Formation is
characterised by a dominance of sandstone and

siltstone, and rare volcaniclastic unis. Sandstones
and siltstones are dominated by volcanically sourced
material, but contain basement-derived muscovite
and phyllite grains.

Objectives

The principal objective of this study is to delineate
between alteration associated with lava domes and
syn-sedimentary intrusions from hydrothermal
alteration accompanying formation of the Highway
and Reward volcanic-hosted massive sulfide deposits.
Secondly, to examine the characteristics of footwall
and hanging wall alteration associated with a sub-
seafloor replacement style volcanic-hosted massive
sulfide deposit and to compare these patterns with
alteration associated with known exhalative deposits.
Thirdly, to establish an evolutionary trend for textures
and mineralogy in volcanic host rocks (coherent,
volcaniclastic) to mineralisation in response to high
temperature devitrification, hydration, diagenetic
alteration and hydrothermal alteration.

Graphic lithological logs and detailed cross-
sections incorporating facies and alteration charac-
teristics have been constructed for the deposits.
Detailed mapping between Coronation homestead
and Trooper Creek prospect provide examples of
hydrothermal alteration unrelated to massive sulfide
mineralisation, and progressive stages in the textural
evolution of lavas, syn-sedimentary intrusions and
volcaniclastic deposits. Analysis of mineralogical and
geochemical characteristics of alteration are to be
undertaken in Jan 1996.

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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Stratigraphy

Mapping of the current study supports Henderson’s

.(1986) four part division of the Mt Windsor

subprovince however has considerably refined the
interpretation of component lithologies.

As this investigation focuses on alteration in the
Trooper Creek Formation further discussion of the
stratigraphy is limited to this formation. The Trooper
Creek Formation is well exposed in the Seventy Mile
Range between the Highway mine and Trooper Creek
prospect. The Trooper Creek Formation is
characterised by rapid variations between volcanic
and sedimentary facies associations (Henderson 1986,
Berry et al. 1992, Doyle 1994a,b). The sedimentary
facies association consists of massive to thinly
laminated siltstone and minor massive and graded
sandstone. This facies contains fossil evidence which
constrains the age of the formation to Lower
Ordovician (Henderson 1986). The volcanic facies
association comprises rhyolitic to andesitic lavas and
related autoclastic breccia, peperite, syn-sedimentary
intrusions, pumice—crystal-lithic sandstone-breccia
and scoria-lithic breccia.

There are regional variations in the proportion of
sedimentary versus volcanic facies and in lavas and
intrusions to volcaniclastic facies in the Trooper Creek
Formation. In the Highway-Reward to Highway East

" area the volcanic facies association is dominant and

represented by: rhyolitic, dacitic and andesitic lavas,
syn-sedimentary intrusions, autoclastic breccia and
peperite; and lesser graded rhyolitic—dacitic pumice—
crystal-lithic sandstone-breccia and scoria-lithic
breccia. To the west, sedimentary facies are more
abundant and the volcanic facies contains a higher
proportion of pumiceous, crystal-rich, and scoria-
ceous high-concentration turbidity-current deposits.
Original volcanic textures are well preserved in all
but the most deformed and hydrothermally altered
areas.

Highway and Reward deposits

The Trooper Creek Formation at Highway-Reward
hosts two spatially associated gold- and copper-rich
massive sulfide orebodies. After Thalanga the Reward
deposit is the largest known volcanic-hosted massive

sulfide deposit in the Mount Windsor Volcanics. The
Highway pipe is located approximately 200m grid
west of the Reward pipe beneath the abandoned
Highway open pit.

Facies and facies architecture

The Highway and Reward massive sulfide deposits
are hosted by both volcanic and sedimentary facies
associations. A sedimentary facies association
dominated by suspension-settled and turbiditic
siltstone of immature volcanic provenance forms a
minor component of the sequence. The characteristics
of the sedimentary facies suggest that volcanism took
place in a below-storm-wave-base (250 m), quiet
water, submarine environment. Contact relationships
and phenocryst mineralogy, size and percentages
indicate the presence of eleven distinct porphyritic
units in an area of 1 x 1 x 0.5 km (Fig. 2). Massive
coherent lava and associated in situ or resedimented
hyaloclastite and peperite are the principal facies in
the environment of mineralisation. The distribution
and arrangement of these facies are the basis for
determining the mode of emplacement. Upper contact
relationships are critical in evaluating intrusive versus
extrusive emplacement as basal contacts can be
similar. The peperitic upper margins to many
porphyries records the fragmentation of large
volumes of the magma during intrusion into wet
unconsolidated sediment. Syn-sedimentary intru-
sions, partly extrusive cryptodomes, and lava domes
have been recognised. These are dominant in the
environment of mineralisation and represent a
proximal facies association from intrabasinal,
intrusive-extrusive, non-explosive volcanism.
Individual porphyries have sheet or squat shapes,
vary from <10 m to 350 m in thickness, and some are
less than 200 m in diameter. Their small volume
contrasts with silicic lavas, domes and cryptodomes
emplaced in modern and ancient subaerial (eg.
Clough 1982, Cortese et al 1986), and subaqueous
environments (eg. Pichler 1965, Cas 1978, ). The shape,
distribution, and emplacement mechanisms of
porphyritic units are, in part, a reflection of the
subaqueous depositional environment. Rising
magma that encountered unconsolidated water-
saturated sediment commonly remained subsurface
and was emplaced as syn-sedimentary intrusions
rather than erupting as lava flows or domes. Intrusion

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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of magma is favoured where its density exceeds that
of the surrounding host, and/or the hydrostatic
pressure of the magma is low (McBirney 1963, Walker
1989). Within submarine sedimentary basins the
water column can contribute significantly to the
confining pressure (lithostatic and hydrostatic
pressure) exerted on the magma promoting intrusion
at shallow levels beneath the sea floor (eg. Yamamoto
1991). Progressive dewatering of host sediments by
early intrusions favours the eruption of subsequent
magma as lavas and domes. The positions of
previously or concurrently emplaced porphyries
strongly influenced their shape and distribution.
Magma preferentially invaded sediment, avoidihg
earlier porphyries or conforming to their margins.
Syn-volcanic faults may have acted as conduits for
magma as well as for concurrent and later hydro-
thermal fluids. Lava domes, partly emergent
cryptodomes, and deposits of resedimented hyalo-
clastite and peperite are important indicators of
palaeo-seafloor positions at Highway—Reward. Sills
and cryptodomes may have influenced seafloor
topography and therefore sedimentation, but do not
mark seafloor positions.

The volcanic facies association also includes
graded turbiditic sandstone, monomictic to poly-
mictic thyolitic-dacitic lithic breccia and thick, non-
welded pumice- and crystal-rich sandstone-breccia.
Pumiceous and crystal-rich deposits were sourced
from explosive silicic eruptions but emplaced by cold,
water-supported, high-concentration turbidity
currents. The implied eruptive style is likely to have
been limited to intrabasinal volcanic centres shallower
than 1000 m, or basin margin or subaerial settings.

Mineralisation

The Highway and Reward massive sulfide deposits
consist of pipe-like bodies of massive pyrite—
chalcopyrite with minor marginal zones of massive
to semi-massive and disseminated sphalerite-galena~
barite (Fig. 2). The Highway pipe is a sub-vertical,
grid ENE trending, chalcopyrite-rich massive pyrite
body that is approximately 50m x 175m in plan, and
150 m in depth. This amounts to a resource of 1.2
million tonnes at 5% Cu. The Reward deposit consists
of one main and several smaller subvertical massive
pyrite pipes that are discordant to bedding and
associated with minor Pb-Zn mineralisation. The

largest pipe has horizontal dimensions of up to 100 m
x 150 m and a vertical length of 200 m. It contains
around 5 m.t. of massive pyrite (Beams et al., 1989),
which includes a small chalcopyrite-rich zone.

~ Figure 3 is a schematic reconstruction showing
successive stages in the development of the Highway-

Reward volcanic centre. By the time of massive sulfide -

mineralisation the centre had the configuration
shown in frame four. Pyrite—chalcopyrite pipes
represent high-temperature feeder zones at the centre
of a large hydrothermal system and are subseafloor
replacements of the host sediment, syn-sedimentary
intrusions, lava domes and autoclastic breccia. The
pipes occur at the contacts between distinct
porphyritic units suggesting a petmeability control
on the migration of hydrothermal fluids. Fluids which
passed from the pipes into the surrounding sediment,
and coherent interior and peperitic base of the
porphyries formed a weak halo of disseminated and
patchy sphalerite-galena-barite mineralisation.

Alteration

Alteration is defined as a change in the mineralogy
or texture of a rock facilitated by the action of hot or
cold aqueous solutions or gases. Different alteration
minerals and textures in a rock result from different
processes acting on the pre-alteration texture.
Devitrification, hydration, hydrothermal and
diagenetic alteration, diagenetic compaction, and
metamorphism act to modify primary textures. Each
represents an alteration stage although the time
between each stage may be very short or even overlap
and several stages may be unimportant or not affect
all parts of a volcanic deposit/rock. Several steps,
each recorded by a characteristic mineral assemblage,
are often involved in forming the alteration texture
which characterises each stage.

The characteristics of hydrothermal alteration
associated with mineralisation cannot be satisfactorily
understood without determining the role of
preceding alteration stages in modifying the
mineralogy and texture of the host rocks. Preliminary
studies suggest that the textural evolution of rhyolites,
dacites and volcaniclastics hostingr?he Highway and
Reward deposits is determinable in all but the most
highly altered areas. Detailed drill core logging of
alteration and volcanic facies allow for investigation
of the interplay between primary volcanic texture,
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the texture and mineralogy of each alteration stage,
and mineralisation. Graphic lithological logs are an
effective way of presenting this information as the
nature and positions of contacts, volcanic textures
and facies, alteration mineralogy, and mineralisation
are visible at a glance (Fig. 4a-c). Textural
relationships between each alteration stage and the
pre-alteration texture, and mineral abundances and
associations, have been recorded using a code system
which is detailed in appendix 1. Three alteration
styles are identifiable: (a) alteration associated with
domes and syn-sedimentary intrusions; (b) diagenetic
alteration of pumiceous and crystal-rich volcani-
clastics; (c) hydrothermal alteration concurrent with
mineralisation. Detailed investigations of each are
scheduled for early 1996. Following are some
preliminary observations concerning alteration
associated with mineralisation.

* The Highway and Reward pyrite-chalcopyrite
pipes are underlain by zones of intense sericite~
silica alteration resulting from the upward flow of
mineralising fluids through the volcanic pile. They
enclose domains (pipes ?) of intense silicic
alteration interpreted to represent regions of more
focussed flow (Fig. 5).

* Quartz-pyrite stringer veins up to 15 cm in width
extend beneath the pipe within the sericite-silica
zone and represent mineralised feeders.

* Small zones of intense chlorite alteration occur
within the sericite-silica zones beneath the
Highway and Reward deposits. At the margin of
the Reward pipe, pods of cleaved pervasive chlorite
alteration contains euhedral anhydrite crystals to
1.5 cm. Anhydrite may have been deposited during
the waning stages of the hydrothermal system as
hydrothermal fluids interacted with seawater in
the enclosing volcanosedimentary package.

¢ Sericite-silica alteration gives way laterally and
vertically to pervasive and patchy sericite-
chloritetsilica and chlorite-sericite alteration.
Included are small zones and large domains of
pervasive chlorite alteration, which along the
margins of the pyrite pipes contain disseminations,
patches and spots of sphalerite-galena-barite.

¢ Weak to moderate sericite—silica alteration extends
into a hangingwall intrusive rhyolite above the
Highway and Reward pyrite pipes on some
sections. These alteration zones record pathways

for high—femperature mineralising fluids which
progressed towards the seafloor position(s) at the
time of mineralisation. '

e Poorly focussed fluid flow to the west and east of
the Highway and Reward deposits produced zones
of weak to moderate sericitesilica alteration.

¢ Albite—silica—chlorite (+ carbonate) alteration of
pumice breccia and perlitic rhyolite-dacite is
interpreted to be unrelated to mineralisation. This
alteration style is the product of early diagenetic
or hydrothermal alteration of volcanic glass.

¢ Patchy and pervasive hematite and silica—
hematite-geothite alteration are common through-
out the Trooper Creek Formation at the margins
of, and within, lava domes and syn-sedimentary
intrusions. They also occur as stratiform lenses
enclosed by volcaniclastics. Many of these
occurrences are interpreted as unrelated to
mineralisation and record hydrothermal alter-
ation/replacement/exhalation concurrent with
volcanism (cf. Sigurdsson 1977).

Conclusions

The Highway and Reward massive sulfide deposits
are hosted in the proximal facies association of a
submarine (below-wave-base), non-explosive, silicic
volcanic centre dominated by intrusive-extrusive

_porphyries. Pyrite—chalcopyrite pipes and marginal

sphalerite-galena-barite mineralisation are sub-
seafloor replacements of the host sediment, syn-
volcanic intrusions, lavas, and volcaniclastics.
Alteration associated with mineralisation is Zonally
arranged around the pyrite—chalcopyrite pipes. High
temperature mineralising fluids transgressed’
lithologies above the pipes so that alteration in the
footwall and hangingwall is similar. Graphic
lithological logs are and effective way of examining
interrelationships between alteration and the nature
and positions of contacts, volcanic textures and facies,
and mineralisation.

CODES: AMIRA Project P439 — Studies of VHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995
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hole REW 800
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Appendix 1: Facies codes for alteration in volcanic rocks

(a) Phase(s)

¢ phase or phases comprising each alteration domain; e.g. chlorite, sericitesilica.
* capital letters :
e substitute code for colour

C — chlorite S — sericite
SI — silica K — potassium feldspar
H — haematite : CB — carbonate

S-SI silica-sericite (two-phase alteration comprising an alteration domain)
(b) Relative abundance (phases - domains)

¢ the least abundant phase within an alteration domain is presented on the RHS, and the most abundant
phase on the LHS.

e.g. S-SI. (sericite-silica) dominant phase-subordinate phase

* in a rock comprising two or more alteration domains the phase(s) comprising the most significant domain
are presented on the LHS and those of remaining domains on the RHS in ascending order.

e.g. C/S-SI (chlorite and sericite-silica) dominant = subordinate domain
(c) Intensity

¢ allocation of a number to describe the intensity each alteration domain

Low (1-2)
Medium (3-4)
High (5-6)
eg C; S-S ; C*/S-SP

(d) Controls/textures

¢ Jower case

mx - matrix x - crystal / phenocryst sh - shear

¢ -clasts p - pervasive ' fi - fiamme

f - fracture (perlite, quench) m - motley ac - apparent clast
hf - hydraulic fracture w - wash am - apparent matrix
fb - flow banding s - spotty k - fleck

eg.C., SSI? C?/SSI?

CODES: AMIRA Project P439 — Studies of VHHMS-related alteration:
geochemical and mineralogical vectors to ore. November 1995





