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Abstract 

The Thalanga Zn-Pb-Cu-Ag deposit is located at the contact between the rhyolitic volcanics 

of the Mount Windsor Volcanics and the overlying dacitic and andesitic volcanic units of the 

Trooper Creek Formation in the Cambro-Ordovician Mount Windsor subprovince, northern 

Queensland. The sheet-like massive sulphide lenses and enclosing volcanic units are locally 

strongly deformed and metamorphosed to upper greenschist facies (T = 485 ± 23°C, P = 2.5 ± 1.5 

kbars). Bedding is now subvertical (D2) and the ore horizon has been offset by two generations 

of normal faults. Normal faults at a high angle to the stratigraphy separate West and 

Central Thalanga from the Vomacka Zone and East Thalanga, whereas younger normal faults 

(D3), at a low angle to stratigraphy, have repeated and locally structurally thickened the 

ore lenses. 

The pervasive S2 cleavage has been locally weakly crenulated by S3. Decussate biotite has 

overgrown the crenulations, indicating that peak metamorphism at Thalanga was post-S 3 . 

The presence of rare kinked chlorite pseudomorphs of biotite is interpreted to indicate that 

there was an earlier metamorphic event, which may correlate with regional metamorphism. 

The massive sulphides are interpreted to be syn-volcanic in origin because (1) they have been 

overprinted by the same generations of tectonic structures as the host stratigraphy, (2) the 

rhyolitic volcanics stratigraphically underlying the massive sulphide lenses contain 
abundant quartz ± muscovite ± chlorite ± phlogopite ± pyrite assemblages (inferred to be 

metamorphosed quartz-sericite ± chlorite ± pyrite alteration), whereas the overlying dacite 

lavas contain metamorphic biotite and local epidote-quartz ± albite-rich assemblages, (3) 

subvertical pyrite stringer zones (5-40 % pyrite) within the footwall rhyolitic volcanics 

intersect the ore horizon at the thickest lenses of massive sulphides, and (4) there is a strong 

stratigraphic control on the location of massive sulphides. The ore lenses at Thalanga occur 

within and stratigraphically below a poorly-sorted, coarse quartz-bearing, polymict breccia. 

The internal organisation of this breccia is consistent with transportation to the site of final 

deposition by subaqueous mass-flows. The breccia has a similar distribution to the massive 

sulphide lenses and is interpreted to have filled local seafloor depressions. The presence of 

massive sulphide clasts within the polymict breccia indicates synchronous volcanism and 

mineralisation. Comagmatic, non-vesicular quartz-feldspar porphyry, with peperitic 

margins, has locally intruded the polymict breccia. 

The main ore minerals are sphalerite, pyrite, chalcopyrite and lesser galena, with minor 

magnetite, arsenopyrite and tetrahedrite-tennantite. In most places, the sulphides are 

coarsely recrystallised and preserve no evidence of the deformation history. However, 

banding in the polymetallic sulphide lenses is interpreted to be tectonic in origin because the 
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alternating pyrite- and sphalerite-rich bands are subparallel to S2. Chalcopyrite, sphalerite 

and galena have been remobilised during deformation and now occupy faults and sites of 

dilation within the ore horizon, including subhorizontal boudin necks, shallowly-dipping 

extension veins and piercement structures at the contact between massive sulphides and the 

overlying dacite. Metal zonation at Thalanga is poorly developed due to widespread 

sulphide remobilisation, although there is a general zonation from pyrite-chalcopyrite-rich 

sulphides at the stratigraphic base of ore lenses, to sphalerite-galena ± barite-rich 

sulphides at the top. 

The ore lenses at West and parts of Central Thalanga are composed of massive sulphide veins 

and disseminations that have cross-cut carbonate (dolomite-calcite) and Mg-rich chlorite 

assemblages. The Ti/Zr values of the carbonate- and chlorite-rich assemblage are similar to 

those of the underlying footwall rhyolitic volcanics (Ti/Zr = 2-5), and locally to those of the 

overlying coarse quartz-bearing polymict breccia (Ti/Zr = 3-10). Carbonate- and chlorite-rich 

units are therefore interpreted to have formed by the replacement of formerly glassy 

rhyolitic volcanics and the base of the coarse quartz-bearing polymict breccia by cooler Mg-

and HCO3-  -bearing hydrothermal solutions prior to sulphide deposition. The coarse quartz-

bearing polymict breccia may have acted as an impermeable barrier during carbonate-
chlorite alteration and trapped the ascending hydrothermal solutions, restricting alteration 

to a narrow zone at the top of the footwall rhyolitic volcanics. The lack of extensive 

carbonate-chlorite alteration in the Vomacka Zone and East Thalanga may be due to higher 
temperature hydrothermal solutions or lack of a capping unit. 

The high Mg content of chlorite within the carbonate-chlorite assemblages is consistent with 

mixing between cold seawater and warm hydrothermal solutions in porous perlitic rhyolite 

lavas or rhyolitic breccia units in the footwall. HCO 3-  -bearing hydrothermal solutions are 

interpreted to have been derived from seawater that had circulated through the rhyolitic 

volcanics of the Mount Windsor Volcanics and possibly some magmatic solutions containing 

HCO3- . 

The 634S values of sulphides (5.6-17.3 %co) are consistent with formation from solutions 

containing dissolved igneous sulphur and Cambro-Ordovician seawater that had been 

inorganically reduced during hydrothermal convection. The increasing •534S of pyrite towards 
the stratigraphic top of footwall is interpreted to be a consequence of progressive mixing 

between the hydrothermal solutions and cold seawater. The 6M5 values of barite (27.6-32.4 

700) are consistent with a Cambro-Ordovician seawater source of sulphur, and support the 

interpretation that barite was deposited on the seafloor. 

The abundance of proximal coherent lavas, domes and syn-volcanic intrusions and associated 

volcaniclastic facies underlying and overlying Thalartga, and absence of coherent units in the 



hangingwall along strike (closest is —2 km along strike), is interpreted to indicate that the 

massive sulphide lenses formed within a volcanic centre. Local formation of massive 

sulphides on the seafloor is inferred to have been interrupted by deposition of the polymict 
breccia units. The sulphide lenses are interpreted to have formed predominantly by sub-
seafloor replacement of the coarse grained bases of polymict breccia units, and local 

carbonate- and chlorite-rich alteration assemblages, prior to emplacement of the overlying 

dacite lavas. The presence of coarse quartz-bearing polymict breccia and porphyry units, is 

interpreted to indicate a long-lived hydrous magma at depth that probably drove 

hydrothermal convection and may have released volatiles (including CO 2  and potentially 

metals) to the ascending hydrothermal solutions. 
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CHAPTER 1. 

INTRODUCTION 

1.1 Preamble 

The Thalanga orebody (6.8 Mt @ 12.4% Zn, 2.2%Cu, 3.9% Pb, 0.62 g/t Au, 99 g/t Ag) is the 

largest massive sulphide deposit in the Mount Windsor subprovince in northern Queensland 

(Berry et al., 1992). The Mount Windsor subprovince is part of the northern end of the Tasman 

orogenic belt, comprises a sequence of Cambro-Ordovician subaqueous volcano-sedimentary 

units, hosts several massive sulphide deposits and prospects, and is considered to be similar in 

composition to the Mount Read Volcanic belt in Tasmania (Henderson, 1986; Berry et al., 
1992). Thalartga is located about 65 km west of Charters Towers in northern Queensland, 

Australia (at latitude = 20° 20.5' S. and longitude = 145° 46' E), and is connected to port at 

Townsville by highway and railroad (see Chapter 2 for location map). 

Large (1992), and Solomon and Groves (1994) classified Thalartga as a "sheet-style" and 

"Rosebery-type" VHMS deposit respectively because the massive sulphide lenses have a 

similar blanket-style morphology to that of Rosebery and are stratigraphically underlain by 

extensive semi-conformable hydrothermal alteration. The association between sulphide 

lenses and a distinctive carbonate-rich assemblage at Thalanga (considered to have formed 

as a hydrothermal exhalative product on the seafloor during sulphide mineralisation; 

Gregory et al., 1990) is also characteristic of Rosebery. At Rosebery, there is controversy over 

the origin and timing of sulphide formation, with alternatives including i) deposition from 

dense saline brines (Green et al., 1981; Green, 1983), formation on the seafloor by coalescing 

sulphide mounds (Huston, 1988), 	syn-volcanic sub-seafloor replacement (Allen, 1994), and 

iv) syn-deformational replacement (Aerden, 1990, 1991, 1994a, 1994b). Potentially, similar 

alternatives could be proposed to explain the origin of Thalanga. Thalanga is strongly 

deformed and has been metamorphosed to a higher grade than Rosebery (Laing, 1984, Wills, 

1985, Gregory et al., 1990, Berry et al., 1992) and it is important to determine whether the 

location of massive sulphides is structurally controlled or stratigraphically controlled. 

Poorly consolidated, Tertiary sediments unconformably overlie most parts of Thalanga, with 

up to 80 m of sediments overlying the eastern parts of Thalanga, and prior to mining the only 

outcrop was the Central Thalanga gossan (Hartley, 1984). Exposure along the Thalanga 

Range, to the northwest of Thalanga, is excellent and the outcrop extends from the top of the 

Puddler Creek Formation (at the highway and railway cuttings), includes the Mount Windsor 

Volcanics (which constitute most of the topographic highs along the Thalanga Range), the 
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Trooper Creek Formation (typically exposed in creek sections) and parts of the Rollston Range 

Formation. Recent mining of at Thalanga has opened up significant exposure to allow 

detailed mapping of structural and stratigraphic relationships in the West, Central and East 

'Thalanga ore lenses. 

1.2 Previous Work 

Exploration for volcanic-hosted massive sulphide (VHMS) deposits by Penarroya (Aust) Pty 

Ltd (formerly Le Nickel (Aust) Exploration Pty Ltd) led to the discovery of the Thalanga 

gossan in 1975 (Douglas-Brown, 1975; Hartley, 1984; Gregory and Hartley, 1982). Exploratory 

mining began in 1981, but the deposit was not brought into production until purchased by 

Pancontinental Mining Ltd and Outokumpu Australia Pty Ltd in 1987. Full-scale mining 

commenced in 1989 under joint venture with Agip Australia Pty Ltd (Purvis, 1989). The initial 

descriptions of.Thalariga were based on the exploration diamond drill holes, and the 

exploratory decline, cross-cuts and underground drill holes in Central Thalanga, and it was 

concluded that the massive sulphides at Thalanga were syn-genetic and were deposited onto 

the seafloor from dense saline solutions (Gregory and Hartley, 1982; Gregory et al., 1990). 

Numerous geophysical surveys have been conducted at Thalanga since discovery, and the 

history of analysis of the geophysical characteristics of Thalanga is reported in Gregory et 
a/. (1990) and Bishop and Lewis (1992). Irvine (1987) considered that surface and drill hole 

mise-a-la-masse and down hole TEM where the most useful in locating massive sulphide 

lenses. Bishop and Lewis (1992) noted that the poor conductivity of the Zn-rich ore lenses at 

Thalanga explains the lack of success of EM surveys. 

1.3 Aims of this Study 

The major objectives of this study were to: 

i) describe the composition and textures of the massive sulphide lenses, and document the 

variation between the four ore lenses Thalanga; 

unravel the deformation and metamorphic history of Thalanga, and to determine the 

effect of deformation and metamorphism on sulphide textures and the distribution of 

metals within the sulphide lenses; 

determine the geometry of the ore horizon, facies architecture of the host stratigraphy, 

and the relationship between volcanism and sulphide mineralisation; 

iv) assess the textures and mineralogy of hydrothermal alteration at Thalanga and 

relationship of various styles of alteration to sulphide mineralisation; 
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v) determine whether the massive sulphides at Thalanga are syn-genetic or epigenetic in 

origin, and to discuss the major controls on ore formation in terms of implications for 

exploration for massive sulphide deposits in the Mount Windsor subprovince. 

1.4 Methods 

The objectives of this study have been achieved through the following investigations: 

i) detailed logging and sampling of both exploration and production diamond drill holes at 

Thalartga (Appendix A); 

1:500 scale mapping of the open-pit in Central Thalanga, underground stopes in West, 

Central and East Thalanga, and 1:5 000 scale mapping of the Thalanga Range along strike 

from the deposit. Maps and drill hole logs completed by geologists at the Tbalanga Mine 

were also referred to; 

detailed petrographic and textural studies on the massive sulphides and host rocks using 

polished slabs, thin sections, polished thin sections and doubly polished thin sections; 

iv) microprobe analysis to determine the composition of sulphides and gangue phases within 

the ore lenses and alteration assemblages; 

v) measurement of the sulphur isotope composition of sulphides and barite within the 

hydrothermal alteration assemblages and massive sulphide lenses; 

vi) cathodoluminescence studies on the carbonate-rich units associated with the massive 

sulphides; 

vii) C and 0 isotope studies of the carbonate-rich assemblages; 

viii) limited whole-rock geochemical analysis of the altered and least-altered host volcanic 

units. 
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1.5 Abbreviations 

Abbreviations used in this thesis are: 

all 	 allanite 
arg 	 argentite 
aug 	 augite 
bis 	 bismuth 
in 	 bornite 
boul 	 boulangerite 
cb 	 cubanite 
d a 	 dacite 
diop 	 diopside 
el 	 electrum 
garn 	 garnet 
kbar 	 kilo bar 
m.y. 	 million years 
ma 	 marcasite 
MS 	 massive sulphides 
mt 	 magnetite 
MLEC 	 muscovite 
phlog 	phlogopite 

Po 	 pyrrhotite 
py 	 pyrite 
QEV 	 quartz 'eye' volcaniclastic unit 
QFP 	 quartz-feldspar porphyry 

qz 	 quartz 
rhyol 	rhyolite 
slt 	 siltstone 

sP 	 sphalerite 
sph 	 spherte 
sst 	 sandstone 
stib 	 stibnite 
T 	 temperature 
t a 	 talc 
td 	 tetrahedrite 
tri 	 tennantite 
hem 	 tremolite 
ye 	 vesuvianite 
VHMS 	volcanic hosted massive sulphide 
zo 	 zoisite 



CHAPTER 2. 

REGIONAL GEOLOGY 

2.1 Regional Geological Setting 

The Thalanga deposit, and other VH/vLS deposits and prospects including Highway-Reward 

and Liontown, are situated in Mount Windsor subprovince in north Queensland, which is 

considered to be part of the northern extent of the Tasman Fold Belt (Henderson, 1986; 

Murray, 1986, 1990; Berry et a/., 1992; WaLshe et a/., 1995). Volcanic and sedimentary 

sequences of similar ages have been recognised at Balcooma (in the Georgetown Blocknorth of 

the Mount Windsor subprovince) in the western part of the Lachlan Fold Belt, and in western 

Tasmania (Henderson, 1986; Huston, 1990; Withnall et a/., 1991). Other components of the 

Tasman Fold Belt in north Queensland are the Hodgkinson and Broken River Provinces north 

of the Mount Windsor subprovince, and the New England Fold Belt to the south (Fig. 2.1). 

Day et a/. (1983), Murray (1986, 1990) and Wellman (1995) categorised the Mount Windsor 

subprovince as the northernmost component of the Thompson Fold Belt, an orogenic belt that 

underlies the Great Artesian Province in northern Australia and includes the Late-Devonian 

to Early Carboniferous Drummond Basin and the Amide Inlier south of the Mount Windsor 

subprovince (ICirkegaard, 1974; Murray and Kirkegaard, 1978). However, Henderson (1980) 

argued that there is little evidence of the composition of the basement of the Great Artesian 

Province, and therefore did not support the presence of the Thompson Fold Belt. 

The Mount Windsor subprovince is composed of Late Cambrian to Early Ordovician marine 

volcanic and sedimentary rocks, and is part of the Charters Towers Province (Henderson, 1980, 

1986). The Charters Towers Province was described as the Ravenswood Block by Wyatt et al. 
(1971), but renamed and divided into three subprovinces, the Lolworth-Ravenswood 

subprovince, the Burdelcin subprovince, and the Mount Windsor subprovince (Fig. 2.2), by 

Henderson (1980). 

The Lolworth-Ravenswood subprovince is composed of amphibolite facies metamorphic rocks 

that are intruded by granitoids of the Ravenswood and Lolworth Batholiths (Henderson, 

1980). This subprovince occupies the central part of the Charters Towers Province (Fig. 2.2), 

and is composed of Proterozoic metamorphic units including the Running River and Argentine 

Metarnorphics in the northern part of the province, the Cape River Beds in the western part 

of the province, and the Charters Towers Metamorphics in the central region (Henderson, 

1980). 
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The Burdekin subprovince  comprises Devonian to Early Carboniferous marine and continental-

derived sediments, and these on-lap the northern parts of Lolworth-Ravenswood subprovince 

(Fig. 2.2). Henderson (1980) suggests that this subprovince is continuous with felsic to 

intermediate volcanic units of the Coastal Ranges Igneous Province to the east of the Charters 

Towers Province. 

2_2 The Mount Windsor Subprovince 

The Mount Windsor subprovince is an east-west trending volcanic belt (Fig. 2.2), that extends 

165 km from the Leichhardt Range, south of Ravenswood in the east, to Pentland in the west 

(Henderson, 1986). The rocks within the Mount Windsor subprovince were first recognised by 

Wyatt et al. (1971), who identified them as the Cape River Beds, and defined the volcanic 

component as the Mount Windsor Volcanic Member. Subsequently, Henderson (1980) 

demonstrated that the Cape River Beds comprise amphibolite grade metamorphic rocks with 

evidence of polyphase deformation, and conduded that they predate the volcanic rocks and 

are probably the basement to the Mount Windsor subprovince. Henderson (1980) categorised 

the Cape River Beds with the other Precambrian metamorphic units in the Charters Towers 

Province. However, Day et al. (1983) and Murray (1986, 1990) agreed with the interpretation 

of Wyatt et a/. (1971) that the Cape River Beds are the same age as, and gradational with, 

the volcanic units in the Mount Windsor subprovince. The interpretation of Henderson (1980) 

is considered more probable. 

The felsic to intermediate volcanic and sedimentary rocks of the Mount Windsor subprovince 

have been dissected by the Ravenswood and Lolworth granitoids, and are overlain by the 

middle to upper Carboniferous Drummond subprovince to the south (Henderson, 1980). The 

northern margin of the Mount Windsor subprovince is separated from the Broken River 

Province by the Clarke River Fault zone (Fig. 2.2; see also Day et al., 1978; Murray, 1986). 

Henderson (1986) correlated the rocks of the Mount Windsor subprovince to the Mount Read 

Vokanics in western Tasmania based on their similar composition and ages. Recent dating of 

zircons in the Mount Windsor Vokanics and Trooper Creek Formation has yielded a mean U-

Pb age of 475.4±4.7 Ma (Perkins et al., 1993). This is younger than the U-Pb and 40Ar/ 39Ar age 

of 502.6±3.5 Ma for the Mount Read Vokanics (Perkins and Walshe, 1993). 

2,2.1 The Seventy Mile Range Group 

The volcanic and sedimentary rocks of the Mount Windsor subprovince are known as the 

Seventy Mile Range Group, and this group is divided into the Puddler Creek Formation, the 

Mount Windsor Volcanics, the Trooper Creek Formation, and the Rollston Range Formation 
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(Henderson, 1986). Bedding in the Seventy Mile Range Group trends east-west in most parts of 

the volcanic belt (Fig. 2.3). Detailed stratigraphic descriptions of the Seventy Mile Range 

Group are given in Henderson (1986) and Berry et a/. (1992), and characteristics of the 

component formations are summarised in Table 2.1. The volcanic units of the Mount Windsor 

Volcanics and the Trooper Creek Formation have calc-alkaline affinities (Henderson, 1986; 

Stolz, 1995; Berry et a/., 1992). 

Puddler Creek Formation 

The Puddler Creek Formation is the oldest unit in the Mount Windsor subprovince, and is 

composed of continental-derived sandstone, greywacke and siltstone units (Table 2.1; 

Henderson, 1986; Berry et al., 1992). The Puddler Creek Formation contains both mafic and 

felsic dykes, although there is disparity in the composition of the mafic dykes (Henderson, 

1986; Hartley et al., 1989). Henderson (1986) described dolerite sills and dykes within the 

Puddler Creek Formation, that are cross cut by the quartz-plagioclase-porphyry dykes. 

However, microdiorite dykes were identified within the Puddler Creek Formation by 

Hartley et a/. (1989) who concluded that the microdiorite and quartz-plagioclase-porphyry 

dykes within the Puddler Creek Formation are similar in composition to dykes that intrude 

the Charters Towers Metamorphics. Amygdaloidal andesite lavas in the upper part of the 

Puddler Creek Formation are interpreted to be the product of intermittent volcanism 

preceding deposition of the Mount Windsor Vokanics (Stolz, 1991; Berry et al., 1992). The 

quartz- and quartz-feldspar-porphyritic rhyolite dykes and sills are interpreted to be feeders 

to the volcanic units within the Mount Windsor Volcanics and Trooper Creek Formation 

(Berry et a/., 1992). 

Mount Windsor Volcanics 

The Mount Windsor Vokanics are composed of a continuous sequence of rhyolite domes and 

lavas, commonly 100-150 m thick, with subordinate vokaniclastics (Henderson, 1986; Berry et 

al., 1992). Stolz (1989) noted that reworked, rhyolitic vokaniclastics are the main component 

of the Mount Windsor Vokanics in the Trooper Creek region. Berry et al. (1992) documented 

significant stratigraphic thickening of the rhyolitic pile between Highway and Sunrise Spur 

in the eastern part of the volcanic belt (fig. 2.3), and Henderson (1986) interpreted this 

thickening to indicate an eastern source for the Mount Windsor Vokanics. 

The contact between the Mount Windsor Volcanics and the Trooper Creek Formation is 

defined as the base of the first dacite or andesite overlying the rhyolites (Henderson, 1986). 

This change from rhyolitic volcanism to dacitic and andesitic volcanism also corresponds to a 

decrease in volcanic activity and/or an increase in the rate of sedimentation within the 

volcanic belt (Stolz, 1991). 
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Puddler Creek Formation 
(PCF) 

Mount Windsor Volcanics 
(MWV) 

Continental-derived quartz- and lithic-
sandstone, greywacke and interbedded 
siltstone units. Minor andesite lavas near 
stratigraphic top. 

Mainly rhyolite domes, with rhyolitic 
volcaniclastic units, and minor dacite, and 
rare andesite. 

Maximum thickness -9000 m with no 
structural repetition, but stoped out by 
Ravenswood Granodiorite Complex. 

Maximum thickness -3500 m at Sunrise 
Spur, in eastern part of belt, decreases in 
thickness west of Highway to -1000 m, 
and is 300400 m in thickness at Waddys 
Mill at the western end of the volcanic 
belt. 

Trooper Creek Formation 	Coherent and volcaniclastic andesite, 	Varies from -4000 m thick at Mount 

(TCF) 
	 dacite and rhyolite, and interbedded 

	Windsor in the central part, to -1700 m 

epiclastic mudstone and siltstone. Minor 	thick in western part of volcanic belt. 

basaltic andesite lavas. 

Table 2.1 Characteristics of formations in the Seventy Mile Range Group (summarised from Henderson, 1980, 1983, 1986; Stolz, 1989; and Berry et al., 1992). Type 

section locations are presented in Henderson (1986).. 

Formation 	 Composition 	 Thickness 	 Age 

Late Cambrian (no fossils, but age interpreted 
from relationship with overlying volcanics) 

Lower Ordovician. Rb-Sr date of 528 ± 100 Ma 
(Paine et al., 1971). Pb-U date on zircons (from 
base of formation) of 474.6 ± 5.1 Ma and 479.1 ± 
4.6 Ma (Perkins et al., 1993). 
Conformably overlies Puddler Creek Formation. 

Lower Ordovician (graptolites in siltstones are 
Lancefieldian in age; Henderson, 1983). Zircons 
from base of formation yielded Pb-U age of 468.0 
± 5.4 Ma (Perkins etal., 1993). Zircons from 
either top of TCF, or base of RRF yielded age of 

479.7 ± 5.6 Ma (Perkins etal., 1993). 
Conformably overlies MWV. 

Middle Ordovician (graptolites and trilobites are 
Bendigonian and Chewtonian Stages, with Late 
Lancefieldian graptolites in western part of belt). 

Older in west than in eastern part of Mount 

Windsor volcanic belt. Conformably overlies 

TCF. 

Rollston Range Formation 	Siltstone and sandstone of volcanic origin. Minimum thickness is -1000 m, upper 

(RRF) 
	

Minor dacite lavas. 	 limit is covered by Tertiary alluvium. 
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Trooper Creek Formation 

Rapid facies and lithological changes are common in the Trooper Creek Formation, with some 

areas composed of a high proportion of coherent volcanic units, and other areas composed of 

abundant sedimentary rocks and volcaniclastic units (Table 2.1; Henderson, 1986; Stolz, 1989; 

Berry et a/., 1992). Concentrations of coherent volcanic units within the Trooper Creek 

Formation, and thickening of the volcanic pile, are interpreted to reflect the location of 

volcanic centres. A volcanic edifice is preserved between Mount Windsor and Highway (Berry 

et al., 1992). 

Rollston Range Formation 

The Rollston Range Formation is composed of volcanic-derived sandstone and siltstone units, 

with subordinate dacite lavas (Table 2.1; Berry et al., 1992). Graptolites and trilobites from 

siltstone units within the Rollston Range Formation are Lancefieldian to Bendigonian (Lower 

Ordovician) in age (Henderson, 1983, 1986). 

Depositional Environment 

In most parts of the Mount Windsor Vokanics, evidence for the depositional environment 

during rhyolitic volcanism is inconclusive (Stolz, 1991). However, Berry et a/. (1992) favoured 

a subaqueous environment for the passive emplacement of rhyolitic lavas or domes. Possible 

shards and pumice clasts within the eastern parts of the Mount Windsor Volcanics are 

interpreted as evidence of subaerial, pyroclastic eruptions (Stolz, 1991). 

The sedimentary units, and therefore the volcanic units, in the Trooper Creek and Rollston 

Range Formations are inferred to have been deposited in a deep marine environment 

(Henderson, 1986; Stolz, 1991). Pillows associated with andesite lavas in the Trooper Creek 

Formation support the interpretation of a subaqueous environment of deposition (Berry et a/., 

1992). Pods and lenses of quartz-hematite or quartz-magnetite are common throughout the 

Trooper Creek Formation and are interpreted to have formed as low temperature exhalites on 

the seafloor (Berry et al., 1992; Duhig et a/., 1992). 

2.3 Lolworth-Ravenswood Batholith 

Two important granitoid complexes are present in the northern part of the Mount Windsor 

subprovince: the Ravenswood Granodiorite Complex, also known as the Ravenswood 

Batholith, and the Lolworth Igneous Complex. Together these granitoid complexes constitute 

the Lolworth-Ravenswood Batholith (Fig. 2.2; see also Henderson, 1980, 1986; Richards, 
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1980). Both the Ravenswood Batholith and the Lolworth Igneous Complex intrude the 

Precambrian basement and have been intruded by Permian-Carboniferous granitoids 

(Richards, 1980). 

2.3.1 Ravenswood Batholith 

The Ravenswood Batholith is composed of multiple plutons of different composition and ages 

of emplacement (Table 2.2; Clarke, 1971; Wyatt et al., 1971; Levingston, 1981; Rienks, 1991; 

Hutton and Crouch, 1993; Hutton et al., 1994), and is mainly adamellite to granodiorite in 

composition. Henderson (1986) noted that the Ravenswood Batholith can be broadly divided 

into two batholiths, a biotite tonalite west of Charters Towers, and hornblende granodiorite 

to the east (Fig. 2.2). The hornblende grartodiorite was considered the main granodiorite 

phase by Wyatt et al. (1971). 

The grartitoid batholiths of the Ravenswood Granodiorite Complex contain northwest to 

east-trending strongly foliated zones (Wyatt et al., 1971; Henderson, 1986), and also contain 

massive hornblende-bearing granodiorite and tonalite with foliated margins (Hartley et al., 
1989). Structural mapping by Berry (1989, 1991) and Berry et al. (1992) supported the 

conclusion of Hartley et al. (1989) that both pre- and post-orogenic granitoids are present in 

the Mount Windsor volcanic belt. Berry (1989, 1991) and Berry et a/. (1992) interpreted the 

main deformation event within the Mount Windsor subprovince to be Mid to Late Ordovician 

or younger in age (Table 2.3), and concluded that the deformed granitoids are Ordovician, and 

that the undeformed post-orogenic granitoids are Late Devonian in age. 

Rb-Sr ages of 454±30 m.y. and 394±30 m.y. determined for the Ravenswood Granodiorite 

Complex (Webb, 1969, 1970, 1971a,b) were interpreted to indicate that the batholith is 

composed of multiple granitoids of Late Ordovician to Middle Devonian age (Richards, 1980). 

More recent mapping and dating of the Ravenswood Batholith shows that emplacement of 

the batholith occurred in four main episodes (Table 2.2; Hutton et a/., 1990; Hutton et a/., 

1992; Rienks, 1991; Hutton and Crouch, 1993). The majority of the batholith (94 %) was 

interpreted to have been emplaced between the Early Ordovician and the Early Devonian 

(Hutton et al., 1993). 

The granitoids have intrusive contacts with the Seventy Mile Range Group, with south-

trending, elongate apophyses at the margins of the Ravenswood Batholith (Fig. 2.2; and see 

Henderson, 1986). The Kirk River Beds are interpreted as a block isolated from the Puddler 

Creek Formation by stoping during granitoid emplacement (Henderson, 1986). 

Leucocratic granitoid stocks near the contact between the Ravenswood Granodiorite Complex 

and the Puddler Creek Formation (Fig. 2.2) were interpreted to be components of the 



Table 2.2 Granitoids of the Ravenswood Batholith (summarised from Clarke, 1971; Hutton et al., 1990; Rienks, 1991; Hutton and Crouch, 1993; 

Hutton et al., 1993). 

Age of Emplacement 

Late Cambrian to Early 

Ordovician 

(490±6 Ma) 

 

Composition 

Granodiorite 

 

Deformation Comments 

  

Strong foliation (S2) Co-magmatic with volcanics of either the Mount 

Windsor Volcanics or the Trooper Creek 

Formation 

 

Intruded by microdiorite dykes 

 

Early to Middle Ordovician Granite to granodiorite, spatially 

and temporally associated with 

mafic intrusives; 

Peraltuninous biotite-muscovite 

granite, spatially related to 

migmatites 

Medium grained with zones of 

intense foliation and local mylonites 

Contemporaneous felsic and mafic magmatism; 

Granitoids formed by partial melting near base of 

crust, mantle derived thoeliitic magmas 

produced mafic intrusives 

Middle Silurian to Early 	Calc-alkaline hornblende-biotite 

Devonian 	 granodiorite to tonalite 

(426±4 Ma to 406±4 Ma) 

Massive with foliated margins; 

Distribution of some granitoids 

controlled by NNE trending faults 

Isotopically homogeneous, but chemically 

variable source rocks; 

Formed by partially melting of thoeliitic 

underplate, causing partial crustal melting; 

Some plutons emplaced into NNE trending 

grabens 
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Table 2.3 Structural history of the Mount Windsor subprovince (summarised from Berry (1989, 1991) and Berry et al. (1992)). 

Deformation event Manifestation 

Pre-deformation 	Substantial increase in 

thickness of stratigraphy on 

one side of fault 

D 1 	 Variable bedding-cleavage 

intersection lineations, 

South-plunging, north-south 

trending open folds 

Folded faults  

Location  

Mount Farrendon-

Highway-Reward area; 

Handcuff Fault 

Windsor Fault 

CODES Fault 

Trafalgar Bore, Thalanga 

Range 

Mount Sunrise area 

Rail-cutting through the 

Thalartga Range 

Interpretation 

Syn-depositional normal 

faults, west side down 

Open assymmetric north-

south folding (short, steep 

westerm limb), and related 

thrust faults with east 

towards west transport 

direction 

Age 

Late Cambrian 

D1  in the Hodgkinson and 

Broken River provinces is 

estimated at 380-385 Ma 

on the basis of Rb-Sr dates 

(Bell, 1980) 

D2 Subvertical east-west 

cleavage, subvertical east-

west trending, south-facing 

bedding 

Entire volcanic belt Northern limb of upright, 

east-west syncline, with un-

exposed hinge to the south 

Mid to Late Ordovician or 

younger 

Thickened stratigraphy and Waddys Mill 
	

Hinge region of syncline 

parasitic fold vergence 

D3 	 S3 cleavage post-dates 	North of Thalanga 	S3 cleavage spatially 	Silurian-Devonian 

artdalusite porphyroblasts, 	Range, Waddys Mill, 	associated with unfoliated 

small-scale folds near granite 	 granites 

Open F3 folds, S3 cleavage 	Highway area 

S3 parallel to north-dipping 	Entire volcanic belt 
	

Parallel to Mount Leyshon 	Carboniferous (Hartley et 

NE to ENE-trending normal 
	

Corridor, and therefore 	al., 1993) 

faults 	 related to post-orogenic 

granitoids 

Late structures Long wavelength (-10 km) 

south-plunging gentle folds 

Late faults at high angle to 

stratigraphy 

Entire volcanic belt Late kinking, location of fold 

hinges possibly related to 

location of hydrothermal 

alteration 
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Ravenswood Batholith (Levingston, 1981). Henderson (1986) correlated the leucocratic 

granitoids with quartz-plagioclase porphyry dykes in the Puddler Creek Formation, and 

suggested that emplacement of the porphyry dykes and leucocratic granitoids coincided with 

the emplacement of the Mount Windsor Volcanics, and proposed that the leucocratic 

granitoids are the magmatic equivalent of the Mount Windsor Volcanics. 

23.2 Lolworth Igneous Province 

The Lolworth Igneous Complex is composed of adamellite and grartodiorite, with banded 

pegmatite and garnet-bearing granite, and crops out to the north and west of the Thalartga 

Range (Fig. 2.2; Levingston, 1981). Granitoids of the Lolworth Igneous Complex have no 

penetrative foliation (Paine et a/., 1971; Richards, 1980). 

K-Ar ages and Rb-Sr isochrons produced ages of 390 m.y. to 404 m.y. for the Lolworth Igneous 

Complex (Webb, 1970, 1971a,b), which is consistent with a Devonian age. Levingston (1981) 

regarded the Lolworth Igneous Complex as Late Silurian to Early Devonian in age. 

2.33 Permian-Carboniferous Granitoids 

Permian-Carboniferous granitoids are common at the eastern and south eastern margin of the 

Ravenswood Batholith (Fig. 2.2). These consist largely of biotite and hornblende biotite 

adamellite, granodiorite and granite that are Late Carboniferous to Early Permian in age 

(Paine et al., 1974; Levingston, 1981). Henderson (1980) classified these Permian-

Carboniferous granitoids as part of the Coastal Ranges Igneous Province, which includes all 

felsic to intermediate igneous and volcanic rocks in eastern Queensland of Late Devonian-

Permian age. Late Permian porphyritic microgranite and leucogranite stocks, of the Mundic 

Igneous Complex, intrude the Lolworth Igneous Complex west of the Thalanga Range (Fig. 2.1; 

Levingston, 1981). 

Hutton et al. (1990) reported that Permian-Carboniferous gabbro to granitic complexes are 

typically associated with volcanic rocks of the same age, and considered that the 

emplacement of these complexes was controlled by regional lineaments. The mineralised 

breccia complex at Mount Leyshon, south of Charters Towers, is associated with Carboniferous 

to Permian rhyolite and quartz-trachyte plugs (Wormald et al., 1993). Hutton et al. (1993) 

noted that these rhyolitic to trachytic plugs are common at or near the margins of the 

Ravenswood Batholith. 
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2.4 Overlying Units 

The Seventy Mile Range Group is overlain by the Warang Sandstone, which is Triassic in age 

and crops out at the western end of the central part of the Mount Windsor volcanic belt. The 

Warang Sandstone in interpreted to have been deposited in a fluviatile setting (Levingston, 

1981). Continental-derived sandstone, pebbly sandstone, and minor mudstone of the Pliocene 

Campaspe Formation overlie large areas of the Mount Windsor subprovince (Pitt, 1988). In 

the vicinity of the Thalanga deposit, the Campaspe Formation varies from >102 m to <1 m 

thick (Pitt, 1988). Pitt (1988) divided the Campaspe Formation into a basal zone with 

abundant ironstone, interpreted to have been eroded from laterite formations, and a surface 

zone composed of iron-rich aggregates that are interpreted to have formed by surface 

weathering after deposition of the Campaspe Formation. 

2.5 Structure of the Mount Windsor Subprovince 

The structural history of the Mount Windsor subprovince, determined by Berry (1989, 1991) 

and Berry et al. (1992), is summarised in Table 2.3. Three episodes of folding and five 

generations of faulting were reported by Berry (1989, 1991) and Berry et al. (1992). 

Berry (1989) assumed a north-south trend for the early folding based on the structural history 

of the Broken River and Hodgkinson Provinces documented by Bell (1980). Berry (1989) 

suggested that the early thrust-related folding event is comparable with the early 

deformation at Dry River South, which is also part of the northern Tasman Fold Belt 

(Huston, 1990). Berry (1991) and Berry et al. (1992) documented south-plunging north-south 

folds in the Mount Surprise area and interpreted these to be F 1  folds. South-dipping faults 

with dextral displacement were tentatively interpreted to be D I  thrusts, with a westward 

transport direction (Berry, 1990; Berry at a/., 1992) 

The major deformation event is recognised as strong east-west cleavage (S2) related to upright 

folding, and was interpreted as the only deformation event in the subprovince by Laing (1984), 

Wills (1985), Henderson (1986), and Gregory et al. (1990). Berry (1989, 1991) and Berry et a/. 

(1992) correlated the upright folding event with folds of Devonian age in the Hodgkin.son and 

Broken River Provinces to the north of the Mount Windsor subprovince. East-west trending 

fault zones within the Middle Ordovician granitoids of the Ravenswood Batholith are 

correlated with S2 in the Seventy Mile Range Group, thus providing an age estimate for D2 

(Table 2.3; Berry et a/., 1992). The S2 cleavage increases in intensity towards the granitoids to 

the north of the volcanic belt (Berry, 1989). 
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The hinge region of a regional-scale upright syncline is interpreted to crop out at Waddys 

Mill, at the northwestern limit of the Thalanga Range (Berry, 1989; Berry et al., 1992). The 

Trooper Creek Formation is significantly thicker at Waddys Mill compared to elsewhere 

along the Thalanga Range, and is interpreted to be symmetrical about a fold hinge located 

within strongly foliated Trooper Creek Formation. Cleavage-bedding relationships suggest 

north facing stratigraphy, and parasitic fold vergence supports the syncline model (Berry, 

1989; Berry et al., 1992). 

However, hand specimen characteristics and the geochemical composition of the felsic 

volcanic units are different from typical rhyolites from the Mount Windsor Vokanics (Stolz, 

1991; Hill, 1992). Quartz-muscovite-chlorite schist is present south of dacites, rhyolites, 

andesites and sandstone of the Trooper Creek Formation at Waddys Mill, and it is this unit 

that Berry (1989) and Berry et a/. (1992) interpreted to be strongly foliated rhyolite. Yet, it 

lacks the quartz phenocrysts that are generally present in the Mount Windsor Volcanics, and 

has slightly higher P and Ti contents, and Ti/Zr ratios than typical rhyolites from the Mount 

Windsor Volcanics (Stolz, 1991; Hill, 1992). 

The orientations and ages of major lineaments and faults within the Charters Towers region 

were summarised by Hartley et al. (1993). Important NNE-SSW trending lineaments and 

mylonite zones are present in many parts of the Mount Windsor subprovince (Henderson, 1986), 

and many of these were interpreted as Pre-Ordovician to Ordovician in age by Hartley et al. 

(1993). Henderson (1986) correlated these faults with the emplacement of the Ravenswood 

Batholith. This interpretation is supported by Hartley et a/. (1989, 1993), who also noted 

that dolerite dykes of Silurian age have similar orientations to the faults, and concluded 

that regional extension occurred during Silurian-Devonian times. 

NE to ENE trending faults, with south side up displacement, are also common throughout the 

Mount Windsor volcanic belt, and are parallel to S3, and possibly related to, regional-scale 

lineaments including the 'Mount Leyshon Corridor' (Berry, 1991; Berry et al., 1992). The 

Mount Leyshon Corridor is defined as one of the major structures that controlled Carboniferous 

to Permian magmatism in the Mount Leyshon region, and is interpreted as Carboniferous in 

age (Morrison, 1988; Hartley et a/., 1993; Wormald et al., 1993). However, the close spatial 

relationship between 53 and granitoids of Silurian-Devonian age suggests a similar age for 1)3 

(Berry et al., 1992). 

2.6 Regional Metamorphism 

Hutton et a/. (1993) noted that the metamorphic grade of the Seventy Mile Range Group is 

variable, with widespread greenschist facies assemblages present and local contact 
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metamorphic aureoles (Henderson, 1986). Metamorphic isograds were mapped by Berry (1989, 

1991) and Berry et a/. (1992), who showed that metamorphic grade increases towards the 

western parts of the volcanic belt, from prehnite-pumpellyite facies at Trooper Creek, 

through actirtolite, hornblende, biotite and andalusite isograds to a maximum (525°C, 3 kbars) 

at the Waddys Mill prospect (Fig. 2.3). Andalusite pseudomorphs are aligned in 52 and have 

been overprinted by S3 (Berry, 1991; Berry et al., 1992). 

Contact metamorphic aureoles are more prominent in the eastern parts of the volcanic belt 

where the regional metamorphic grade is lower (Berry et al., 1992). Metamorphic minerals 

within contact aureoles around post-kinematic granitoids are decussate and overgrow the 

main cleavage (Berry, 1991; Berry et a/., 1992). Such observations were not reported by 

Henderson (1986). 

2.7 Tectonic Setting of the Mount Windsor Subprovince 

The composition and distribution of the volcanic units and provenance of the sedimentary 

rocks within the Seventy Mile Range Group has been used to interpret the tectonic setting of 

volcanism and the Mount Windsor subprovince (e.g. Henderson, 1986; Stolz, 1989, 1991; Berry 

et a/., 1992; Stolz, 1995). The calc-alkaline volcanic units of the Mount Windsor Vokanics and 

the Trooper Creek Formation are consistent with convergent margin volcanism generated in an 

island arc during subduction (Stolz, 1991; Berry et a/., 1992; Stolz, 1995). 

Large-scale crustal subsidence is required to allow accumulation of the Seventy Mile Range 

Group, and the north-south trending quartz- and quartz-feldspar-porphyry dykes within the 

Puddler Creek Formation suggests that the basin developed via east-west extension adjacent 

to a north-south oriented cratonic margin (Henderson, 1986). Stolz (1995) suggested that the 

distribution and source of the sedimentary and volcanic components is also consistent with a 

northeast-southwest oriented Precambrian cratonic margin, interpreted from gravity and 

magnetic data to be along the Diamantina Lineament. The sedimentary rocks in the Puddler 

Creek Formation (Table 2.2) are interpreted to have been derived from a basement of 

continental crust, possibly now represented by the Cape River Beds (Henderson, 1986). 

Henderson (1986) also regarded the presence of silicic stocks intruding the basal parts of the 

Seventy Mile range Group as consistent with a basement of continental crust. 

The composition of the volcanic units in the Seventy Mile Range Group indicates that the 

contact between the Puddler Creek Formation and the overlying Mount Windsor Volcanics 

marks the initiation of a convergent tectonic setting. Henderson (1986) suggested that the 

increase in stratigraphic thickness towards the eastern parts of the Mount Windsor volcanic 

belt, was consistent with location of the volcanic arc in the east. The abundance of rhyolitic 
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volcanic units in the Mount Windsor Volcanics was interpreted to suggest that the 

depositional basin was developed on stretched continental lithosphere (Henderson, 1986). Nd 

isotopic data are consistent with the derivation of rhyolite from partial melting of the 

Precambrian crustal rocks (Stolz, 1995). Volcanic centres at the time of deposition of the 

Trooper Creek Formation are interpreted to be located in the central and eastern parts of the 

Mount Windsor volcanic belt (Henderson, 1986; Stolz, 1991). 

Geochemical characteristics of the mafic volcanic units in the Mount Windsor volcanic belt 

have been compared with analyses of lavas with similar compositions in well constrained 

tectonic settings (Henderson, 1986; Stolz, 1989, 1991, 1995; Berry et al., 1992). Andesites 

within the uppermost part of the Puddler Creek Formation have geochemical affinities with 

alkaline intra-plate or rift-related continental thoeliites, and are interpreted to have 

formed by partial melting of thin, subcontinental lithospheric mantle (Stolz, 1995). Two 

mafic volcanic suites are present in the overlying Trooper Creek Formation, a low TiO 2  suite 

and a high TiO2  suite, both with Nd isotopic ratios that suggest "derivation from a 

relatively depleted asthenospheric mantle variably modified by subduction processes" 

(Stolz, 1995). Stolz (1991) showed that basalts within the Trooper Creek Formation are 

geochemically similar to an average Kuroko basalt and cak-alkaline basalts from the Sunda 

arc, and interpreted this to indicate formation during the initial stages of back-arc, or intra-

arc rifting. The silicic volcanic units within the Trooper Creek Formation were interpreted to 

be cogenetic with the mafic volcanic units (Stolz, 1995). 

The favoured tectonic model for formation of the Mount Windsor volcanic belt involves 

deposition of the cak-alkaline volcanic units in a back-arc basin at the eastern margin of a 

Precambrian craton. The back-arc basin formed by extension of continental crust during 

subduction, and a volcanic chain is interpreted to have been located east of the basin 

(Henderson, 1986). Stolz (1995) suggested that the Late Proterozoic to Early Cambrian margin 

of northeastern Australia was an attenuated passive margin, and that rapid deposition of the 

Puddler Creek Formation occurred as the continental lithosphere extended and subsided. 

Mafic volcanic units in the uppermost parts of the Puddler Creek Formation represent 

thinning of the crustal lithosphere, and heat flow during this volcanism may have induced 

crustal melting and eruption of the Mount Windsor Volcanics (Stolz, 1995). 

The interpreted north-south orientation of the back-arc basin is consistent with the north-

south trend of the Tasman Fold Belt (Henderson, 1986). Berry et al. (1992) proposed that arc 

volcanism rapidly spread to the west of the back-arc basin, and suggested that this was due 

to flattening of the subduction zone. Rare volcanic activity followed the emplacement of the 

Trooper Creek Formation, and volcanic activity returned to the long term arc position east of 

the Seventy Mile Range Group during the Early Ordovician (Berry et a/., 1992; Stolz, 1995). 
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Volcaniclastic material from the Trooper Creek Formation was then reworked and deposited • 

as the Rollston Range Formation (Stolz, 1995). 

The Drummond Basin, to the south of the Mount Windsor subprovince, was formed after 

compression of the Mount Windsor subprovince during the mid-Ordovician (De Caritat and 

Braun, 1991; Berry et al., 1992). Stolz, (1995) proposed that oblique plate convergence, rather 

than a collision event, modified the Mount Windsor volcanic belt into a major transform 

structure. 

2.8 VHMS Deposits in the Mount Windsor Volcanic Belt 

There is a strong stratigraphic control on the distribution of mineralisation within the 

Seventy Mile Range Group (Berry et al., 1992). The Thalanga deposit occurs at the contact 

between the Mount Windsor Volcanics and the Trooper Creek Formation, and the majority of 

other massive sulphide deposits are present within the Trooper Creek Formation (Table 2.4; 

Stolz, 1989; Berry et a/., 1992; Hutton et a/., 1993). Previous descriptions of the geology of the 

vokanogenic massive sulphide deposits and prospects within the Mount Windsor subprovince 

include those by Gregory and Hartley (1982), Gregory et al. (1987, 1990), Kay (1987), Beams et 
a/. (1989, 1990), Mulholland (1991), Hutton et a/. (1993). and Huston et al. (1995). Berry et al. 
(1992) provide a succinct outline of the important characteristics of deposits in the Mount 

Windsor volcanic belt, and Table 2.4 summarises their analysis. 

Most deposits are stratiform to blanket in style, and are typically zinc-rich and contain low 

copper and abundant barite (Berry et al., 1992). The pipe-like Reward deposit was 

interpreted to be syn-deformational in origin (Beams et al., 1989, 1990). However, recent 

volcanological studies have demonstrated that the mineralisation at Reward was 

synvolcanic, with sulphides precipitating in a sub-seafloor position (Doyle, 1994). 

Carr et al. (1995) reported that VHMS deposits in the Mount Windsor subprovince (including 

Thalanga; G.R. Carr, pers. comm., 1996) have Pb isotopic signatures that are similar to those 

from VHMS deposits of Silurian age in the Lachlan fold belt. Carr et a/. (1995) considered 

that this similarity was coincidental and suggested that their plumbo-tectonic model for the 

eastern part of the Lachlan fold belt is incorrect for the massive sulphide deposits in the 

Mount Windsor subprovince. 

2.9 Local Geology of Thalanga 

The Thalanga Range is composed of volcanic rocks of the Seventy Mile Range Group, and 

extends WNW from the Thalanga deposit for approximately 13 km to the Waddys Mill 
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Table 2.4 Massive sulphide deposits in the Mount Windsor volcanic belt. 

Strahgraptuc Location 

Thalanga 

Reward 

Deposit Style (after 
Large, 1992)  
Sheet-style massive 	Primary: 
sulphides 	6.359 m.t. @ 22% Cu, 12.3% Zn, 

3.9% Pb, 99g/t Ag, and 0.6g/t Au 
(measured or indicated) 
Supergene: 
0.667 m.t. 4315.8% Cu, 8.3% Zn, 
2.1% Pb, 83g/t Ag, and 0.8g/t Au 
(proved, probable, or indicated) 

0.184 m.t. @ 96g/t Ag, and 1.7g/t 
Au (proved or probable) 

Pipe 	 ?Jimmy: 
0.82 m.t @ 11% Pb+Zn, and lg/t 
Au (inferred) 
1.5 m.t. @ 1.5g/t Au, and 50% Cu 
(inferred) 
Supergene: 
0.633 m.t. @8.1% Cu and 1.7g/t 
8tarobable) 

0.216 m.t. @ 4.1g/t Au (probable 
and inferred) 

0.05 m.t. 410 5g/t Au (proved or 
probable) 

Exuma: 
1 m.t. @ 0.6% Cu, 10.0% Zn, 0.4% 
Pb, 8g/t Ag, and 02g/t Au 
(inferred) 

Ore Minerals 

Sphalente, 
pyrite, galena, 
chalcopyrite, 
minor 
magnetite, 
tetrahedrite, 
arsenopyrite 

Pyrite, 
chalcopyrite, 
sphalente, 
galena, trace of 
electrum 

Pyrite 

Sphalerite, 
pyrite, minor 
chalcopyrite 
and galena 

Host Lithologies 

Footwall: 
rhyolitic volcanic units 

Ore Horizon: 
Quartz-feldspar-porphyritic 
rhyolite, and polymict 
volcaniclastic units 

Harigingwall: 
dacite and dacitic volcaniclastic 
units, minor andesite 

Rhyodacitic to rhyolitic lavas, 
cryptodomes, and volcaniclastic 
units 

Rhyolitic cryptodomes, lavas, 
and vokanklastic units 

Footwall: 
Rhyolitic and dacitic to 
andesitic lavas 

ilants111: 
Coarse grained rhyolitic to 
dacitic volcaniclastic units 

Contact between Mount 
Windsor Volcanics and the 
Trooper Creek Formation 

Trooper Creek Formation 

Trooper Creek Formation 

Trooper Creek Formation 

Deposit Grade and Tonnage 

Highway 	Pipe 

Handcuff 
	

Sheet, multiple 
lenses 

Sheet and 
disseminated 
sulphides 

Stacked lenses 

Sheet 

Disseminated 

Warrawee 	Multiple lenses 

ELUDARZ: 
2 m.t. @0.5% Cu, 6.6% Zn, 2.3% 
Pb, 50g/t Ag, and 0.9g/t Au 
(inferred) 

Primary: 
0.25 m.t. CO 2% Cu, 15% Zn, 2% 
Pb, 30g/t Ag, and lg/t Au 
(inferred) 

&thaw: 
0.372 m.t. @ 3.8% Cu, 19.7% Zn, 
2.8% Pb, 94g/t Ag, and 2.0g/t Au 
(inferred) 

Sphalerite, 
pyrite, minor 
galena and 
chalcopyrite 

Sphalerite, 
pyrite, 
chalcopyrite, 
galena, minor 
pyrrhotite, 
magnetite, and 
marcasite 

Sphalerite, 
pyrite, 

alcopyrite, 
minor galena 
and tennantite 

Sphalerite, 
pyrite, galena, 
chalcopyrite, 
minor 
tenriantite 

Sphalerite, 
galena, 
chalcopyrite 

Contact between Trooper 
Creek Formation and Rollston 
Range Formation 

Trooper Creek Formation 

Trooper Creek Formation 

Trooper Creek Formation 

Trooper Creek Formation 

Footwall:  
Rhyolitic volcanic units 

EllfigM:_g36/AL 
Siltstone, shale, arenite, and 
crystal-rich dacite 

Footwall: 
Sediments and intermediate to 
mafic volcanic units 

acm&_gwaLl- 
Dacitic lavas and volcaniclastic 
units 

Footwall: 
Andesitic volcaniclastic units, 
with lesser felsic volcaniclastic 
units 

HangingwaLl: 
Felsic volcaniclastic units, 
argillite, greywacke 

Footwall:  
Felsic volcaniclastic units, with 
lesser andesitic volcaniclastic 
units 

Felsic volcaniclastic units, with 
lesser sedimentary rocks 

Footwall: 
Pyritic, felsic, tuffaceous rocks 

Hangingwall: 
Felsic, tuffaceous rocks 

Liontown 

Magpie 

Waterloo 

Agincourt 

Data sourced from Gregory et al. (1987, 1990), Kay (1987), Beams et al. (1989, 1990), Mulholland (1991), Berry et al. (1992), Huston et al. (1995a). 
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prospect (Fig. 2.3). In this location, the Seventy Mile Range Group is enclosed by granitoids 

and is interpreted to be a roof pendant in the Ravenswood Batholith (Hutton et al., 1993). 

The contact between the Mount Windsor Volcanics and the Trooper Creek Formation is 

exposed along the south western side of the Thalanga Range (map M1). 

The Thalanga VI- MS deposit occurs at the eastern end of the Thalanga Range. The rocks of 

the Mount Windsor Vokanics and the Trooper Creek Formation are unconformably overlain by 

the Campaspe Formation in the eastern parts of Thalanga. Bedding at Thalartga is 

subvertical and has been folded into an open, north-south trending fold, with the deposit 

centred on the hinge of this fold (Chapter 3). Major faults separate the orebody into four main 

ore lenses, and these are West, Central and East Thalanga, and the Vomacica Zone (Fig. 2.4). 

The main stratigraphic units identified at Thalanga are listed in Table 2.5, and are described 

in Chapter 4. The current resource estimate for each of the four main lenses at Thalanga is: 

i) West Thalanga: 1.91 % Cu, 3.14 % Pb, 8.79 % Zn, 80.1 ppm Ag, and 0.3 % Au; 

Central Thalanga: 3.17 % Cu, 3.48 % Pb, 10.61 % Zn, 101.8 ppm Ag, and 0.6 % Au; 

Vomacica Zone: 1.91 % Cu, 2.87 % Pb, 10.3 'Yo Zn, 66.4 ppm Ag, and 0.7 % Au; and 

iv) East Thalanga: 1.2 % Cu, 2.89 % Pb, 9.73 % Zn, 69.9 ppm Ag, and 0.4 % Au (garland, 1995). 

Table 2.5 Stratigraphic units used at the Thalanga mine 

Stratigraphic Order Local Name Composition Formation 
1 Hangingwall Andesite Coherent andesite Trooper Creek 

Formation 
Dacite Coherent dacite and associated 

volcaniclastic facies 

Hangingwall 
fragmental 

Siltstone, graded sandy siltstone and dadtic 
hyaloclastite 

2 Ore horizon Upper rhyolite 
breccia 

Rhyolite-dominated breccia uncertain (see 
Chapter 4) 

3 Ore Horizon Quartz 'eye' Polymict breccia and sandstone units that Trooper Creek 
vokaniclastic unit contain distinctive large, blue quartz 

crystals 
Formation 

Quartz-feldspar 
porphyry 

Coarse quartz-feldspar phyric rhyolite, 
also containing large blue quartz crystals 

4 Footwall Rhyolitic volcanics Altered coherent rhyolite and associated 
volcaniclastic facies 

Mount Windsor 
Volcanics 

2.10 Summary 

1. The Mount Windsor subprovince is belt of subaqueous volcanic and sedimentary rocks that 

has been subdivided into four formations (collectively known as the Seventy Mile Range 

Group) that are, from oldest to youngest, the Puddler Creek Formation, the Mount Windsor 

Volcanics, the Trooper Creek Formation, and the Rollston Range Formation. These rocks are 
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Figure 2.4 Simplified geology of the Thalanga area in (a) plan view, and (b) long section. The plan geology is interpreted from about 950 inRL, and 

shows cross-cutting ENE-trending normal faults. The ore lenses are projected on to vertical long section, with the interpreted position of the ENE-

trending normal faults shown as dashed lines. The Central Fault trends about NNE. 
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Late Cambrian to Early Ordovician in age (Henderson, 1986), and have been intruded by 

granitoids of the Lolworth-Ravenswood Batholith, which ranges from Late Cambrian or 

Early Ordovician to Permian in age. The Mount Windsor subprovince is highly prospective for 

VHMS deposits, and most of the known deposits and prospects occur at the base and within 

the Trooper Creek Formation. 

2. Prominent subvertical, east-west cleavage (52) is associated with regional upright folding 

during 132  (Mid-Late Ordovician or younger). The stratigraphy within the Mount Windsor 

subprovince is now subvertical, faces south and is interpreted to be the northern limb of an 

upright, east-west syncline (Berry et a/., 1992). Regional metamorphism was associated with 

this deformation event. 53 cleavage is associated with younger normal faults that may be 

Carboniferous in age. 

3. The regional metamorphic grade varies from high grade (amphibolite facies) in the 

western part of the belt, to low grade (prehnite-purnpellyite facies) in the eastern parts 

(Berry et al., 1992). Decussate metamorphic minerals in local contact metamorphic aureoles, 

around post-kinematic granitoids, have overprinted the earlier metamorphic textures. 



CHAPTER 3. 

STRUCTURE AND METAMORPHISM OF THALANGA 

3.1 Introduction 

3.1.1 Previous Structural Investigations and Interpretations 

Hall (1981) inferred that the Thalanga massive sulphide deposit occurred on the southern 

limb of a gently plunging (10-300), WNW-trending anticline that extended along the 

Thalanga Range. He correlated the terrigenous siltstone units (now classified as Puddler 

Creek Formation; Henderson, 1986) north of the rhyolites in the Thalanga Range with the 

package of dacite lavas, polymict mass flow deposits, sandstone and siltstone units (Trooper 

Creek Formation; Henderson, 1986) south of the Thalanga Range, and suggested that the 

hinge of the anticline occurred within the rhyolites of the Mount Windsor Volcanics. Laing 

(1984) supported the interpretation of Hall (1981) of an anticline in the Mount Windsor 

Volcanics along the Thalanga Range, but considered it to represent a parasitic fold on the 

southern limb of a large anticline whose WNW-trending fold axis occurred north of the 

Thalanga Range. 

More recently, Berry (1989) and Berry et al. (1992) have shown that an E-W trending syncline 

(fold hinge south of the Thalanga massive sulphide deposit) is the major regional structure, 

with the dominant cleavage at Thalanga consistent with a regional, axial planar S2 

cleavage. Berry (1989, 1991) demonstrated that the Thalanga massive sulphide deposit 

occurs on the northern limb of this syncline, and found no evidence of an anticline within the 

Mount Windsor Volcanics to the north of Thalanga. He also interpreted the F2 fold hinge to 

crop out at Waddys Mill at the north western end of Thalartga Range (see Chapter 2). 

Regional metamorphism during D2 deformation is recorded throughout the Mount Windsor 

subprovince (Henderson ,1986; Berry et al., 1992), and is associated with the intrusion of the 

Ravenswood Granodiorite during the Middle to Late Ordovician. At Thalanga, previous 

workers recognised that syn-D2  metamorphism reached biotite grade, upper greenschist 

facies (Wills, 1985; Gregory et al., 1990; Berry, 1991; Berry et al., 1992). 

Thalanga is divided into four lenses, West, Central, and East Thalanga and the Vomacka 

Zone, with major structural disruptions of the ore horizon marking the boundaries of each lens 

(Fig. 2.4). Wills (1985) and Gregory et al. (1990) considered that steep, NNE-striking brittle 

faults controlled the division of the ore horizon into separate lenses. The pronounced bend in 

the stratigraphy between East and West Thalanga is considered enigmatic, with other 
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deposits in the region associated with similar structures. Laing (1984) suggested that this 

"boomerang" structure may represent minor folds formed during regional upright folding. 

However, Berry (1990) recognised that the "boomerang" structure is post-S2  in age, and 

perhaps formed by N-S folding, with the lack of N-S trending cleavage consistent for such 

open folds. 

Early structural interpretations of Thalanga used a syn-depositional growth fault, now 

subhorizontal, to explain the down-dip termination of the ore horizon (Wills, 1985; Gregory 

et al., 1990). However, Berry (1989) demonstrated that such horizontal faulting is unlikely at 

Thalanga. Berry (1989), and Berry et a/. (1992) proposed that E-W to ENE-striking brittle-

ductile normal faults are the main structures truncating the ore horizon at depth. 

3.1.2 Aims and Chapter Organisation 

This chapter aims to determine the number, timing and style of deformation events and the 

effect of these processes on the distribution and textures of the massive sulphides and other 

lithologies at Thalanga. The nature of the structure(s) between West, Central, and East 

Thalanga, and the Vomacka Zone, and the timing of this deformation is also addressed in 

this chapter. This chapter is organised so that the structures imposed on Thalanga are 

examined sequentially and placed within a regional context. Pre-deformation structures are 

discussed first. The structural history of Thalanga is then compared with the timing of 

metamorphism, and an estimate of the pressure and temperature conditions of peak 

metamorphism given. The effect of metamorphism on the microtextures of the ore lenses and 

hydrothermal alteration assemblages are described in Chapter 6, 10 and 11, and are therefore 

not treated in this chapter. The compositions of metamorphic minerals were determined using 

the Cameca 5X50 Electron Microprobe facility in the Central Science Laboratory at the 

University of Tasmania. Analyses are tabled in Appendix B. 

3.2 Pre-deformation Structures 

3.2.1 Growth Faults 

Syn-depositional faulting is common in many volcanic environments within an extensional 

setting, and such growth faults could have been pathways for ascending hydrothermal 

solutions (e.g. Large and Both, 1980; Franklin et al., 1981; Gemmell and Large, 1992; Large, 

1992). The Reward deposit and Highway and Handcuff prospects, in the central part of the 

Mount Windsor subprovince, occur within 1 km of a major fault interpreted to be a growth 

fault, active during deposition of the Trooper Creek Formation, and probably the conduit for 

the mineralising solutions (Berry, 1990, 1991; Berry et al., 1992). Wills (1985) considered that 
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the ore horizon at 'Thalanga was truncated down-dip by a growth fault, and that this fault 

was now sub-horizontal. However, examination of drill core in the vicinity of the proposed 

growth fault shows that there is no evidence of a sub-horizontal fault, and no evidence of 

palaeo-fault scarps as interpreted in Wills' (1985) reconstruction of the depositional 

environment at Thalanga. In fact, the Thalanga ore horizon is terminated by steeply N-

dipping and NE to ENE-striking faults that are interpreted to be D3 in age (section 3.6.1; 

Berry et al., 1992). 

Unequivocal growth faults are not present at the Thalanga deposit. However, there are two 

sites whose geometry and alteration patterns are suggestive of focussed fluid flow, possibly 

associated with syn-depositional faults. The geology in the vicinity of possible growth faults 

at Thalanga was investigated, in order to determine whether faults were present during 

mineralisation. 

3.2.2 Potential Growth Fault I: Eastern Margin of West Thalanga 

Geology of the Eastern Margin of West Thalanga 

The ore horizon of West Thalanga is truncated down-dip by a major ENE-striking fault, with 

weakly altered footwall rhyolitic vokanics displaced (normal movement) along the fault 

into the hangingwall (Fig. 3.1; fault B). This fault has early dip-slip kinematic indicators 

(section 3.6.1), yet the sulphide lens changes from massive and semi massive sulphides (up to 

15 m thick), and massive pyrite immediately adjacent to the fault, to thinner (5 m) semi 

massive sulphides and carbonate- and chlorite-rich assemblages with distance up-dip (Fig. 

3.1). This decrease in thickness of the ore lens, and presence of carbonate- and chlorite-rich 

assemblages (interpreted as a low temperature hydrothermal alteration; Chapter 11), may 

be the result of decreasing temperatures of mineralisation with distance from fault B. 

Abundant pyrite ± c.halcopyrite stringers are present in the footwall rhyolitic volcanics 

down-dip of the ore lens (Fig. 3.1), suggesting proximity to a hydrothermal feeder zone. The 

absence of a mineralised ore position overlying the repeated footwall rhyolitic volcanics 

south of fault B could be a consequence of an abrupt termination of the ore lens against a syn-

depositional fault. Mineralising fluids may have been focussed in a zone subparallel to fault 

B and extended along the ore horizon west and up-dip of the fault, with the massive pyrite 

deposited adjacent to fault B. 

However, if fault B was a growth fault active during deposition of the ore horizon, and 

utilised by ascending hydrothermal fluids, then volcaniclastic deposits should be thickest 

directly adjacent to fault B (e.g. Franklin et al., 1981; Ramsay and Huber, 1987; Brown and 

Taylor, 1988). Both the quartz "eye" vokaniclastic unit (QEV) and the hangingwall 

fragmental (HWF) were deposited sub-aqueously by mass-flows (lithological descriptions 



Figure 3 .1 Cross-section th rough West Thalanga along the 20 230 mE section . 
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and depositional processes are discussed in Chapter 4), thus local basins within the ore-

horizon will be represented by thick volcarticlastic deposits. Furthermore, the locations of 

thick zones of massive pyrite may indicate feeder zones (e.g. Gerrunell and Large, 1990; 

McArthur and Dronseika, 1990; Large, 1992), and the location of these compared to the 

structure contours of the stratigraphic top of the footwall rhyolitic volcanics will show 

whether structures in the footwall were utilised by ascending hydrothermal solutions. 

Construction of Structure Contour Diagrams 

Structure contour diagrams of the stratigraphic top of the footwall rhyolitic volcanics in 

West Thalanga and the western part of Central Thalanga (Fig. 3.2a), and the stratigraphic 

base of the hangingwall dacite (Fig. 3.2b), together with isopach maps of the thickness of 

vokaniclastic units and massive pyrite (Fig. 3.2c-e) within the ore horizon, provide 

information on the distribution of basins and topographic highs, and also the location of 

faults in West Thalanga: The structure contour diagrams and isopach maps were .constructed, 

by measurement of cross sections and underground maps, for West and Central Thalartga from 

19 910 mE to 20 500 mE. Structure contours were not constructed for the eastern parts of Central 

Thalanga because of the lack of drilling to depths <900 mRL. Isopachs of units south of fault 

B were not calculated because of the shallow dip of bedding between faults B and C, and lack 

of intersections of the stratigraphy south of fault C (Fig. 3.1). The structure contours represent 

the horizontal distance (positive to the south) from a vertical reference plane at 20 400 mN. 

All the contour diagrams are in long section and look northeast, as if viewing the 

stratigraphy from the hangingwall, and mine-grid eastings and RL co-ordinates are used for 

the location of specific features. 

Stratigraphic Top of the Rhyolitic Volcanics and Base of the Dacite 

Two main ENE-striking, subvertical faults offset the top of the footwall in West Thalartga 

(faults A and B; Fig. 3.2a) and these faults are recognised in underground exposures and cross 

section interpretations (Fig. 3.1; maps M5-10). Fault B separates the West and Central ore 

lenses below about 780 mRL, whereas above about 780 m RL, a NNE-striking fault (the 

Central Fault; Fig. 3.20 defines the western limits of Central Thalanga. 

Only one fault in the western part of Central Thalartga is illustrated on Figure 3.2a. However, 

interpretations of the open pit and underground mapping in Central Thalanga (maps M2-4) 

suggest that several similarly oriented ENE-striking faults may cross-cut the ore lens in this 

area. Faults A and B, and the Central Fault are also present in the structure contour diagram 

of the base of the coherent hangingwall dacite (Fig. 3.2b). 
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Figure 3.2 Structure contour diagrams and isopach maps of selected units within the ore horizon at the contact between West and Central Thalartga. Structure contours 
are measured from an arbitrary base line at 20 400 mN, with both structure contours and isopach contours in metres. The coloured contours grade from purple for low 
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vokaniclastic unit (QEV) within the the ore horizon, (e) isopach map of the thickness of the hangingwall fragmental (1-IWF) that overlies the ore horizon, (f) outline of 
the economic limits of West Thalanga and Central Thalanga sulphide lenses. The up-thrown side of faults A and B is marked "up", (g) simplified diagram of the QEV 
isopach map, arrows indicate relative movement along the faults, (h) reconstruction of the distribution of QEV after ENE-striking normal faults (faults A,B and C) 
removed, and (i) possible distribution of QEV prior to displacement along NNE-trending normal fault (Central Fault). 
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Thickness of Massive Pyrite 

The distribution of thick accumulations of massive pyrite in the ore horizon at West 

Thalanga, which may overlie feeder zones (Chapter 6 and 10), is shown by an isopach map of 

pyrite thickness (Fig. 3.2c). Where more than one pyrite lens is present within the ore-

horizon, the total thickness of massive pyrite was calculated. In West Thalanga, the 

thickest regions of massive pyrite are present between faults A and B (Fig. 3.2c). The line of 

thickest pyrite accumulation pitches subparallel to the traces of fault B, which truncates the 

massive pyrite on its western margin (Fig. 3.2c). 

West of about 20 110 mE the data is not comprehensive, although the few intersections of 

massive pyrite and areas with no massive pyrite suggest that it is not a continuous sheet. 

Pyrite thickness on the down thrown block of fault A is contoured separately (Fig. 3.2c(inset)). 

The elongate nature of the pyrite distribution in this area suggests that there may have been 

some channelling of hydrothermal solutions, and that perhaps the pyrite occurs in zones of 

focussed flow of high temperature, hydrothermal fluids. 

Thickness and Distribution of the Volcaniclastic Units 

The distribution of the QEV indicates the location of topographic lows in West and Central 

Thalanga at the time of QEV deposition (Fig. 3.2d). Immediately west of the fault A, the 

QEV has an arcuate distribution, and the thickest QEV corresponds to the lowest structure 

contours of the footwall map (cf. Fig. 3.2a and d). Between faults A and B, the QEV is thickest 

at depth, with areas of QEV >10 m thick occur below 780 mRL. The QEV exhibits patchy 

distribution in the western part of Central Thalanga and is absent from the eastern parts of 

Central Thalanga. This distribution pattern is interpreted to show that the rhyolitic 

volcanics in the eastern parts of Central Thalanga were topographically higher than in West 

Thalartga and the western parts of Central Thalanga prior to QEV deposition. The areas 

where QEV is >5 m in thickness in Central Thalanga correspond to the location of coherent 

quartz-feldspar porphyry (QFP) mega-clasts (Chapter 4). 

An almost continuous sheet of H'WF, which varies between 1-5 m in thickness, occurs in West 

Thalanga (Fig. 3.2e). The decrease in thickness of both the QEV and HWF up-dip in West 

Thalanga is interpreted to be a primary depositional feature. The HWF does not occur 

adjacent to fault B below about 730 mRL, indicating that the ore-horizon was 

topographically higher in this area at the time of HWF deposition. The HWF is absent 

immediately east of fault C in Central Thalanga, but exhibits a sharp increase in thickness 

further east of fault C (Fig. 3.2e). A topographic high on the east side of fault C, prior to 

faulting and deposition of the HWF, would explain the absence of MAN in this region. In this 

location, the HWF directly overlies massive sulphides and therefore the lack of HWF 
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suggests a classic seafloor mound of massive sulphides in the style of Hellyer (cf. McArthur 

and Dronseika, 1990; Gemmel' and Large, 1992). 

Interpretation 

Isopach contours show that QEV >5 m thick occurs in several parts of the ore horizon in West 

Thalanga and the distribution of thick QEV is unrelated to the ENE-striking fault B (Fig. 

3.2d). Thick QEV and massive sulphide mineralisation also occurs on the eastern side of the 

fault in Central Thalanga, which is unrealistic for a growth fault model. The absence of 

stratigraphic thickening close to the fault B, and the repetition of lithologies on the eastern 

side of fault B, indicates that any fault in this position has not had a significant effect on 

sedimentary thickness. The coincidence of highly altered footwall and thick massive pyrite 

in the ore horizon adjacent to the ENE-striking fault B possibly indicates that the orientation 

of faulting was partly controlled by original lithologies and competency contrasts. Removal 

of both sets of dip-slip faults, and restoration of the QEV to possible depositional 

configuration is illustrated in Figure 3.2 (g-i). 

3.2.3 Potential Growth Fault II: In the Vomacka Zone 

A potential growth fault is interpreted to occur in the footwall of the Vomacka Zone, along a 

2-10 m wide zone of actinolite-chlorite ± clinozoisite ± epidote ± carbonate ± diopside at the 

contact between quartz-muscovite-pyrite-rich footwall rhyolitic volcanics and weakly 

chloritic rhyolitic vokaniclastic units (Fig. 3.3a). Rare, discontinuous lenses of chlorite schist 

within the calc-silicate zone may be remnants of a pre-existing chlorite alteration zone. The 

location of the calc-silicate assemblage, in sharp contact between intensely and weakly 

altered footwall units, supports the interpretation that it represents a fault exploited by 

ascending hydrothermal solutions. The calc-silicate assemblage is confined to the footwall 

and does not continue through the ore horizon or the stratigraphically overlying HINF and 

dacite, indicating that the fault was formed and active as a fluid conduit before deposition of 

the hangingwall units. The calc-silicate zone is subvertical and partly folded (Fig. 3.3b), and 

when the volcanic units are unfolded and restored to depositional geometries, the calc-

silicate assemblage occupies a valid orientation for a growth fault (Fig. 3.3c). 

In this model (Fig. 3.3c), quartz-sericite-pyrite alteration and pyrite stringer mineralisation 

were produced in the footwall rhyolitic volcanics overlying the fault as hydrothermal 

solutions move upwards away from the fault. The weak chlorite alteration of the rhyolitic 

volcaniclastic units on the footwall side of the fault is probably due to seawater circulation 

(e.g. Costa et al., 1983; McLeod and Stanton, 1984), and a chlorite-quartz-carbonate 

assemblage may have been produced by the interaction of seawater with hydrothermal 
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solutions ascending along the fault. Regional metamorphism of the chlorite-quartz-carbonate 

assemblage would produce the cak-silicate minerals that now define the fault zone. 

The ore horizon in the Vomacka Zone is compositionally zoned, and from the fault to the 

down-dip limit of mineralisation, is composed of; 

(i) massive pyrite-galena-sphalerite ± chalcopyrite, or massive to semi massive sphalerite-

pyrite-galena adjacent to the fault, 

(ii) massive barite with minor vein or disseminated sphalerite-pyrite-galena, 

(iii) poorly sorted polymict breccia with veins of barite and sphalerite-galena-pyrite ± 

barite, or vein-style sphalerite-pyrite-galena in footwall rhyolitic volcanics (Chapter 6). 

This compositional zonation probably reflects a temperature gradient (cf. Eldridge et a/., 

1983) and supports the growth fault model, with the pyrite-chalcopyrite-sphalerite-rich 

sulphides forming proximally to the fault from high temperature solutions emanating 

directly from the fault, and barite-rich sulphides formed from cooler fluids at distal part of 

the ore horizon (Fig. 3.3c). 

In the absence of growth faults elsewhere at Thalanga, other structures must have channelled 

hydrothermal fluids to the ore horizon. The distribution of intense alteration in semi-

conformable zones within the footwall rhyolitic volcanics suggests that porous volcaniclastic 

units within the footwall provided pathways for ascending hydrothermal solutions, and this 

is discussed in detail in Chapter 10. 

3.2.4 Pyrite Stringers and Other Sulphide Veins. 

Pyrite veins are present within discrete subvertical zones of quartz-muscovite-pyrite ± 

chlorite-rich assemblages in the footwall rhyolitic volcanics, and in chlorite schist at the 

stratigraphic top of the rhyolitic volcanics. The footwall stringer zones are subparallel to 

stratigraphy, strike approximately E-W, and possibly formed along originally porous 

volcaniclastic units within the footwall (Chapter 10). Pyrite veins are most abundant in zones 

enriched in quartz, and chalcopyrite is present within some pyrite veins. Sphalerite stringers 

are rare within the footwall rhyolitic volcanics. Figure 3.4 (a,b) shows the orientation of the 

pyrite and pyrite-chalcopyrite veins in the footwall of Central Thalanga. Two trends are 

prominent: a steeply S-dipping, SW- striking vein-set, and a steeply N-dipping, E-W to SE-

striking vein set. In parts of Central Thalanga, barite-rich veins, with minor sphalerite-

pyrite, cross-cut the pyrite stringer veins. The barite-rich veins vary from steeply to 

moderately N-dipping and strike E to SE (Fig. 3.4c). 

The 1-2 cm wide pyrite stringer veins are cross-cut by S2, and vary from open to tightly folded, 

with the axial plane parallel to the cleavage (Fig. 3.5a bottom). The rare sphalerite 

stringers are typically <0.5 cm wide and are also folded with axial plane parallel to 



(b) Pyrite-
chalcopyrite veins 

(c) Barite-sphalerite- 	 (d) Quartz-epidote ± 
pyrite veins 	 albite veins 

36 

Figure 3.4 Equal area stereonets of: (a-c) poles to sulphide veins in the footwall rhyolitic 
vokanics in Central Thalanga, (d) poles to quartz-epidote veins in the dacite overlying the 
Central and West Thalanga ore lenses. 
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Figure 3.5 Folded and boudinaged veins. 

(a) Folded pyrite and sphalerite stringers. Top: folded sphalerite vein from the footwall 

rhyolitic vokanics. S2 is parallel to the axial plane. Small (<2 mm) quartz crystals are 

preserved within the quartz-muscovite-rich rhyolite. Sample E3198SD24-53.7, East 

Thalanga. Bottom: typical pyrite stringers in quartz-muscovite-pyrite-rich rhyolitic 

vokanics. Stringers are folded and cross-cut by S2. Pyrite extends from the fold hinge along 

the axial plane. Sample E3198SI50-5, East Thalanga. 

(b) Folded quartz-epidote veins. Top: irregularly folded quartz-epidote vein, with axial planar 

S2 cleavage, in siliceous feldspar-quartz-phyric rhyolite. Sample TH26-303.5, Central 

Thalanga. Bottom: weakly folded quartz-epidote vein cross-cutting aphyric dacite. S2 is 

strongly defined in epidote-rich, vein alteration halo. Sample TH243-397, West Thalanga. 

(c) Boudinaged quartz veins subparallel to So  in siliceous HWF. Biotite and chalcopyrite blebs 

are subparallel S2. Sample TH209-88.7, Central Thalanga. Arrow points to facing direction. 

(d) Boudinaged quartz vein in strongly foliated (S2) QEV. Location: E765 Stope (right), East 

Thalanga. Pen is approxiamately 14 cm in length. Facing to left. 

(e) Asymmetrically folded quartz veins, with subvertical fold hinge, within sandstone of the 

Trooper Creek Formation near the Waddys Mill area. Small shear bands parallel to S2 are 

present along the fold limbs. Location: Thalanga Range; 18 730 mN, 9 600 mE (mine grid). 

Facing to top. 
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cleavage (Fig. 3.5a top). The hinge of folded pyrite veins is attenuated and pyrite extends 

along the axial plane in places (Fig. 3.5a bottom). Although the hinges of folded stringer 

veins are rarely exposed, some pyrite, pyrite-chalcopyrite, and sphalerite stringer veins 

have S-vergence, indicating that they have subvertical fold hinges and were formerly 

perpendicular to the ore horizon. Other stringer veins have N-vergence (e.g. Fig. 3.5a top), 

subhorizontal fold hinges, and were therefore originally subparallel to the ore horizon. This 

apparent contradiction in fold vergence is supported in underground exposures, where pyrite 

veins are both subparallel and perpendicular to the ore lenses. 

3.2.5 Quartz-Epidote Veins 

Irregularly distributed, fracture-controlled to locally pervasive quartz-epidote alteration is 

present in the dacite stratigraphically overlying the ore horizon at Thalanga. Quartz-

epidote veins are less common in the andesite, QFP and QEV units, and rarely occurs in quartz-

feldspar-phyric rhyolite. Fine grained epidote is disseminated through the microdiorite 

dykes, with quartz-epidote veins overprinting the dykes in a few locations. Stolz (1989) noted 

that quartz-epidote alteration is confined to 100-150 m above the ore horizon at Thalanga, 

but is absent from other deposits and prospects in the Mount Windsor subprovince. It is here 

interpreted, from the spatial association between quartz-epidote veins and carbonate 

alteration in the underlying ore horizon, that quartz-epidote veins are the metamorphosed 

equivalents of post-ore formation, hangingwall alteration (Chapter 10). 

Most veins are composed of quartz, with lesser epidote and rare albite, and have epidote ± 

chlorite ± actirtolite selvages and quartz (with minor hematite) or epidote alteration halos 

in the host rock (see Chapter 10). Quartz within the veins is strongly recrystallised or has 

undulose extinction, indicating overprinting deformation. However, the fine-grained quartz 

within the alteration halo is completely recrystallised. The random orientation of quartz-

epidote veins in the dacite (Fig. 3.4d) suggests that pre-existing structures were exploited and 

filled by vein material. Perhaps original cooling joints in the dacite provided sites for later 

quartz-epidote deposition. Locally, the quartz-epidote veins are tightly to irregularly 

folded, with axial planar cleavage parallel to S2 (Fig. 3.5b, top). S2 is typically strong 

within the alteration halo (Fig. 3.5b, bottom), supporting the interpretation that the quartz-

epidote veins formed prior to deformation. However, the presence of quartz-epidote veins in 

the microdiorite dykes (interpreted to have intruded after deformation; section 3.5.3) 

indicates that quartz-epidote may have been locally remobilised, or also formed after 

deformation. 
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3.3 D1  Structures 

Subvertical quartz veins cross-cut bedding within the HWF at an acute angle, and are 

boudinaged and subparallel to S2 (Fig. 3.5c,d). These quartz veins have been strongly 

recrystallised and have preserved no evidence of their original textures. Locally, parasitic 

tight to isoclinal folds, with axial plane parallel to S2, occur in these veins. Similar 

isoclinally folded quartz veins are common within the vokaniclastic sandstone units in the 

Trooper Creek Formation along the Thalanga Range (Fig. 3.5e). Clearly the quartz veins 

predate the D2 structures, and must have formed during an earlier deformation event. 

Variable bedding-cleavage (S2 /S0) intersection lineations (13 02) along the Thalanga Range 

have been interpreted to be consistent with asymmetric folding during D 1  (Berry et a/.,1992). 

Perhaps the boudinaged and isoclinally folded quartz veins at Thalanga were formed during 

D1 . Alternatively, the quartz veins may be related to mineralisation and no evidence of D 1  
was found in this study. 

3.4 D2 Structures 

3.4.1 E-W Fold 

Bedding faces south and is subvertical to steeply south-dipping at the Thalanga massive 

sulphide deposit. Bedding strikes approximately WNW at West Thalanga, has variable 

strike in Central Thalanga, and strikes WSW at East Thalanga (Fig. 3.6a-c). The variability 

of the So  orientation in Central Thalanga (Fig. 3.6b) is interpreted to be due to primary 

irregularities in bedding orientations, and displacement along the numerous ENE-striking 

normal faults that offset stratigraphy (section 3.6.3). Along the Thalanga Range, bedding 

dips steeply south and strikes WNW to NW, and is subparallel to S2 in many places (cf. Fig. 

3.6d,e with Fig. 3.7a-c). Near the southern extent of the range, close to the Thalanga deposit, 

bedding is slightly overturned and dips steeply NW (Fig. 3.6d). However, further NW along 

the Thalanga Range bedding dips SW (Fig. 3.6e). 

Flow banding is prominent in the coherent rhyolites in the Mount Windsor Volcanics and is 

typically parallel to S o  along the Thalanga Range (Fig. 3.60. In places the flow banding is 

irregularly folded (Chapter 4). Berry (1989) demonstrated that cleavage cross-cuts tight 

folds in flow-banded rhyolite, and thus discounted the interpretation of Laing (1984) and 

Hall (1981) of an anticline within the Mount Windsor Volcanics along the Thalanga Range. 

At Thalanga and along the Thalanga Range, S2 is consistently anticlockwise of S o. This 

bedding-cleavage relationship, together with asymmetric parasitic folds in finely 

laminated siltstone units in the HWF, support the interpretation of Berry et al. (1992) that 



(b) Central Thalanga: 

(c) East Thalanga: 
poles to bedding 

(e) Poles to bedding: 
Thalanga Range (6 800 rnE 
to 15 600 rnE; mine grid) 

(d) Poles to bedding: 
Thalanga Range (15 600 mE 
to 20 000mE; mine grid) 

(f) Poles to flow banding 
from Thalanga Range 
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(a) West Thalanga: 
poles to bedding 	 poles to bedding 

Figure 3.6 Equal area stereonets of poles to bedding and flow-banding from the Thalanga massive 
sulphide deposit and the Thalanga Range. 



(a) Thalanga Range - S2 (b) Thalanga Range - S3 
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(e) Central Thalanga - S2 (f) Central Thalanga - S3 

(d) West Thalanga - S2, S3, 
and undifferentiated cleavage 

(c) Thalanga Range - 
undifferentiated cleavage 

(h) East Thalanga - S2, S3, and 
undifferentiated cleavage 

(g) Central Thalanga - 
undifferentiated cleavage 

Figure 3.7 Equal area stereonets of poles to cleavages from the Thalanga deposit and the 'Thalanga 
Range. 	( • ) 52/ ( 4) 53, (•) S undifferentiated- 
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Thalanga occurs on the northern limb of an upright, E-W syncline (F 2) with axial planar S2. 

This regional-scale folding, and related metamorphism, is correlated with the intrusion of 

the Ravenswood Granodiorite to the north of Thalanga (Laing, 1984; Wills, 1985; Gregory et 
a/., 1990; Berry et al., 1992). 

A possible large-scale parasitic fold is present in West Thalanga, where bedding dips 

shallowly south between overprinting normal faults (Fig. 3.1). Upright folds are interpreted 

to explain the repetition of hangingwall lithologies in the up-dip parts of the Vomacka Zone 

(Fig. 3.8), with the folds offset along later, E-W trending faults (Fig. 3.9). However, the fold 

geometry on Figure 3.9, where anticlines occur on the SE side of the faults, only makes sense if 

the faults were active at the Same time as folding. The absence of a sulphide ore lens 

repeated in the ore horizon position in the syncline (north of the mineralised anticline) is 

interpreted to be due to an original lack of mineralisation in this part of the Vomacka Zone. 

3.4.2 S2 Cleavage 

The prominent slaty cleavage at Thalanga is subparallel to bedding, dips steeply north and 

strikes between 090° and 140° in West and Central Thalanga and the Thalanga Range (Fig. 

3.7a,d,e,h), similar to the regional slaty S2 cleavage recognised by Berry (1990, 1991) and 

Berry et al. (1992). In East Thalanga, S2 strikes between 060° and 100° (Fig. 3.7h). S2 is best 

developed in fine grained, phyllosilicate-rich rocks at Thalanga. Consequently, the HWF, 

fine grained tops of QEV units, chlorite-rich units within the ore horizon, and muscovite-, 

phlogopite- or chlorite-rich footwall rhyolitic volcanics are strongly foliated, whereas the 

coherent dacite and areas of strong quartz alteration in the rhyolitic vokanics have weak S2 

cleavage. 

Microscopically, S2 cleavage in the quartz-muscovite-pyrite-rich rhyolitic vokanics is 

defined by the preferred orientation of fine-grained muscovite and phlogopite. Bands of 

recrystallised elongate quartz parallel to S2 in the footwall rhyolitic vokanics may have 

initially formed as quartz ribbons (implying high finite strain during D 2; Ramsay and Huber, 

1987), and recrystallised during later metamorphism. Euhedral pyrite disseminated in the 

hydrothermally altered footwall rhyolitic volcanics is also elongate parallel to 52 in most 

places. Chlorite, phlogopite and muscovite gangue, and sulphide banding in places, define S2 

in both the massive sulphide lenses and carbonate-chlorite-tremolite assemblages within the 

ore horizon. S2 in dacite in the hangingwall is weakly defined by aligned biotite and minor 

fine-grained muscovite in the groundmass. Pressure shadows around crystals and phenocrysts 

have typically been filled with quartz, which was subsequently recrystallised during 

metamorphism (section 3.10). 



ground surface 

I 0 
0 

base of Campaspe Formation 

Hangingwall fragmental (HWF) 

Massive barite + sp-gn-py rich sulphides 

Massive sulphides (sp-py±barite) 

Semi-massive sulphides (sp-py±barite in 
polymict breccia) 
Rhyolitic volcanics quartz-muscovite-
pyrite-rich 

chlorite ± quartz ± muscovite-rich 

chlorite ± quartz ± muscovite-rich 
rhyolite breccia 

Ir4r4r4, chlorite-tremolite-rich assemblage 

800 mRL 

43 

Figure 3.8 Cross section along 31 600 mE in the Vomacka Zone of the Thalanga deposit. See Fig. 3.3 for 
abbreviations of sulphide minerals. 



Trace of axial plane to F2 
fold 

 

Hangingwall fragmental (HWF) 

Massive barite + sp - gn -py rich sulphides 

Massive sulphides (sp-py±barite) 
r  

Rhyolitic volcanics: quartz-muscovite-
pyrite-rich & pyrite stringers 
quartz-muscovite-rich 

 

Brittle fault zone 

 

   

      

 

Microdiorite 

   

chlorite ± quartz ± muscovite-rich, ± 
rhyolite breccia 
chlorite-tremolite assemblage 

      

 

Dacite 

 

Semi-massive sulphides (sp-py±barite in 
polymict breccia) 

  

      

Figure 3.9 Interpretive geology of the Vomacka Zone at the 940 mRL level (based on drill hole logs). Drill holes shown as a single 
line with a dot marking the location of the intersection with the level plan. 
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3.4.3 L2 Mineral Lineations 

Mineral stretching lineations (L2) in the host volcanic units at Thalanga plunge moderately 

to steeply NE, with L2 varying from steeply N-plunging in West Thalanga, to moderately-

steeply NE to ENE-plunging in Central Thalanga, and steeply ENE to E-plunging in East 

Thalanga (Fig. 3.10a). This lineation direction is consistent with subvertical extension during 

D2. 

L2 is typically defined by elongate clusters of biotite and fine grained Ti-oxides in the 

groundmass of dacite and weakly altered quartz-feldspar-phyric rhyolites (Fig. 3.11a,b), 

biotite in S2 pressure shadows, and by elongated volcanic clasts in the HWF (Fig. 3.11c). 

Biotite clusters aligned parallel to the 53 cleavage in some rocks are generally less elongate 

(than those on S2) and have decussate texture. Pale sphalerite spots in altered footwall 

rhyolitic vokanics in Central Thalanga are elongate and plunge steeply ENE to NE, and some 

pyrite stringers in the rhyolitic volcanics also have a mineral stretching lineation that 

plunges moderately to steeply ENE (Fig. 3.10a). 

3.4.4 Quartz Veins 

Shallow-dipping barren quartz veins are common in the competent QFP, QEV and footwall 

rhyolitic volcanics in Central and East Thalanga. In West Thalanga, similarly oriented 

quartz-filled tension gashes, <1 m in length, cross-cut banding in the massive sulphides. The 

quartz veins are perpendicular to L2, dipping between 200  and 40° towards SW (Fig. 3.10b), 

and in places the veins occur in conjugate sets 15-45° apart. The quartz veins cross-cut S2 

cleavage, and are truncated by D3 brittle-ductile faults and terminated at massive sulphide 

lenses (Fig. 3.11d,e), with vein quartz extending <1 m along the vertical contact between (up-

dip) QEV and massive sulphides in East Thalanga. The absence of quartz veins in the 

adjacent massive sulphides is interpreted to indicate ductile deformation in the massive 

sulphides, with coeval brittle extension of the QFP and QEV. Similar variation in the style 

of deformation is reported from the Mobrun massive sulphide deposit, Quebec, where 

sphalerite-rich sulphides contain no quartz veins, but adjacent pyrite-rich sulphides contains 

abundant quartz and chalcopyrite veins (Larocque and Hodgson, 1995). 

Quartz veins in the QFP and QEV are usually discontinuous and are widest, therefore 

displaying maximum extension, at their southern edge (Fig. 3.11e). There is usually no 

alteration halo associated with these quartz veins and tension gashes, and they are 

interpreted to have resulted from high fluid pressures during continued subvertical extension 

of the mineralised horizon in the final stages of D2. 



sp elongation 

py elongation 

(a) L2. (.')East Thalanga, 	r 	(b) Polesjo shallowly-dipping 
(.) Central Thalanga, (+) West 	 quartz veins in West (4), Central 
Thalanga. 	 N 	(.), and East Thalanga 	"N 
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Figure 3.10 Equal area stereonets of (a) mineral and clast elongation lineations, (b) extension 
veins, and (c-f) poles to compositional banding in massive sulphide lenses at Thalanga. 
Abbreviations: py = pyrite, sp = sphalerite. 
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Figure 3.11 Structures that formed during subvertical extension at Thalanga. 

(a) Photomicrograph of anheckal, elongate chlorite (after biotite) grains that define a lineation 

on S2• Section is cut parallel to L2. Sample C2039ND20-48.0: weakly altered rhyofitic 

sandstone, Central Thalanga. Plane light. 

(b) Same sample as (a), cut perpendicular to L2. Plane light. 

(c) Elongated irregular rhyolite and dacite clasts from breccia fades of the HWF . Location: 

Central Thalanga; 20 200 mN, 20 475 mE, 955 mRL. Pencil is about 14 cm in length. Facing to 

left. 

(d) Shallow-dipping quartz veins in QFP have maximum extension at the hangingwall contact 

with the banded to massive sulphides. Quartz does not extend into the sulphides. Location: 

C860 Stope, Central 'Thalanga; 20 240 mN, 20 425 mE, 860 mRL. Geological hammer at base 

of photograph is about 30 cm in length. Facing to left. 

(e) Close-up of (d). 

(f) Boudinage of chlorite-rich band within massive sphalerite-galena-pyrite-tremolite-rich 

sulphides. Coarse-grained chakopyrite and dark red-brown sphalerite fill the necks of 

boudins. Location: 20 305 mN, 20 245 mE, W780 Stope West Thalanga. Magnet is about 12 

cm in length. Facing to right. 
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3.4.5 Banding in the Massive Sulphides 

Compositional banding within the massive sulphide lenses is defined by discontinuous bands 

of coarsely recrystallized sphalerite-rich and pyrite-rich sulphides. Irregular domains of 

chalcopyrite has overprinted the banding in places. Sulphide banding varies from 

subparallel to lithological contacts (suggesting it may be partly depositional in origin) to 

parallel to the S2  cleavage and later structures. Isoclinal folds in sulphide bands are rare and, 

despite an axial plane approximately parallel to S2, are interpreted to be false folds that 

resulted from replacement of sphalerite-rich massive sulphides by pyrite (see Chapter 6). 

In East Thalartga, sulphide bands within the ore lenses commonly dip steeply south and 

strike 240° to 2700  (Fig. 3.10c), and banding in the West Thalanga ore lens is subvertical to 

steeply north-dipping, and strikes 090° to 1300  (Fig. 3.10d). In both West and East Thalanga 

the banding in the sulphide lenses is subparallel to S2 (cf. Fig. 3.10c,d with Fig.,  3.7d,h). 

Sulphide bands in Central Thalanga commonly strike E-W and dip steeply south (similar to 

S2), but in places strike between SE and NE (Fig. 3.10e). This is interpreted to be due to local 

folding of the ore lens during later deformation (1) 3). 

Locally sulphide bands within the sulphide lenses are folded towards and become parallel to 

adjacent faults (e.g. map M7). In the East Thalartga ore lens, banding in massive sulphides 

adjacent to E-W trending shears (produced during D3; see section 3.6.1) is oriented E-W, but 

these shears cross-cut the ore lens and the banded sulphides in places (e.g. map M11), 

indicating that compositional banding in massive sulphides developed prior to 1) 3. 

3.4.6 Boudinage Structures 

Vertical extension of the ore horizon is reflected by boudinage within the massive sulphides 

and the associated alteration. In all boudiriage structures the shallowly W-plunging necks 

indicate subvertical extension similar to the direction defined by mineral stretching and clast 

elongation lineations. 

Boudinage is common within the carbonate- and chlorite-rich assemblages within the ore 

horizon at Thalanga, and reflect subtle differences in competency between dolomite-chlorite-

tremolite and tremolite-chlorite dominated assemblages (Fig. 3.11f). Rare discrete bands of 

massive barite within the massive sulphides are more competent than the enveloping 

sulphides and form boudins, whereas the sulphides behave in a more ductile fashion and fold 

towards the boudin neck (Fig. 3.12a). Coarse-grained chalcopyrite ± dark brown sphalerite ± 

galena ± quartz typically have infilled the extensional sites at the necks of the boudins. 

Other extensional textures within the ore horizon include the rare en echelon boudinage of 

chlorite-phlogopite bands within massive sulphides (Fig. 3.12b,c). Coarse grained 



Figure 3.12 Boudinage and pull-apart structures within the ore lenses, and style of S3 cleavage. 

(a) Boudinaged barite layer from within the banded pyrite-sphalerite-rich part of ore lens. 

Pyrite-sphalerite bands are folded towards boudin neck, which has been filled with coarse-

grained chalcopyrite and dark, red-brown sphalerite. Minor calcite is intergrown with 

barite. Sample UG-13, location unknown, but either West or Central Thalanga. 

(b) En echelon brittle boudins of a fine-grained dilorite-phlogopite-rich band within the massive 

sulphide lens. Coarse-grained chalcopyrite is present between the boudins. Location: W780 

Stope, 20 320 mN, 20 335 mE, West Thalanga. Hammer is about 30 cm in length. Facing to 

right. 

(c) Sketch of (b). 

(d) Photomicrograph of S2 (preserved in muscovite-rich possible pumice clast; HWF) 

crenulated by weak, bifurcating S3. Sample TH5-279, Central Thalanga. Crossed nicols. 

(e) Photomicrograph of S2 in altered footwall rhyolitic volcanics is locally crenulated by S3. 

Both cleavages are defined by muscovite. Sample TH287-196, East Thalanga. Crossed nicols. 

(f) S3 has overprinted banding (alternating chalcopyrite and sphalerite bands), and is defined 

by preferentially oriented dark brown sphalerite. Banding was subparallel to 52 and dipped 

steeply north. Sample (TI-11) located at stratigraphic top of ore lens. C860 Stope, 20 225 mN, 

20 400 mE, 860 mRL, Central Thalanga. Arrow points to facing direction. 
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chalcopyrite and sphalerite also fill dilation sites within these structures. In some cases the 

chlorite-phlogopite bands are less competent and are sheared between sulphide bands. The 

chlorite-phlogopite bands are interpreted as alteration assemblages formed prior to sulphide 

deposition (Chapter 11). 

3.5 Pre-D3  Structures 

3.5.1 Open Folds 

A long wavelength (X < 10 km) kink is superposed on Thalanga, with bedding varying from 

steeply WNW-striking in West Thalanga, to steeply WSW-trends in East Thalanga (Fig. 

3.7a,c). The fold axis is interpreted as subvertical and N-S trending. There is no axial planar 

cleavage associated with this kink, but this is reasonable with such an open fold (interlimb 

angle - 140'). S2 cleavage is folded with bedding and sulphide banding (cf. Fig. 3.6, 3.7, 3.10), 

indicating that the open fold formed after D2• Because E-W to ENE striking normal faults 

(interpreted to have formed during 1)3; section 3.6) are subparallel to the ore horizon in East 

Thalartga, but cross-cut the ore horizon at larger angle in West and Central Thalanga, this 

open kink is interpreted to pre-date 1)3. 

Previous workers observed a spatial association between similar gentle folds and 

mineralisation elsewhere in the Mount Windsor subprovince (Laing, 1984; Wills, 1985). Berry 

(1991) suggested that alteration associated with mineralisation produces zones of weakness, 

and that the hinges of the open folds were focussed in these regions. 

3.5.2 Brittle NNE-striking Normal Faults 

There are two types of steep NNE-striking brittle structures at the Thalanga deposit (Fig. 

3.13a,b). The earliest structures are normal faults that cause major offsets of the ore horizon, 

with west side down displacement. Whereas later (post-D3; section 3.8.4) similarly oriented 

fractures have minor displacements and record strike-slip movement (Fig. 3.13b). 

Subvertical, NNE-striking brittle faults are common along the Thalanga Range, where they 

form prominent lineations on aerial photographs. Laing (1984), Wills (1985), and Gregory et 

al. (1990) considered the NNE-striking faults to have caused major stratigraphic 

displacement at Thalanga, including the change in bedding orientation from West to East 

Thalartga. Laing (1984) identified dip-slip kinematic indicators on these faults at Thalartga 

and correlated then with similar trending normal faults throughout the Mount Windsor 

Province. He interpreted the NNE-striking faults as extensional normal faults involving 



(a) Pre-D3 normal faults - 
Central and West Thalanga. 

(c) Poles to microdiorite 
dykes from • East, • Central, 
and West Thalanga. 

(e) D3 faults - Central Thalanga. 

(g) Chlorite shears - Central 
Thalanga. 

4/ (b) Fractures in dacite adjacent 
to the Central Fault (sinistral 
movement). 

(d) D3 faults - East Thalanga. 

(h) Chlorite shears - West 
Thalanga. Quartz veins 
associated with shears in red. 
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(f) D3 faults - West Thalanga. 

Figure 3.13 Equal area stereonets of the main fault orientations and microdiorite dykes within the 
Thalanga deposit. Dyke measurements from West and East Thalanga are from the ore lenses, rather 
than the host volcanics, and reflect the rotation of the dyke fragments within the massive sulphides. 
Mineral fibres and striations on fault surfaces are depicted as dots. 
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mainly westerly down throw, although he recognised both strike-slip and normal 

displacement on faults in Central Thalanga. 

The Central Fault is a sharply defined, chloritic, NNE-striking contact between dacite and 

massive sulphides at the western end of Central Thalanga (map M2-3). Dacite adjacent to the 

Central Fault in the open-pit is cross-cut by vertical, N- to NNE-striking brittle faults and 

close-spaced joints (Fig. 3.13b). Pyrite fibres on a surface within the fracture zone indicate 

sinistral movement, using criteria of Petit (1987), which is contrary to the dextral 

stratigraphic offset in plan view, and normal displacement in long section. The change in S o  

orientation, from WNW-striking on the west side of this fault, to E-W striking, and locally 

NNW-striking, on the east side of the Central Fault (map M2-3) is here interpreted to be due 

to younger, E-W to ENE-striking faults. 

A NNE-striking fault with dip-slip kinematic indicators terminates the ore horizon at the 

western end of W780W Stope at 19 980 mE in West Thalanga (map M5). Calcite fibres and 

shear bands along the contact between dacite and massive sulphides indicate west side down 

movement along the fault. A similarly oriented brittle fault has truncated the massive 

sulphide lens, but has been later cross-cut by a bedding-parallel fault in the W690 Stope at 20 

150 mE in West Thalanga (map M9). Gregory et al. (1990) considered that a NNE-striking 

normal fault (the East Fault) at the eastern limit of the Central Thalanga caused the main 

change in stratigraphic orientation, but such a fault is difficult to locate despite the number 

of drill holes in the area. ENE-striking faults are exposed in the open pit in this location 

(map M2 and M4a). 

NNE-striking normal faults are interpreted here to be responsible for the separation of West 

and Central Thalartga. However, the timing of NNE-striking normal faults with respect to 

the open, N-S trending fold is uncertain. If the NNE-striking faults and microdiorite dykes 

(see below) are similar in age, then the consistent orientation of microdiorite dykes in East 

and West Thalanga indicates that dyke intrusion, and therefore normal faulting, post-dates 

the open fold. 

3.5.3 Microdiorite Dykes 

Vertical, N- to NE-striking microdiorite dykes (Fig. 3.13c), typically 0.5 -1 m wide, have 

transgressed all stratigraphic contacts at Thalanga. Exposures in the Central Thalanga open 

pit show that the microdiorite dykes have irregular to wavy margins, rather than pinch and 

swell structures documented by Wills (1985). 

The microdiorite dykes are generally unfoliated and therefore must post-date D2. Laing 

(1984) suggested that such a post-tectonic age for the dykes would correlate with intrusion of 
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the Ravenswood Granodiorite. Indeed, Wills (1985) regarded the microdiorite dykes as 

apophyses of the Ravenswood Granodiorite. However, Berry et al. (1992) suggested that 

Middle Ordovician granitoid intrusion pre-dated D2 in the Mount Windsor subprovince, and 

this indicates that microdiorite intrusion is unrelated to the Middle Ordovician granitoids. 

The consistent orientation of the microdiorite dykes from West to East Thalartga (Fig. 3.13c), 

is evidence that microdiorite intrusion must post-date formation of the gentle fold in 

stratigraphy from West to East Thalanga. The similarity of the microdiorite dyke 

orientation to NNE-striking brittle normal faults suggests both structures are closely related. 

The NNE-striking brittle faults probably pre-date the dykes, with these zones of weakness 

exploited during microdiorite intrusion. Local S3 cleavage in the microdiorite is developed 

adjacent to normal faults, which offset the dykes, supporting the interpretation that the age 

of the microdiorite intrusions is pre-D3. 

3.6 D3 Structures 

3.6.1 S3 Cleavage 

A second spaced cleavage (S3), present in rocks close to similarly oriented normal faults, is 

steeply dipping and strikes E-W to ENE (cf. Fig. 3.7b,d,f,h). S3 is consistently oriented in the 

vicinity of the Thalanga deposit, and is always 30-45° anticlockwise of 52, but locally 

clockwise from S2 in East Thalanga. S3 is most prominent in the phyllosilicate-rich units, 

where it occurs as a weak bifurcating crenulation cleavage (Fig. 3.12d,e). However, in 

phyllosilicate-rich units adjacent to normal faults, S3 has completely overprinted the S2 

cleavage. S3 has overprinted the banded chalcopyrite-dark brown sphalerite at the contact 

between massive sulphide and dacite in Central Thalanga, where it is weakly defined by the 

preferred orientation of sphalerite (Fig. 3.12f). S3 is strong in most parts of East Thalanga due 

to the normal faults subparallel to stratigraphy and concentrated in or near the ore horizon. 

Pressure shadows parallel to 53 around phenocrysts and porphyroblasts are present in places, 

and are filled with recrystallised quartz, biotite, and locally, sphalerite (Fig. 3.14a,b). In 

places, quartz-filled pressure shadows have formed by two stages of growth parallel to both 

S2 and S3. For example, quartz fibre pressure shadows around pyrite grains, that are 

elongated parallel to 52, are curved and parallel S3, suggesting that quartz filled the pressure 

shadows during D2 and was partly crenulated by S3 (Fig. 3.14c,d). Both the quartz and pyrite 

in Figure 3.14(c,d) have been strongly recrystallised after cleavage formation (see section 

3.10.6). Chlorite-biotite spots, common in the siltstone facies of the HWF (Chapter 4), are 

flattened in S3 in most parts of Thalanga (Fig. 3.14e). 



Figure 3.14 Microtextures associated with S3 and fault structures inferred to be associated with 

ENE-striking normal faults. 

(a) Photomicrograph of rnoderatedly quartz-muscovite-pyrite-rich rhyolitic volcanics from the 

immediate footwall of massive sulphides. S3 cleavage is deflected around an altered felspar 

crystal, and recrystallised quartz and sphalerite are present in the pressure shadows. S2 is 

crenulated by S3. Elsewhere on this thin section, euhedral pyrite overgrows S2 and is rarely 

elongate on S3. Sample TH291-121.9, East Thalanga. Plane light. 

(b) Sample in (a) under crossed nicols. 

(c) Photomicrograph of elongated pyrite euhedra, with quartz-filled pressure shadows, in a 

matrix of fine grained muscovite and phlogopite. Pyrite is elongate parallel to S2 and the 

quartz fibres in pressure shadows are curved and parallel to S3, and have been strongly 

recrystallised. Locally, coarse grained phlogopite occurs in the pressure shadows. Sample 

TH238-114.5, adjacent to inferred D3 fault in Central Thalanga. Plane light. 

(d) Sample in (c) under crossed nicols. 

(e) Asymmetric folds in banding and possible pumiceous clasts, with axial planes parallel to S3. 

Weakly elongate chlorite spots are also parallel to S3. Sample TH321-162, Vomacica Zone. 

(f) Albite-quartz vein at inferred location of E-W to ENE-trending normal fault in dacite. Veins 

of quartz>albite, with traces of pyrite, occur in dacite adjacent to the vein. Sample 

C2037NH00-24.7, Central Thalanga. 

(g) Durchbewegung textures in chalcopyrite-rich fault zone within the ore horizon. Irregularly 

folded clasts of chlorite-phlogopite occur in massive chalcopyrite, with minor dark, red-

brown sphalerite and pyrite. Sample C2039NI25-28, Central Thalanga. 

(h) Shallow-dipping quartz extension vein (see section 3.4.4) within rhyolitic volcanics 

truncated by E-W to ENE-trending normal fault. Location: E779 Stope access, East Thalanga, 

30 455 mN, 32 065 mE, 779 mRL. Rule is 10 cm in length. 
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3.6.2 Intersection Lineations 

Laing (1984) and Gregory et a/. (1990) noted a crenulation lineation subparallel to the mineral 

stretching lineation, and this is interpreted here to be a S 2/S3  intersection lineation. Mineral 

intersection lineations are prominent at Waddys Mill (13 km northwest of Thalanga), where 

S2/S3  intersection lineations and elongated rhyolite clasts plunge steeply southeast (Berry, 

1989; Berry et a/., 1992). 

3.6.3 ENE-striking Normal Faults 

Steeply dipping, E-W to NE-striking faults (named ENE-striking faults in this discussion) 

occur subparallel to the ore horizon in East Thalanga and offset the ore horizon in West and 

Central Thalanga (Fig. 3.13d-f, and maps M2-12). Despite the apparent dextral offset of the 

stratigraphy in plan view (maps M2-12), shear bands in vokaniclastic units adjacent to these 

faults indicate normal, south side up movement along the fault, as do rare early dip-slip 

striations on chloritic fault surfaces. South-dipping Riedel shears in a 1-2 m wide, ENE-

striking, close-spaced fracture zone in the East Thalanga footwall (inferred to be a fault) also 

support south side up movement. Vertical displacement of up to 150 m is inferred for these 

ENE-striking faults. Subhorizontal striations in fault gouge and chloritic surfaces, and 

asymmetric quartz fibres, in the sense of Petit (1987), along some ENE-striking faults indicate 

late-stage sinistral strike-slip movement along these faults. The similarity between the 

orientation of these faults and the S3 cleavage, together with the increase in intensity of S3 

close to the ENE-striking faults, suggests that S3 was contemporaneous with ENE-striking 

normal faulting. The brittle characteristics of some ENE-striking faults (see below) may be 

the result of post-S3  movement along the fault. 

The ENE-striking normal faults strike NE in the hangingwall of the ore horizon, whereas in 

the footwall the same fault strikes more ENE to E-W (map M2), suggesting refraction due to 

differences in phyllosilicate abundance. In Central and West Thalanga, E-W to SE-striking 

chlorite shears within the ore horizon are parallel to the stratigraphy and 30-50° clockwise 

of the ENE-striking normal faults (Fig. 3.13g,h). These chlorite shears anastomose with the 

ENE-striking normal faults and are therefore interpreted to be the same age. 

The ENE-striking normal faults are sinuous in plan view (maps M2-12) and are present as 

zones of intense fracturing, brecciation, fault gouge, chloritic shears, and/or quartz veins in 

the host rock. Both the ENE-striking normal fault boundaries and displacement of 

stratigraphy are typically sharp. Where present within the ore horizon and phyllosilicate-

rich units, the ENE-striking faults appear ductile in style, whereas in silicified rhyolite and 

dacite, the same fault is brittle in style (Table 3.1). 
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Table 3.1 Description of D3 faults in common lithologies at Thalanga. 

Rock type 	 Manifestation of fault 
Dacite 	 • fault breccia and fault gouge with intensely fractured dacite, 

• quartz vein(s) ± albite and silicification halo (Fig. 3.140 

Andesite 	 • strong chlorite alteration, 
• close-spaced joints and fractures in <2 m wide zone 

HHaAtgwall fragmental 	• strong foliation, with fault gouge in cleavage partings, dose-spaced joints 

Massive sulphides 	• close-spaced joints and friable or porous massive sulphides or massive 
pyrite 
• vein quartz ± remobilised cp-sp 
• coarse chalcopyrite ± bands of sphalerite and minor magnetite, 
• Durchbewegung texture (Fig. 3.14g) 
• chlorite shears <1 m wide 

Chlorite schist 

Rhyolitic volcanics 
(muscovite-chlorite ± 
pyrite-rich) 

Rhyolitic volcanics 
(quartz-muscovite ± 
pyrite- or quartz-rich) 

• strongly foliated, overprinted by brittle fractures ± quartz veins 

• strong cleavage with minor recrystallised cubic pyrite, fault gouge in 
cleavage partings 

• 51 m wide zone of fault gouge and close-spaced fractures (Fig. 3.14h) 

Zones of intense foliation and minor shearing mark the ENE-striking normal faults in the 

HWF, massive sulphides, chlorite schists, and strongly muscovite-chlorite-rich domains 

within the footwall rhyolitic vokanics (Table 3.1), and these are commonly overprinted by 

brittle fault gouge or brecciation. Where ENE-striking normal faults define lithological 

contacts, the contact is sharp, chloritic in some cases, and associated with close-spaced joints 

or strongly developed spaced cleavage adjacent to the fault. Areas enriched in muscovite and 

chlorite in the footwall rhyolitic volcanics are interpreted to have been preferentially 

deformed during formation of the ENE-striking normal faults, and display pervasive 

cleavage (S3) parallel to faults (cf. Fig. 3.7f with 3.13e). Rocks adjacent to quartz veins along 

ENE-striking normal faults are moderately enriched in muscovite or quartz. 

Shallowly-dipping quartz-filled extension veins, interpreted to have formed during D2 

(section 3.4.4), are truncated by the ENE-striking normal faults (Fig. 3.14h). Sharp changes in 

the orientation of S2 and sulphide banding within the ore horizon occur close to the ENE-

striking normal faults, and are evidence that the ENE-striking normal faults must post-date 

D2. S2 is also cross-cut by chalcopyrite-filled normal faults in places. The ENE-striking 

normal faults are subparallel to the ore horizon in East Thalanga (cf. Fig. 3.6c with Fig. 

3.13d), but cross-cut stratigraphy in West and Central Thalanga (maps M2-10). Therefore, the 

ENE-striking normal faults are interpreted to post-date the change in stratigraphic 

orientation from West to East Thalanga. Comparison with S3 cleavages and other NE to ENE-

striking faults measured by Berry (1989, 1990) and Berry et al. (1992) elsewhere in the Mount 

Windsor volcanic belt, suggests that these ENE-striking normal faults at Thalanga are 1D3 in 

age. 
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Normal Faults in Central and West Thalanga 

D3 faults are most prominent in Central Thalanga, where at least fifteen E-W to NE-striking 

normal faults are interpreted to cross-cut the ore horizon at 950 mRL (map M2-4). These faults 

have an important control on the location of massive sulphides in Central Thalanga, with 

the thickest massive sulphides formed by local structural stacking of the ore horizon (Fig. 

3.15). Adjacent to some D3 faults the massive sulphides may also be thickened by folding (e.g. 

fault 7, map M4a) and remobilised chalcopyrite, sphalerite and galena occupying sites of 

dilation. The ore horizon in West and Central Thalanga is truncated at depth and to the east 

by D3 faults (Fig. 3.1, Fig. 3.15). The ore lens (and non-mineralised ore position) is repeated 

into the hangingwall along these faults (Fig. 3.1, Fig. 3.15). Barite-rich sulphides adjacent to 

a 1)3 normal fault in the hangingwall of the Central Thalanga ore lens are interpreted to 

have been a distal part of the ore lens (as barite typically forms at the margins of massive 

sulphide deposits; Chapter 6; see also Large, 1992), that was faulted into its current position. 

Banding in these barite-rich sulphides (defined by sphalerite and pyrite bands) is • 

subparallel to the 1D3  fault (cf. Fig. 3.10f and Fig. 3.13e; map M4c). 

Slices of HWF within the dacite in the open pit of Central Thalanga are parallel to 1)3  faults 

(map M2). HWF <20 m thick adjacent to fault 12 in Central Thalanga is enigmatic as all 

other intersections of HWF are typically <10 m in thickness (map M2 and M4a). The large 

thickness of HWF adjacent to fault 12 may reflect depositional thickness and indicate a 

topographic basin in this location. Alternatively the thickness of HWF may be accentuated 

if fault 12 dips more shallowly in this location. 

In West Thalanga there are fewer D3 faults than in Central Thalanga, but a major normal 

fault (fault B) marks the eastern limit of the West Thalartga ore lens (Fig. 3.1 and Fig. 3.2a-

f). This normal fault (fault B) intersects the pre-D3  Central Fault between 20 310 mE and 20 

330 mE, and at about 780 mRL (Fig. 3.2a,b), and is interpreted to accentuate the offset of the 

ore horizon between West and Central Thalanga. 

The normal fault A (Fig. 3.1 and Fig. 3.2) offsets and repeats the ore horizon at 

approximately 20 170 mE in West Thalanga (see also maps M6-10). On some levels this 1)3  
fault does not extend into the dacite, occupying the contact between the ore horizon and dadte 

instead. Commonly, in these locations an earlier NNE-striking normal fault marks the 

contact between the ore horizon and the dacite (map M9). Repetition of the ore horizon to the 

south of the main ore lens in West Thalanga occurs along 03 normal faults (Fig. 3.1). 

Stratigraphy is shallowly dipping between the main faults (Fig. 3.1), suggesting that this 

may be a large-scale parasitic fold on F2, accentuated and faulted during D3. 
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Normal Faults in East Thalanga and the Vomacka Zone 

At East Thalanga, the E-W to NE-striking D3 normal faults are parallel with the 

stratigraphy in places (cf. Fig. 3.6c with Fig. 3.13d) and are typically located at lithological 

or alteration contacts. For example, in the E779 Stope (map M11) a 13 3  fault defines the 

contact between the footwall ore lens and the overlying QEV between 31 950 mE and 32 000 

mE, but also terminates the QEV and massive sulphides at 31 950 mE. In other parts of East 

Thalanga, D3 faults may thicken the massive sulphides by repetition of the ore horizon. 

The footwall ore lens and footwall rhyolific volcanics in East Thalanga may have been offset 

along a 1)3  normal fault (fault X; Fig. 3.16), which is interpreted to extend into the footwall 

along the chlorite ± tremolite-rich, fractured contact between the intensely silicified 

rhyolite and the quartz-muscovite ± pyrite-rich rhyolitic volcanics (Fig. 3.16). However, 

analysis of the volcanic fades suggests that the present geometry may be similar to the 

primary depositional geometry, with the thickness of QEV units increasing up-dip (Chapter 

4). Furthermore, the footwall lens may have originally been discontinuous where it overlies 

intensely silicified rhyolitic volcanics (Chapter 4, 6, and 10). Fault X may therefore have 

only accentuated the primary lateral and vertical differences in composition of the ore 

horizon. The presence of QEV between the intensely silicified rhyolite and quartz-muscovite 

± pyrite-rich rhyolitic volcanics on some cross-sections is best explained by a normal 1) 3  fault. 

The lack of QEV and massive sulphide lenses down-dip in East Thalanga may also be due to 

truncation of the ore horizon by a normal fault. 

In the Vomacica Zone, 1-2 m wide zones of strongly sheared chlorite or close-spaced fractures 

and fault gouge that offset the ore horizon are interpreted to be 1D 3  normal faults. Locally, 

similar brittle fault zones may have overprinted faults associated with F2 folds (Fig. 3.8, and 

3.9). The lack of massive sulphide lenses between Central Thalanga and the Vomacka Zone 

may be partly due to the ENE-striking normal faults intersecting similarly oriented ore lenses 

in this location. 

Shearing within the Ore Horizon 

Wills (1985) noted that shearing is common along lithological contacts within the ore horizon 

at Thalanga. South side up movement is recorded at most contacts. HWF adjacent to 1) 3  faults 

is strongly foliated, with cleavage (S 3) parallel to the fault. Slight asymmetry to the 

cleavage wrapping around elongate volcanic clasts supports normal, south side up shearing 

within the HWF adjacent to the 1) 3  faults. Pressure shadows around quartz and feldspar' 

crystals in QFP and QEV units at Thalanga are also slightly asymmetric and indicate south 

side up shearing. Fine grained sulphide veins and bands within carbonate-chlorite 

alteration, in the West and Central Thalanga ore lenses, display geometries indicative of 
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Figure 3.16 Cross section along  31  980 mE in East  Thalanga. 



Structure and Metamorphism 	 61 

ductile shearing within the ore horizon, with hangingwall lithologies displaced vertically 

with respect to the footwall lithologies (Fig. 3.17a-d). This south side up displacement is 

consistent with having formed contemporaneously with D3 normal faults. 

Typically, cross-cutting microdiorites are disrupted within the ore horizon (Fig. 3.17e), and 

coarse chalcopyrite-rich sulphides vein or envelope dyke fragments within the ore lenses. 

Banding within the sulphides adjoining rotated blocks of microdiorite is generally disrupted 

and overprinted by chakopyrite. Shearing concentrated along the relatively ductile 

sulphide horizon at Thalartga is interpreted to have caused the dislocation of microdiorite 

dykes. Similar shearing along the sulphide horizon at the Sullivan deposit in Canada 

deformed cross-cutting gabbro dykes, resulting in blocks of gabbro isolated within massive 

sulphides (McClay, 1983). 

3.7 Remobilised Sulphides 

3.7.1 Description and Distribution 

Coarse-grained (up to 5 mm) massive chakopyrite, banded chalcopyrite and minor sphalerite 

± traces of pyrite ± quartz and rare chlorite, or rarely massive dark red-brown sphalerite 

with minor to traces of galena have overprinted the ore lenses and their hangingwall contact 

in places (Fig. 3.17f and Fig. 3.18a,b). Given the spatial association between the ore lenses 

and the overprinting chalcopyrite-rich sulphides, and the association of massive 

chalcopyrite with extensional structures (Table 3.2), the chalcopyrite-rich sulphides are 

interpreted to have been remobilised from the pre-existing sulphide lenses. 

Table 32 Location of remobilised sulphides within the ore horizon at Thalanga. 

Sulphide 	 Location of sulphide 	 Interpretation 
chalcopyrite 

chalcopyrite & minor 
sphalerite 

chalcopyrite & trace 
sphalerite 

chalcopyrite or sphalerite 
& galena 

galena 

chalcopyrite or 
chalcopyrite-sphalerite-
galena 

along shear bands in chlorite-rich 
alteration, especially at lithological 
contacts (e.g. map M5) 

along joints and in piercement veins 
and cusps at contact between 
massive sulphides and dacite or 
HWF, cross-cut by S3(Fig. 3.18a,b) 

within massive sulphide lenses 
(Durchbewegung texture; cf. 
Marshall and Gilligan, 1989) 

in veins parallel to and cross-cutting 
S3 in the (2EV (map M11) 

in pressure shadows around clasts 
in the footwall lens and QEV in 
East Thalanga 

shallowly-dipping, discontinuous 
veins at footwall contact of sulphide 
lenses (Fig. 3.18c,d and Fig. 3.19a) 

shearing within chlorite-rich 
alteration 

extension of dacite or HWF at 
contact with massive sulphides (see 
below) 

location of ENE-striking normal 
fault (see Table 3.1 and 'Fig. 3.14g) 

replacement of QEV along S3 

vertical extension of ore horizon 

tension gashes, formed by the 
vertical extension of the 
stratigraphic top of the footwall 



Figure 3.17 Evidence of shearing within the ore horizon, and sites of chalcopyrite-rich 

remobilised sulphides. 

(a) Lenses of chlorite, with minor tremolite, within the massive to banded sulphides preserve 

evidence of hangingwall side up shearing. Location: West Thalanga, W780 Stope, 20 305 

mN, 20 237 mE. Hammer is 30 cm in length. Facing to right. 

(b) Sketch of (a). 

(c) Inclusion of chlorite, with minor tremolite and sulphide bands, within massive to banded 

sulphides. The sulphide bands within the chlorite inclusion are interpreted to indicate 

hangingwall side up shearing. Location: West Thalanga, W722 Stope. Magnet is 12 cm in 

length. Facing to right. 

(d) Sketch of (c). 

(e) Massive sulphide lens containing blocky, partly rotated clasts of microdiorite. Abundant 

chalcopyrite envelopes the microdiorite dyke fragments. Location: W747 Stope, West 

Thalanga. Facing to right. 

(f) Piercement vein (filled with chalcopyrite) at the contact between dacite and the massive 

sulphides. Veins is about 2 m in length and the dacite has been overprinted by quartz-

epidote veins. Chalcopyrite-rich sulphides, with bands of dark red-brown sphalerite, occur 

between the piercement vein and the stratigraphically underlying banded to massive 

polymetallic sulphides. C860 Stope, 882 mRL, Central Thalanga. Facing is into the 

photograph. 
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Figure 3.18 Structures associated with remobilised sulphides at Thalanga. 

(a) Piercement vein (filled with chakopyrite) at the contact between dacite and the massive 

sulphides. Chakopyrite has locally replaced along fractures in dacite (arrow). C860 Stope, 

882 mRL, Central Thalanga. Facing is into the photograph 

(b) Sketch of (a). 

(c) Shallowly-dipping chakopyrite-filled tension gashes in the footwall rhyolitic vokanics 

immediately underlying the massive sulphide lens. Location: C860 Stope (right), Central 

Thalanga. Facing to right. 

(d) Close-up of (c). Pen is about 14 cm in length. 

(e) Photomicrograph of chakopyrite in pressure shadow (parallel to S3) around euhedral pyrite 

in the graded sandstone fades of the QEV. Sample E3198SI30-10.9, East Thalanga. Reflected 

light. 

(f) Sample in (e) under plane light. 
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(a) Poles to shallowly-
dipping chalcopyrite veins. 

(b) Poles to coarse grained 
cp ± sp veins from West (+), 
Central (..), and East 
Thalanga 	- 

(c) Poles to qz»py veins in 
West (+), Central (.), and East 

Thalanga. 

(d) Poles to barren qz veins 
in West (+), Central (.), and 
East (-) Thalanga. 
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(e) Poles to barren qz veins 
from the Thalanga Range. 

Figure 3.19 Equal area stereonets of (a-b) coarse grained chalcopyrite (cp)± sphalerite (sp) veins, 
and (c-e) quartz (qz) ± pyrite (py) veins from Thalanga and the Thalanga Range. 
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The chalcopyrite-rich sulphides are typically present adjacent to or along normal faults and 

the S3 cleavage in the footwall, ore lenses and hangingwall. Coarse grained chalcopyrite- or 

sphalerite-rich veins vary from steeply, NE-striking, to steeply E and SE striking (Fig. 

3.19b). Pyrite and chalcopyrite veins in the footwall rhyolitic volcanics are parallel to S3 

only immediately adjacent to ENE-striking normal faults. Examples of remobilised sulphides 

are listed in Table 3.2. 

Coarse milky quartz veins are commonly associated with the remobilised sulphides, 

particularly where sulphides form piercement veins into the dacite. In places, this quartz is 

intergrown with coarse albite (<1 cm grain size) and fine grained green chlorite (<0.03 mm 

grain size). In thin section, the quartz contains abundant two-phase fluid inclusions and has 

undulose extinction, and the chlorite has no preferred orientation and anomalous blue 

interference colours under crossed nicols. There is a distinct mineralogical zonation of the 

quartz-sulphide veins, with coarse quartz ± albite at the vein margins, then intergrown 

quartz and chlorite, a thin band of <2 mm sized sphalerite with minor chalcopyrite inclusions 

and rare interstitial galena, and then massive chalcopyiite with minor sphalerite bands. 

The sphalerite banding is parallel to the vein margins. Traces of arsenopyrite are 

disseminated in the massive chalcopyrite, together with rare quartz and chlorite gangue. 

Sulphide remobilisation has occurred at all scales at Thalanga. At the microscopic scale, 

chakopyrite or galena has infilled brittle fractures in euhedral pyrite (Chapter 7), 

chalcopyrite has filled pressure shadows around cubic pyrite disseminated in QEV (Fig. 

3.18e,f), and sphalerite and quartz occur in pressure shadows parallel to S3 around quartz or 

feldspar crystals (Fig. 3.14a,b). Chalcopyrite, sphalerite and galena infill cleavage partings 

in metamorphic tremolite and rare fine grained, elongate pyrite has overgrown 52 and S3. 

Further descriptions of deformed and metamorphic sulphide textures are presented in 

Chapter 7. 

3.7.2 Piercement Structures 

Piercement veins composed of chalcopyrite-rich massive sulphides occur at the hangingwall 

contact of the massive sulphides in places at Thalanga (Fig. 3.17f and Fig. 3.18a,b). 

Piercement structures typically occur in dacite, HWF or QEV on the hangingwall contact of 

the massive sulphides. Pre-existing joints in the dacite control the orientation of the 

piercement veins in a few places (Fig. 3.18a,b; map M5). Piercement structures are more 

common where massive sulphides directly contact the more competent dacite, compared to the 

few sulphide piercement veins at the massive sulphide to HWF contact. In most places at 

Thalanga, the piercement veins extend less than 5 m away from the massive sulphides. 
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There is a gradation in composition of the sulphides within piercement structures and 

typically coarse-grained chalcopyrite fills the piercement vein, with a gradual increase in 

dark red-brown sphalerite towards the non-remobilised massive sulphide contact. Coarse-

grained chakopyrite and sphalerite are present at the stratigraphic top of the massive 

sulphides, where bands of sphalerite in chalcopyrite are subparallel to the dacite contact 

and have been folded towards the piercement structure. In places (Central Thalanga), coarse 

grained massive sphalerite is up to 2 m thick at the stratigraphic top of the massive 

polymetallic sulphides and fills piercement veins which cross-cut S2 in the overlying FEWF. 

Where present, quartz typically occurs along the margin of the piercement vein. 

These textures are comparable with the remobilised sulphide textures in metamorphosed 

stratiform massive sulphide deposits described by Gilligan and Marshall (1987), Maiden et 

al. (1986), Marshall and Gilligan (1989) and Osterman and Hutchinson (1994). Maiden et al. 

(1986) distinguished cusp structures from piercement structures at the hartgingwall contact of 

the massive sulphides in the Matchless Cu deposit, Namibia, and explained that the 

difference in style of sulphide remobilisation is due to competency contrasts between the 

sulphides and silicate wall rocks. Maiden et al. (1986) concluded that cusps form where wall 

rocks are relatively ductile and that piercement structures form where that wall rocks are 

brittle. However, this interpretation was not supported by Marshall and Gilligan (1989) who 

argued that cusp structures form in response to low angle or layer-parallel compression along 

the contact between rocks of different competency and that piercement structures form due to 

low angle or layer-parallel extension along such contacts. 

Further clarification of this controversy is possible using the examples from Thalanga, where 

both piercement veins and cusps are present at the HWF/massive sulphide contact (Fig. 3.20). 

Because there is no significant lateral variation in the competency of the HWF, the presence 

of both piercement veins and cusps indicates localised extension and compression along the 

contact between the HWF and massive sulphide lens, which supports the model of Marshall 

and Gilligan (1989). Immediately adjacent to the major D3 normal fault in Central Thalanga 

is a large volume (up to 5 m in thickness) of remobilised chalcopyrite and quartz veins in the 

dacite at the stratigraphic top of the ore lens. Perhaps this concentration of chalcopyrite is 

due to hinge thickening of an incipient fold adjacent to the normal fault (Fig. 3.20). 

3.7.3 Chalcopyrite Veins 

Shallowly NE-dipping, discontinuous chalcopyrite veins (tension gashes) are locally present 

within the ore lenses and immediate footwall (Fig. 3.18c,d), and rarely occur along kink bands 

in the HWF. Rare subhorizontal chalcopyrite veins intersect the pyritic, coarse-grained base 

of a QEV sandstone near the stratigraphic top of the ore horizon in East 'Thalanga. 

Chalcopyrite veins also cross-cut the mesh-vein texture of metamorphic calcite in CTC units 
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ORE LENS 

Figure 3.20 Schematic cross section illustrating the location of extensional structures and 
remobilised sulphides within the ore horizon at Thalanga. White lines represent sulphide 
bands within massive sulphides, and black lines in the chlorite-rich assemblages also represent 
sulphide bands. Sketches in the insets are based on mining faces in the C860 Stope, Central 
Thalanga. Abbreviations: cp = chakopyrite, gn = galena, sp = sphalerite, HWF = hangingwall 
fragmental. 
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(see Chapter 11) and S2 in chlorite schists, where the chalcopyrite veins are enveloped by 

phlogopite oriented parallel to vein margins. 

Necks of foliation boudins (in chlorite) and pressure shadows around QFP clasts in the 

overlying massive sulphide lens are filled with remobilised sulphides, suggesting that the 

shallowly-dipping veins are the same age as other remobilised sulphides. The chalcopyrite 

tension gashes in the footwall rhyolitic volcanics are typically <1 cm thick and <1 m in 

length, with sharp but irregular margins and no alteration halo. In West Thalanga, 

chakopyrite tension gashes (and rare intersecting subvertical chakopyrite veins) in the QEV 

are enveloped by chlorite-tremolite-epidote-rich assemblages (Chapter 10). 

3.7.4 Timing of Remobilisation 

The location of remobilised sulphides in sites of dilation at Thalanga is interpreted to 

indicate remobilisation occurred during vertical extension of the.ore-horizon. Sulphide 

remobilisation probably occurred late in D2, after cleavage formation, because remobilised 

sulphide veins cross-cut S2, but have been locally overprinted by 53. Durchbewegung textures 

in the massive sulphide lenses have not been overprinted by S3, and are therefore interpreted 

to have formed along normal faults during 1)3. Furthermore, some remobilised sulphides are 

intergrown with silicate minerals produced during metamorphism (post 53; section 3.10). This 

suggests that multiple episodes of sulphide remobilisation may have occurred during the 

history of the Thalartga deposit. Chalcopyrite-rich sulphides enveloping and cross-cutting 

fractured and disrupted microdiorite dykes within the ore horizon (Fig. 3.17e) could indicate 

that the dykes were dislocated during 1) 3. However, the intrusion of the microdiorite may 

have induced local remobilisation prior to 1)3. Indeed, remobilised sulphides are commonly 

associated with post-ore dykes in some North American and Indian VHMS deposits, where 

the local elevation in temperature is considered to be responsible for the sulphide 

remobilisation and recrystallisation (Mookherjee, 1976). Nevertheless, the timing of the 

most significant sulphide remobilisation at Thalanga is interpreted to be during the final 

stages of D2. 

3.7.5 Mechanisms of Sulphide Remobilisation 

Gilligan and Marshall (1987), Maiden et al. (1986), and Osterman and Hutchinson (1994) 

have suggested that migration of sulphides into fractures during deformation and 

metamorphism involves ductile deformation and probably occurs above the brittle-ductile 

transition of chalcopyrite, experimentally determined as about 200°C and P <500 bars (Kelly 

and Clarke, 1975). This low temperature explains the predominance of chalcopyrite 

remobilisation at Thalanga. The general lack of galena (a ductile sulphide highly amenable 
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to remobilisation) in the remobilised sulphides at Thalanga is probably due to the overall 

low abundance of galena in the ore lenses (see Chapter 6 and 7). 

Marshall and Gilligan (1987) and Marshall and Gilligan (1993) suggest that mechanical 
remobilisation of sulphides is probable during prograde metamorphism (350°C -500°C), but 

more likely during retrogressive cooling in the 500°C - 350°C interval. The scale of sulphide 

remobilisation varies from cm-scale (e.g. Bierlein et al., 1995) to m-scale, and Marshall and 

Gilligan (1993) suggest that during prograde metamorphism sulphide remobilisation can occur 

on the scale of 10's to <100 m, whereas during retrograde metamorphism (in shear zones) 
sulphides can be remobilised up to 1000 m. Because sulphide remobilisation at Thalanga 

occurred during the final stages of D2 and post-S3  formation, sulphide remobilisation is 

interpreted to have occurred as a retrograde event. 

Marshall and Gilligan (1993) considered that metamorphic solutions derived from silicate 

assemblages would have limited effect on a sulphide assemblage and therefore regarded 

mechanical remobilisation of sulphides as more likely than chemical remobilisation. They 

were uncertain of the effects of quartz (and therefore a fluid phase during sulphide 

remobilisation) on the development of piercement structures. Because fluids are required to 

remobilise quartz, which will not readily flow in a ductile fashion, the presence of quartz 

with remobilised sulphides in piercement structures at Thalanga implies the involvement of 

fluids. This also happened at the Bousquet 2 deposit, Quebec (Tourigny et al., 1993). 

3.8 Post-D3  Structures 

3.8.1 Dolerite Dykes 

A vertical, WNW to E-W trending dolerite dyke intrudes both the ore horizon and rhyolitic 

volcanics in West Thalanga (Fig. 3.1). This dyke is offset along a ENE-striking normal fault 

at the contact with Central Thalanga, and occurs only in the footwall rhyolitic volcanics 

north of the ore horizon in Central Thalanga. Beeson (1994; writt. comm.) recorded similarly 

oriented dykes in East Thalanga, where they cross-cut the ore horizon at a higher angle. 

Dolerite dykes vary from basaltic to gabbroic textures, but are always highly irregularly 

fractured, with striated, chloritic surfaces along most fractures. 

It is evident from the comparable dyke orientations in all parts of the deposit that dolerite 

intrusion post-dates the open fold in stratigraphy from West to East Thalanga. The occurrence 

of a dolerite dyke near or along the contact between the ore horizon and the footwall 

rhyolitic volcanics in West Thalanga, yet > 50 m stratigraphically below this contact in 

Central Thalanga, supports the timing of dolerite intrusion as post NNE-striking normal 
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faults. Despite the lack of direct evidence, the timing of the dolerite dykes with respect to 

the NNE-striking normal faults suggests that the dolerite dykes may also be younger than 

the.microdiorite dykes. Radiometric dating of the dolerite gives a K-Ar age of 340 Ma 

(Wills, 1985), which is younger than the intrusion of the Siluro-Devonian Lolworth Igneous 

Complex (see Table 2.2 in Chapter 2). 

3.8.2 Quartz»Pyrite Veins 

Vertical, NE-striking quartz veins (Fig. 3.19c), with minor to traces of pyrite, are common at 

Thalanga. The exact timing of this quartz veining is unknown, although cross-cutting 

relationships show that it must post-date the quartz-epidote veins. Cross-cutting 

relationships were poorly exposed, and so the timing of other barren quartz veins in the 

Thalanga deposit and along the Thalanga Range (Fig. 3.19d,e) is not understood. 

3.8.3 Kink Bands 

S-dipping kink bands with normal movement, and rare conjugate N-dipping kinks, are present 

in the HWF (Fig. 3.21a). Both S2 and S3 are kinked. Rare chalcopyrite veins along kinks 

planes suggests that sulphide remobilisation may have occurred at more than one time, 

although late kink bands may have been localised on pre-existing structures. 

3.8.4 Fractures and Joints 

A conjugate set of dip-slip fractures, typically with pyrite fibres in the fracture surface, is 

prominent within the dacite in the hangingwall at Thalanga. There are two main movement 

directions delineated by pyrite fibres on the surface of moderately E-dipping fractures (Fig. 

3.21b). The first movement was dip-slip faulting, with mostly normal displacement 

indicated, although in places reverse movement occurred initially. A second population of 

pyrite fibres overgrow the dip-slip fibres and are interpreted to have formed during a later 

oblique-slip event. These fractures cross-cut the microdiorite dykes, but their exact timing is 

uncertain. 

Other faults measured in West and Central Thalanga are brittle structures, with minor 

displacement. Most of these faults are recognised by striations or gouge on the fault surface. 

Many of these brittle faults are parallel to common joint surfaces (Fig. 3.21c-f). The age of 

these brittle fractures is poorly understood. NNE-striking fractures and joints commonly cross-

cutting the ore horizon are similar in orientation to normal faults interpreted as pre-D 3  in age 



(a) Poles to kink bands from 
the Thalanga deposit (0 and 
the Thalanga Range (+). 

(c) All strike-slip faults - 
Central Thalanga; green = 
normal faults, blue = reverse 
faults. 

(e) Late brittle faults in West 
Thalanga, dot represents rare 
striations on fault surfaces. 

(g) Poles to calcite veins from 
the Thalanga deposit. 

(b) All dip-slip faults from 
Central Thalanga; green = 
sinistral faults, blue = dextral 
faults. 

(d) Poles to other late faults 
in Central Thalanga. 

(f) Poles to joints from the 
Thalanga deposit. 
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Figure 3.21 Equal area stereonets of late brittle faults, joint surfaces and calcite veins from Thalanga. 
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(section 3.4). However, these fractures record minor strike-slip movement and post-date the 

D3 faults. 

3.8.5 Calcite Veins 

Steeply-dipping, 1 cm wide white calcite veins with very similar NNE trends to the late 

brittle fractures (Fig. 3.21g) also cross-cut the stratigraphy and have small amounts of both 

dextral and sinistral strike-slip movement recorded by striations in chloride selvages. White 

calcite veins are common along the margins of the microdiorite dykes. Irregular, white calcite 

veins also cross-cut some dolerite dykes, commonly filling the abundant fractures in the dykes. 

All steep calcite veins cross-cut quartz-epidote veins. White to colourless, euhedral calcite 

fills voids created by fractures and joints within the ore horizon, and the remaining open-

space in pink calcite-filled spheroids in the dacite. 

3.9 Structural History of Thalariga 

Table 3.3 and Figure 3.22 summarise the timing of the main structural features at Thalanga. 

Table 3.3 Summary of the structural evolution of the Thalanga massive sulphide deposit. 

Footwall: rhyolitic 	Ore horizon: 	 Hangingwall: HWF and 
volcanics 	 dacite  

Pre-deformation • ?growth faults, 	• normal grading in 	• normal grading in 
• pyrite stringers 	volcaniclastic units, 	siltstone and sandstone, 

• ?compositional banding • local quartz-epidote 
in sulphide lenses 	veins 

Di 	 ? 	 ? 	 ? 
D2 	 • pervasive cleavage (S2) 	• S2 cleavage, 	 • S2 cleavage 

anticlockwise from 	• shallowly-dipping 
Mid to Late 	bedding 	 quartz veins in QFP, 
Ordovician age • shallowly-dipping 	• banding in massive 

quartz veins 	 sulphides, 
• sulphide remobilised into 
boudin necks, 
• chalcopyrite-filled 
piercement veins and 
tension gashes at 
harigingwall and footwall 
contacts of massive 
sulphides 

Pre-Da 	• north-south open fold, cross-cut by NNE-striking normal faults (west side down) 
and NNE-striking microdiorite dykes. 

D3 	 • S3 crenulation cleavage, • normal offset along steep • brittle ENE-striking 
• brittle ENE-striking fault ENE-striking faults, 	normal faults, 

Silurian- 	zones 	 • Durchbewegun$ texture 	• S3 cleavage adjacent to 
Devonian? age 	 in massive sulphides 	these faults, 

adjacent to ENE-striking 	• chlorite-biotite spots 
faults 	 elongate on Sa 

Post-D3 • quartz>>pyrite veins, 
• WNW-striking dolerite dyke cross-cuts ore horizon, 
• local brittle faults and calcite veins 
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F2 axial plane 

a) 02: E-W trending upright fold 

b) Pre - D3: Subvertical open fold, 
with N-striking axial plane 	F2 axial plane 

c) Pre - D3: NNE-striking normal fault, 
west side down 

d) D3: ENE-striking normal faults, 
north side down 

Figure 3.22 3.22 Schematic block models of the main deformation events at Thalanga, with the 
massive sulphide deposit represented by the hatch pattern. Depth to hinge of F2 syncline is 
unknown. 
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D2 at Thalanga is related to the regional east-west upright folding event that is interpreted 

to be Mid-Late Ordovician in age (Berry et al., 1992). The similarity in orientation between 

the 53 cleavage and ENE-striking normal faults at Thalanga, and regional structures 

interpreted to be Silurian-Devonian in age, suggests that D3 at Thalanga may have occurred 

during the Silurian-Devonian. 

3.10 Minerals Associated with Peak-Metamorphism 

3.10.1 Biotite 

Biotite (or phlogopite) parallel to S2 is present in many of the host rocks at Thalanga, and in 

places it occurs in S2 pressure shadows (Fig. 3.23a,b). Only rare examples of kinked biotite 

(kinks parallel to S3) have been preserved (within the Puddler Creek Formation near 

Thalanga; Fig. 3.23c,d). These chlorite (after biotite) grains indicate that there was a 

metamorphic event prior to S3. However, in most locations, biotite has decussate texture and 

has overprinted the S3 crenulation cleavage, either mimetically (Fig. 3.23e,f), or as 

porphyroblasts (Fig. 3.23g,h). Biotite in pressure shadows (L 3  mineral lineation.; section 

3.6.2), also has decussate texture and is therefore interpreted to have formed mimetically 

along pre-existing S3 cleavage (Fig. 3.24a,b). These textural relationships suggest that the 

peak of metamorphism at Thalanga post-dated the S3 cleavage. 

Biotite in the host volcanic units at Thalanga probably formed via the reaction: 

sericite + chlorite = biotite + muscovite + quartz + H 20, or 

K-feldspar + chlorite = biotite + muscovite + quartz + H20 	(Yardley, 1989). 

The reaction between sericite and chlorite is more likely to have proceeded in the 

hydrothermally altered footwall rhyolitic vokanics, whereas the reaction between K-

feldspar and chlorite probably produced biotite in the hartgingwall rocks and least altered 

footwall rhyolitic volcanics. 

3.10.2 Muscovite 

Fine grained muscovite in the matrix of the hydrothermally altered footwall rhyolitic 

vokanics is parallel to both 52 and crenulated by 53.  Coarse grained muscovite (about 0.5 mm 

in length) is typically varies from decussate in texture to subparallel to S3 (Fig. 3.12e), and is 

consistent with the peak of metamorphism post-dating S3. 



Figure 3.23 Photomicrographs illustrating the relationship between biotite texture, S2 and 53. 

(a) Brown biotite is parallel to S2 in pressure shadows and groundmass around feldspar (albite) 

crystals within weakly altered rhyolitic volcanics. Quartz within the pressure shadows has 

been recrystallised. Sample TH247-119, West Thalanga. Plane light. 

(b) Sample in (a) under crossed nicols. 

(c) Coarse chlorite grain (after biotite) that has been kinked (arrow) by S3. Sample RT-13A, 

Puddler Creek Formation, located north of the Flinders Highway, near Thalanga. Plane 

light. 

(d) Sainple in (c) under crossed nicols. 

(e) Coarse grained, decussate biotite has overgrown the 53 crenulation cleavage in a muscovite 

and biotite-rich HVVF unit. S2 is crenulated at arrow. Sample TH382A 436.3, East Thalanga. 

Plane light. 

(f) Sample in (e) under crossed nicols. 

(g) Photomicrograph of phlogopite, chlorite and muscovite porphyroblasts that overgrow the 

S3 crenulation cleavage, which is defined by the preferred alignment of fine-grained 

muscovite. Sample E3208SD36-12.8, East Thalanga. Plane light. 

(h) Sample in (g) under crossed nicols. 





Figure 3.24 Photomicrographs of garnets and minerals associated with garnets at Thalanga. 

(a) Decussate biotite in pressure shadow (parallel to 53) adjacent to partly altered feldspar 

crystal in sandy siltstone fades of the HWF. White mica in matrix has been crenulated by S3. 

Sample TH382A-436.5, East Thalanga. Plane light. 

(b) Sample in (a) under crossed nicols. 

(c) Garnet porphyroblast, from within chlorite-phlogopite spot in the footwall rhyolitic 

vokanics, has overgrown S3. Muscovite and phlogopite in the groundmass are decussate in 
texture and locally subparallel to S3. Sample TH287-196, East Thalanga. Plane light. 

(d) Sample in (c) under crossed nicols. 

(e) Quartz and actinolite now occupy an actinolite-shaped inclusion in spessartine-rich 
almandine garnet. Biotite, chlorite, quartz and actinolite are intergrown around the anhedral 

garnet. Sample APH-127, Central Thalanga. Plane light. 

(f) Quartz and green chlorite have filled fractures in spessartine-rich garnet. Sample APH-127, 
Central Thalanga. Plane light 

(g) Euhedral allanite inclusions in chlorite (after biotite). Chlorite has pleochroic halos around 

the inclusions. Sample APH-127, Central Thalanga. Plane light. 

(h) Sample in (g) under crossed nicols. 
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3.10.3 Garnet 

Garnet Porphyroblasts in the Foot wall Rhyolitic Volcanics 

Rare pink spessartine-rich (section 3.11) almandine garnets occur in the cores of green 

chlorite-phlogopite spots in the footwall rhyolitic volcanics at Thalanga. The garnet 

porphyroblasts are subhedral. Minor quartz and muscovite-quartz inclusions (decussate 

muscovite) are present in some garnets (Fig. 3.24c,d). S 2  and S3 is overgrown by the garnet 

porphyroblasts, which indicates that the thermal peak post-dates S3 (Fig. 3.24c,d). 

The garnets possibly formed via reaction between Mn-rich chlorite and muscovite according to 

the reaction: 

Fe(Mn)-chlorite + muscovite = Mn-rich almandine + annite + quartz + 1-120. 

The lack of Fe(Mn)-chlorite in the footwall (hydrothermal alteration is interpreted to have 

formed Mg-rich chlorite; Chapter 10) may explain the sparse number olgamet - - 

porphyroblasts in the rhyolitic vokanics at Thalanga. 

Garnet-Biotite Assemblage within the Ore Horizon 

A chlorite-garnet-biotite-quartz-actinolite assemblage at the margin of a large QFP boulder 

in Central Thalanga has no penetrative cleavage and is therefore interpreted to have post-

dated S3. This assemblage is composed predominantly of chlorite, with coarse grained biotite 

and actinolite. Pink spessartine-rich garnet porphyroblasts (see Appendix B for analyses) are 

intergrown with an acicular mineral (actinolite?) now defined by intergrown quartz, 

actinolite and rare biotite (Fig. 3.24e). The actinolite has sharp grain boundaries in contact 

with the quartz, but ragged contacts with chlorite. Quartz and green chlorite also fill 

fractures in the garnets (Fig. 3.240. Decussate green to pale khaki brown biotite is typically 

altered to green chlorite, particularly along cleavage planes. Chlorite (after biotite) contains 

elongate clinozoisite inclusions, and has pleochroic halos around rare inclusions of allanite 

(Fig. 3.24g,h). 

Other minor components of this assemblage include apatite, calcite, sphalerite, galena, 

chalcopyrite and barite. Subhedral apatite grains, up to 0.1 mm in length are concentrated in 

quartz grains (Fig. 3.25a). Biotite, garnet, actinolite (or quartz-actinolite precursor) and 

possible apatite are interpreted to be prograde minerals, whereas chlorite has replaced 

biotite during retrograde alteration. Sphalerite, galena and chalcopyrite have filled 

fractures in the garnet (Fig. 3.25b) and are therefore interpreted to have been mobile during 

metamorphism. Calcite is in textural equilibrium with quartz and the sulphides. 



Figure 3.25 Photomicrographs of textures and mineralogical associations of garnet-bearing 

units in the ore horizon and in the HWF. 

(a) Subhedral apatite grains in quartz-rich domain of chlorite-biotite-quartz-actinolite-garnet 

assemblage at margin of quartz-feldspar-porphyry clast within ore horizon. Sample APH-

127, Central Thalanga. Plane light. 

(b) Sphalerite is present within fractures in anhedral garnet porphyroblast. Quartz and chlorite 

are also present in the fractures. Sample APH-127, Central Thalanga. Plane light. 

(c) Subhedral garnet porphyroblast has impinged on quartz grain within a quartz-feldspar 

sandstone. Green biotite and anhedral epidote is present within the biotite-rich matrix. 

Sample W2011NI05-22.4, West Thalanga. Plane light. 

(d) Sample in (c) under crossed nicols. 

(e) Garnet porphyroblast is partly intergrown with subhedral epidote grains. Decussate biotite 

is present within the quartz-rich matrix. Sample W2011NI05-22.4, West Thalanga. Plane 

light. 

(f) Sample in (e) under crossed nicols. 

(g) Euhedral epidote has overgrown anhedral, brown allanite within biotite-rich domain of 

biotitic quartz-feldspar sandstone. Sample W2011NI05-22.4, West Thalanga. Plane light. 

(h) Sample in (g) under crossed nicols. 
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Garnet Porphyroblasts in the HWF 

The few garnets in the HWF are associated with abundant green biotite, minor green chlorite, 

epidote, patchy actinolite, minor to traces of magnetite, rare calcite, sphalerite and 

chalcopyrite, and accessory apatite. Rare vesuviartite is present in some biotite-rich HWF 

units. This assemblage is present in a volcanic quartz and feldspar sandstone, and the garnets 

preferentially occur in biotite-rich bands. The biotite is undeformed and typically decussate, 

and is interpreted to have mimetically overgrown 53 (Fig. 3.25c,d). 

The garnet porphyroblasts are pink in plane light and irregular to euhedral in shape (Fig. 

3.25c-f), with rare garnets elongate and parallel to the weak S3. Most garnets are <0.5 mm in 

diameter, with rare porphyroblasts up to 1.5 mm in diameter. The garnets are typically 

composed of an irregularly-shaped, inclusion-rich core (mainly quartz inclusions, rarely 

magnetite and biotite inclusions), with a euhedral, inclusion-free rim (Fig. 3.25c,d). There is 

no consistent orientation of the inclusions in the garnet cores. The garnet rims are particularly .• 

euhedral where in contact with biotite-rich domains, whereas the rims are partly embayed 

where in contact with quartz in the sandstone matrix. In places the euhedral rims of the 

garnet porphyroblasts impinge on quartz grains and zoned epidote grains (Fig. 3.25e,f). Some 

irregular garnets are intergrown with magnetite or sphalerite. The absence of pressure 

shadows around the garnet porphyroblasts, and truncation of biotite in contact with garnet, is 

consistent with formation of garnet after S3. 

Epidote associated with the metamorphic garnet and biotite is subheciral, but varies to 

euhedral in shape where enclosed in biotite-rich domains (Fig. 3.25g,h). Many epidote grains 

are zoned, with a core of brown, anhedral allanite. Rare subhedral vesuvianite grains are 

present in this metamorphic assemblage in the MAN (in East Thalanga). The vesuviartite 

has no preferred orientation and directly contacts decussate biotite (and chlorite after 

biotite), appearing to have grown along the biotite grains (Fig. 3.26a,b). The vesuvianite 

grains are spatially associated with anhedral magnetite and sphalerite (Fig. 3.26a,b), and is 

interpreted to have formed from the metasomatic addition of magnetite and calcite to the 

quartz-feldspar sandstone facies of the HWF. Muscovite in the footwall rhyolitic volcanics 

contains elevated F, which is interpreted to have been hydrothennal in origin (Chapter 10). 

Therefore, the F required for vesuvianite formation may also have been originally 

hydrothermal and possibly associated with hangingwall-style alteration. 

3.10.4 Chlorite Spots 

Green chlorite spots are common in the volcaniclastic and sedimentary units both underlying 

and overlying the ore horizon at Thalanga, and are most common in the siltstone and sandy 

siltstone facies of the HWF (Fig. 3.26c,d). The chlorite spots are typically <1 cm in diameter 



Figure 3.26 Textures of vesuvianite and chlorite spots. 

(a) Subhedral vesuvianite grains associated with biotite, sphalerite, magnetite and epidote in a 

barite-rich quartz-feldspar sandstone (HWF). Sample E3208SD23-77.5. Plane light. 

(b) Sample in (a) under crossed nicols. 

(c) Hand specimen of siltstone (HWF) containing both rounded and elongate (parallel to S 3) 

chlorite spots. Biotite rims the spots. Sample TH263-173, East Thalanga. 

(d) Hand specimen of quartz-muscovite-pyrite-rich rhyolitic vokanics with green chlorite spots 

that are elongate along S3, but contain S2 cleavage. Fine grained pyrite is parallel to S3. 

Sample TH265-173, East Thalanga. 

(e) Photomicrograph of chlorite spot in a quartz-feldspar sandstone facies of the HWF. Quartz, 

muscovite, chlorite and traces of biotite are present in the core of the spot, and biotite and 

chlorite occur at the margins. Sample E3207SD29-75.9, East Thalanga. Plane light. 

(f) Photomicrograph of deformed chlorite spot from (c). Chlorite-quartz-muscovite and traces 

of biotite are present in the core of the spot and recrystallised quartz and chlorite are present 

in the weak pressure shadows. Sample TH263-173, East Thalanga. Crossed nicols. 
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and display either sharply defined or diffuse margins. In rhyolitic breccias in the footwall 

and in dacite breccias in the hangingwall, chlorite spots are up to 2cm in diameter and have 

diffuse margins. The spots vary from dominantly chlorite and biotite, to spheroidal chlorite-

biotite-muscovite-quartz intergrowths, which are rimmed by green biotite or phlogopite (Fig. 

3.26e,f). Rare chlorite spots are hexagonal in cross section, and garnet porphyroblasts are 

present within the chlorite spots in places. Chlorite spots are more abundant in East 

Thalanga, compared to Central and West Thalanga, which may be due to proximity to the 

granitoid inferred to have intruded -1 km to the east of the East Thalanga ore lens (Gregory 

et al., 1990). 

In most parts of the HVVF, the chlorite spots are elongate parallel to S3, with round, 

undeformed chlorite spots present immediately adjacent to elongate spots in places. Where S3 

wraps the chlorite spots (indicating that locally, the chlorite spots were rigid during 

deformation) chlorite and quartz are present in the pressure shadows (Fig. 3.260. Chlorite or 

quartz-filled fractures in some spots resemble pull-apart textures, also suggesting rigidity 

during deformation. In places, chlorite spots contain a foliation that is interpreted to be S2, 

suggesting that chlorite spots overgrew S2 prior to S3 (Fig. 3.26d). 

The chlorite-phlogopite-muscovite-quartz spots may be similar to chlorite spots common in 

hornfels zones (Winkler, 1979, Yardley, 1989), and may be after cordierite or biotite (e.g. 

McClay, 1983). The rare hexagonal shapes support the interpretation that the chlorite spots 

are after cordierite. Cordierite typically forms according to the reaction: 

chlorite + muscovite = cordierite + biotite + quartz + H 20 (Yardley, 1989). 

The production of biotite during this reaction explains the biotite rims of some of the chlorite 

spots. The retrogression of cordierite probably followed the above reaction in reverse. 

Alternatively, the chlorite spots may have formed by the retrogression of almandine garnets 

via: 

almandine + biotite + H20 = chlorite + muscovite + quartz. 

3.10.5 Tremolite/Actinolite - Epidote Assemblages 

Decussate tremolite is common in carbonate- and chlorite-rich units (Chapter 11) and the 

massive sulphide lenses where it overgrows S2 and S3. Mutual intergrowths of tremolite and 

recrystallised sulphides (chalcopyrite, sphalerite, galena, pyrite) are interpreted to 

indicate that tremolite formation coincides with sulphide remobilisation, which is 

interpreted to have occurred during the final stages of D2 and also during 1)3  (section 3.7). 

Epidote-actinolite-rich assemblages have overprinted the QEV units at Thalanga, whereas 

clinozoisite-tremolite-rich assemblages occur in the uppermost parts of the footwall rhyolitic 

volcanics (Chapter 10). The tremolite/actinolite has decussate texture, with interstitial 
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clinozoisite/epidote, and minor quartz and chlorite. The presence of clinozoisite and 

tremolite, rather than epidote and actinolite, probably reflects bulk rock composition and 

therefore original hydrothermal alteration assemblages. Clinozoisite and tremolite may 

have formed by the reaction of Mg-rich chlorite with quartz and calcite according to: 

3(Mg,Fe)5Al2  Si3010(OH)8  + 10CaCO3 +21Si02  

chlorite 

= 2Ca2A13Si3012(OH) + 3Ca2(Mg, Fe)Si8022(OH)2 . 

clinozoisite 	tremolite 

Actinolite occurs in rocks with a higher Fe-rich bulk composition, where it is usually present 

with epidote and green, Fe-rich chlorite. 

3.10.6 Timing of Peak Metamorphism 

Biotite, chlorite, muscovite, and tremolite are all coarse grained, decussate, and have 

overgrown (mimetically in places) the 53 crenulation cleavage, as have the garnet 

porphyroblasts. These textures all indicate that the peak of metamorphism post-dates 53 at 

Thalanga. The elongate chlorite spots (or their precursor) and local elongate garnet 

porphyroblasts probably formed during deformation (I)3). The timing of peak-metamorphic 

temperatures after S3 explains the strongly recrystallised textures evident in both the 

massive sulphides and the host stratigraphy at Thalanga. Quartz phenocrysts, pre-52  quartz 

veins, and quartz in S3 pressure shadows (Fig. 3.14c,d) has been strongly recrystallised after 

S3. 

There is little evidence of metamorphism prior to S3, except the few kinked biotite grains, 

and muscovite pseudomorphs of andalusite that are elongate on S3 within the Puddler Creek 

Formation northwest of Thalanga (Berry et al., 1992). The presence of biotite associated with 

these textures indicates that the temperatures of metamorphism associated with S2 were 

similar to the post-S 3  metamorphic event. It is possible that the earlier metamorphic event 

is associated with regional metamorphism. The post-53 metamorphism could have occurred 

during contact metamorphism associated with the intrusion of post-kinematic granitoids in 

the Silurian or Early Devonian (Berry et a/., 1992). However, except for abundance of chlorite 

spots, the textures and mineralogy of the peak metamorphic minerals is consistent from West 

to East Thalanga, and shows no variation with proximity to the granitoid (known from 

aeromagnetic interpretations to have truncated the easternmost part of East Thalanga; 

Gregory et al., 1990). 
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3.11 Composition of Biotite, Chlorite, Muscovite and Garnet 

3.11.1 Composition of Biotite 

There is a systematic variation in the Fe and Mg content of biotite with respect to 
stratigraphy at Thalanga (Fig. 3.27a). Mg-rich, Fe-poor biotite (phlogopite) is present 

within the ore horizon and hydrothermally altered footwall rhyolitic volcanics, whereas 

Mg-poor, Fe-rich biotite is present in weakly hydrothermally altered volcanic units 

overlying the massive sulphides, and in weakly altered rhyolite in the footwall (Fig. 3.27a). 

A similar relationship between biotite composition and proximity to the orebody is reported 

from other greenschist fades metamorphosed massive sulphide deposits (e.g. Garpenberg, 

Vivallo, 1985). Biotite in the hangingwall rocks contains more Fe than biotite in the most 

distal WOO m from the ore horizon) and least hydrothermally altered rhyolite in the 

footwall (Fig. 3.27a). There is a range in the Fe content of biotite within the massive 

sulphides at Thalanga from -0.5 to <2.5 Fe in unit formula (Fig. 3.27a). 

In general, biotite in the hangingwall units (dacite and HWF) contains more Ti and less F 

than biotite from the footwall rhyolitic volcanics at Thalanga (Fig. 3.27b,c), and the 
positive correlation between Mg/ (Mg+Fe) and the F content of biotite at Thalanga is 

consistent with the Fe-F avoidance rule recognised by Valley et al. (1982) and Munoz (1984). 

Biotite and phlogopite within the massive sulphide lenses have elevated F contents 

(generally 1-2 weight % F; Appendix B). 

The relationship between biotite composition and stratigraphy is inferred to reflect pre-

metamorphic, hydrothermally altered bulk rock compositions, and particularly the Mg-rich 

hydrothermal alteration assemblages in the footwall rocks. In many cases, the F content of 

biotite is inferred to have been inherited from the pre-metamorphic assemblage (Guidotti, 

1984), which would suggest that the hydrothermally altered rhyolitic volcanics were 

elevated in F. 

3.11.2 Composition of Chlorite 

The composition of chlorite at Thalanga shows a similar variation across the stratigraphy as 

biotite. Chlorite (clinochlore) in the footwall is more Mg-rich than chlorite (chamosite) in 

the hangingwall units (Fig. 3.28). This variation in the Mg:Fe ratio of chlorite is similar to 

trends reported by Schmidt (1988), who attributed it to Mg-enrichment associated with 

hydrothermal alteration of the footwall to massive sulphides, and purely metamorphic 

chlorite in the hangingwall. Chlorite intergrown with the remobilised and non-remobilised 

massive sulphides has a wide range in composition (Fig. 3.28). In contrast, the Fe content of 

chlorite at Rosebery is reported to be related to the Fe content of the co-existing sulphides 
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Figure 3.27 Variation in cation proportions of (a) Fe with Mg, (b) Ti with Mg/ (Mg+Fe), 
and (c) F with Mg/(Mg+Fe) of biotite at Thalanga. 
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Figure 3.28 Variation in the content of Fe with Mg (cation proportions) of chlorite at Thalanga. 
Abbreviations: act = actinolite, biot = biotite, carb = carbonate, chi = chlorite, trem = tremolite. 
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1981). At Rosebery, Fe-rich chlorite is present in the pyrite-rich lenses and Fe-poor chlorite is 

intergrown with sphalerite-galena and barite-rich sulphide lenses (Green et al., 1981). This 

type of association is not present at Thalanga. 

3.11.3 Composition of Muscovite 

Most of the muscovite disseminated through the footwall at Thalanga is too fine grained to 

be analysed by microprobe, and therefore only the coarse grained muscovite in pressure 

shadows around quartz crystals has been analysed (results in Appendix B). Muscovite from 

within the footwall rhyolitic vokanics can be distinguished from muscovite intergrown with 

massive sulphides by the higher K and Fe content of the former (Fig. 3.29a). Muscovite from 

less altered parts of the footwall (areas not overlain by massive sulphide lenses) contains 

slightly greater Fe, but less Al than muscovite from quartz-muscovite ± pyrite-rich rhyolitic 

volcanics (Fig. 3.29b). Muscovite within the footwall has variable Ti content, compared to 

muscovite within the massive sulphide lenses, which does not contain Ti, and muscovite from 

the HWF, which has a slightly greater Ti content (Fig. 3.29b). Some of the muscovite from 

the footwall rhyolitic volcanics contains significant amount if F, but generally, there is no 

consistent variation in the content of F with the Mg or Fe content of muscovite (Fig. 3.29c). 

Because Ti is immobile during hydrothermal alteration (Winchester and Floyd, 1977; Barrett 

and MacLean, 1991), pre-metamorphic sericite gangue within the massive sulphide lenses 

possibly formed during hydrothermal exhalation from Ti-poor hydrothermal solutions, 

whereas sericite in the rhyolitic volcanics probably formed by hydrothermal alteration and 

therefore retained Ti. The F content of some muscovite at Thalanga is greater than most 

metamorphic muscovite (<0.25 weight % F; Guidotti, 1984), and may be the result of addition 

of magmatic solutions either during hydrothermal alteration or metamorphism. The presence 

of vesuvianite in biotite-rich parts of the HWF is consistent with an elevated F content of the 

pre-metamorphic assemblage. 

3.11.4 Composition of Garnet 

The high Mn content of the garnets (Appendix B) is probably due to original Mn-rich bulk 

composition, with Mn probably sourced from chlorite. The garnets in the footwall at 

Thalanga are compositionally zoned, with Mn-rich cores and rims containing less Mn and 

more Mg and Fe than their cores (Fig. 3.30a-c). There is no uniform variation in the abundance 

of CaO and Al203  in the garnet porphyroblasts. Mn is known to be taken up first into the cores 

of garnets (Winkler, 1979, Yardley, 1989), therefore the compositional zonation of the garnets 

is interpreted to have resulted from the scavenging of Mn from the precursor rocks during the 

early stages of garnet growth. 
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Figure 3.30 Variation in the (a) MnO, (b) MgO and (c) FeO content, from rim to rim, of a 
garnet porphyroblast located in the footwall rhyolitic volcanics at Thalanga. Sample 
11-1287-196, ring 1. 
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Garnets from the biotitic HWF at 'Thalanga contain less Mn than those in the footwall, and 

this is interpreted to be due to original bulk rock composition (i.e. Mn enrichment due to 

hydrothermal alteration in the footwall). The cores of garnet porphyroblasts in the HWF 

contain greater Mn and lower Mg and Fe than the rim (Fig. 3.31a-c). This distribution of Mn, 

Mg and Fe is also interpreted to have resulted from the preferential concentration of Mn into 

the early-formed garnets, with later Mn-poor garnet formed due to the depletion of Mn in the 

bulk rock However, even the Mn-poor garnets at Thalanga contain >17 weight % MnO 

(Appendix B). 

3.12 Conditions of Peak Metamorphism 

3.12.1 Temperature and Pressure Indicator Minerals 

The presence of rare biotite kinked S2 and post-S3  biotite porphyroblasts indicates 

temperatures of >400° C for both pre-S2  and post-S3  metamorphism at Thalanga (Yardley, 

1989). The presence of garnets in some parts of Thalanga does not indicate that metamorphism 

reached garnet-zone conditions, as such Mn-rich garnets can form at lower temperatures and 

pressures (Yardley, 1989). If the chlorite spots in the H'WF were formed after cordierite, then 

this provides further constraints on the temperature and pressure of metamorphism. 

Formation of cordierite typically requires low pressures (<3 kbars, although see Yardley, 

1989) and temperatures of >400° C (Ehlers and Blatt, 1982; Yardley, 1989). The above 

estimates are consistent with previous interpretations of about 450°C and 24 kbars pressure 

for regional metamorphism (Laing, 1984; Wills, 1985; Berry et al., 1992). 

3.12.2 Biotite-Garnet Geothermometry 

Biotite-garnet assemblages are useful geothemiometers because the exchange of Fe and Mg 

between biotite and garnet, according to the reaction annite + almartdine = phlogopite + 

pyrope, is dependant on temperature (Ferry and Spear, 1978; Perchuk and Laverant'eva, 1983; 

Ehlers et al., 1994). Goldman and Albee (1977) showed that increasing Ca and Mn in garnet, 

and Ti and Al"' in biotite, results in lower temperature estimates. However, Ferry and Spear 

(1978) argued that the garnet-biotite geothermometer can be used without correction for non 

Mg-Fe components where (Ca+Mn) / (Ca+Mn+Fe+Mg) <0.2 for garnet and (Al" +Ti) / 

(Alvi+Ti+Fe+Mg) <0.15 for biotite. Garnets at Thalanga are spessartine-rich (Appendix B) 

with (Ca+Mn) / (Ca+Mn+Fe+Mg) = 0.84, and associated biotite has (Alvi +Ti) / 

(Alvi+Ti+Fe+Mg) = 0.3, indicating that the geothermometer may not produce valid 

temperature estimates. The Fe/Fe+Mg ratio of the spessartine-rich garnets at Thalanga is 

about 0.7, which is less than the compositional range recommended by Ferry and Spear (1978). 
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The garnet-biotite geothermometer has been reformulated by Bhattacharya et al. (1992) and 

Kleemann and Reinhardt (1994) using recent thermodynamic data and activity-composition 

relationships in Fe-Mg-Ca garnet solid solutions (Ganguly and Saxena, 1984; Hacider and 

Wood, 1989; Berman, 1990). The temperature and pressure of peak metamorphism at 

Thalanga was calculated for a garnet-phlogopite-muscovite-chlorite assemblage (TH287- 

196; Appendix B) using the THERMOCALC program (version 2.4) of Powell and Holland 

(1990), and using the garnet activity data model of Berman (1990). Using this technique, and 

assuming H20 saturation, the peak metamorphic conditions at Thalanga are estimated to 

have been 485 ± 23°C and 2.5 ± 1.5 lcbars (see Appendix B and C for mineral compositions, 

equations and activity data). This estimate is reasonable given the peak-metamorphic 

assemblages at Thalanga. 

3.13 Summary of Deformation and Metamorphism at Thalanga 

1.There is little evidence of syn-depositional faulting at Thalanga. Folded zones of 

actinolite-chlorite-epidote-carbonate ± diopside at the contact of quartz-muscovite-pyrite-

rich rhyolitic vokanics, and weakly chloritic rhyolitic vokanics in the footwall of the 

Vomacka Zone are inferred to be the metamorphosed equivalents of hydrothermal alteration 

along a growth fault. Ascending hydrothermal solutions may have utilised this pathway, 

producing carbonate-chlorite assemblages along the fault, and quartz-sericite-pyrite 

alteration in the hangingwall above the fault. 

2. Elsewhere at Thalanga quartz-muscovite-pyrite-rich assemblages are confined to semi-

conformable zones within the footwall, suggesting that original porosity and permeability 

controlled the pattern of alteration, and that hydrothermal fluids moved through porous 

perlitic rhyolite or volcaniclastic units without any focus along faults. Irregular pyrite ± 

chalcopyrite veins within the footwall are folded, with axial planes subparallel to S2, and 

pyrite disseminations and blebs have been recrystallised parallel to S2. 

3.The best preserved evidence of deformation prior to D2 are subvertical quartz veins, that 

cross-cut So, but are boudinaged and locally tightly folded with axial planes parallel to S2• It 

is unclear whether this veining occurred during D I . 

4. Stratigraphy at Thalanga was steeply tilted during regional N-S compression in the 

Ordovician (D2). Bedding now faces south, and Thalanga is interpreted to lie on the northern 

limb of a NE-SW trending syncline. Pervasive axial planar S2 is clockwise from So  at 

Thalanga. In places, metamorphic biotite is parallel to S2. Banding in the massive sulphide 

lenses is also parallel to S2 in most parts of Thalanga, and is interpreted to have formed 

during metamorphism associated with D2. 
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5. Steeply NE to E-plunging mineral stretching lineations (L 2) indicate a subvertical extension 

direction during D2. This lineation is defined by i) clusters of metamorphic biotite, ii) clusters 

of chlorite and Ti-oxide minerals after biotite, 	elongated volcanic clasts, iv) minerals in 

pressure shadows, and v) elongate sulphide blebs. Shallowly-dipping quartz-filled tension 

gashes are perpendicular to L2 and support the interpretation of subvertical extension during 

D2. 

6.An open fold (A, < 10 km), with subvertical fold axis centred at about Central Thalanga, 

changes the orientation of stratigraphy from WNW-striking in the West Thalanga ore lens 

to ENE-striking in the East Thalanga ore lens. 52 cleavage is folded with the bedding, 

indicating that this kink in stratigraphy post-dates D2• NNE-striking faults, with west side 

down dip-slip movement, post-date the deposit-scale kink and control the separation of West 

Thalartga from Central Thalanga. NNE-striking microdiorite dykes are inferred to have 

intruded along the NNE-striking normal faults. 

7. A weak, bifurcating crenulation cleavage (S3) has locally overprinted S2. Minerals 

interpreted to have been stable during peak metamorphism are decussate and overgrow 53, 

indicating that peak metamorphism at Thalanga post-dates S3. Rare biotite kinked by 53 

indicates that metamorphism was present before S3. Temperatures and pressures estimated 

from a garnet-phlogopite-muscovite-chlorite assemblage indicate that peak metamorphic 

conditions were 485 ± 23°C and 2.5 ± 1.5 lcbars. Peak metamorphism at Thalanga may have 

occurred during the Silurian to Early Devonian as a result of contact metamorphism. 

8. Kinematic indicators on the surfaces of ENE-striking faults have recorded an initial dip-

slip movement, with south side up displacement, then later sinistral movement. The ore 

horizon has been repeated along the ENE-striking faults, resulting local thickened zones of 

massive sulphides. Adjacent to ENE-striking normal faults, sulphide bands are folded and 

become parallel to the fault. The similarity between the orientations of the ENE-striking 

normal faults and the S3 cleavage, suggests that the normal faults may be syn- or post-53 in 

age. 

8. Coarse grained chalcopyrite, sphalerite, and minor galena, have filled boudin necks, 

tension gashes and other sites of extension within the ore horizon, and are interpreted to have 

been remobilised from the massive sulphide lenses during D. Piercement structures at the 

contact between massive sulphide lenses and stratigraphically overlying dacite are filled 

with remobilised chalcopyrite and dark red-brown sphalerite. Chalcopyrite-rich 

Durchbewegung textures within the ore lenses are interpreted to have formed along ENE-

striking normal faults during 1)3. 



CHAPTER 4. 

VOLCANIC FACIES RELATIONSHIPS AND DEPOSITIONAL 
SETTING OF THE HOST VOLCANICS 

4.1 Introduction 

The host rocks at Thalanga are predominantly submarine volcanic units, with minor post-D 2  

intrusions (the timing of which is discussed in Chapter 3). The Thalanga deposit occurs at the 

contact between rhyolitic volcanics of the Mount Windsor Volcanics and the overlying dacitic 

to andesitic volcanic units of the Trooper Creek Formation. Massive sulphide lenses and 

associated alteration are present within a 5 - 50 m thick interval composed of polymict 

breccia units, syn-volcanic sills, and graded sandstone and siltstone units. This section 

describes the composition and textures of the volcanic rocks and aims to interpret the processes 

and timing of formation and to reconstruct the environment of deposition for each volcanic 

fades. The effects of volcanism on the formation, deposition and preservation of the massive 

sulphide lenses is discussed in Chapter 6. 

Primary volcanic textures have been preserved in most parts of the Thalanga massive 

sulphide deposit despite the upper greenschist fades regional metamorphism (Chapter 3). 

However, hydrothermal alteration associated with sulphide mineralisation (Chapters 6 

and 10) was the most texturally destructive process at Thalanga. At Thalanga mine, the host 

rocks have been named and classified on the basis of their inferred pre-deformation and pre-

metamorphic textures, and this convention has been adopted here. 

In this section, the volcanic rocks at Thalanga are divided into four main units using 

terminology consistent with that used by the Thalanga mine geologists (Table 2.5, Chapter 

2): (i) rhyolitic volcanics of the Mount Windsor Volcanics in the footwall, (ii) quartz-

feldspar porphyry sills, the quartz 'eye' volcaniclastic unit and quartz-crystal-rich sandstone 

within the ore horizon, (iii) the upper rhyolite breccia within the ore horizon in East 

Thalanga, and (iv) volcanic units that overlie the mineralised horizon, consisting of the 

hangingwall fragmental (graded siltstone and sandstone), the dacite and associated breccia 

facies, and andesite. The volcanic units within and overlying the ore horizon are classified as 

the Trooper Creek Formation (section 4.3.1), although the upper rhyolite breccia within the 

ore horizon (unit section 4.4) is considered by Herrmann (1994) to be part of the Mount 

Windsor Volcanics. The components and textures of these units are described in the following 

sections. The character of the Rollston Range Formation near Thalanga is also described in 

this chapter, together with the petrology of the post-tectonic dykes. 
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4.2 Rhyolitic Volcanics (unit i; Mount Windsor Volcanics) 

At Thalanga, the footwall rhyolitic volcanics have been strongly quartz-sericite-pyrite ± 

chlorite altered, and subsequently metamorphosed to quartz-muscovite-pyrite ± phlogopite ± 

chlorite-rich assemblages (Chapter 10). This intense hydrothermal alteration and 

metamorphism has overprinted and destroyed most primary volcanic textures; typically, 

only quartz crystals have been preserved. Pseudoclastic textures are a common product of 

hydrothermal alteration of glassy lavas and intrusions (Allen, 1988) and in most cases 

pyroclastic textures described by early workers at Thalanga (e.g. Wills, 1985) were 

subsequently shown by Stolz (1989, 1991) and Berry et al. (1992) to have resulted from 

alteration. Stolz (1989) concluded that the units underlying the ore lenses at Thalanga are 

composed mainly of coherent rhyolite, as is much of the Mount Windsor Volcanics elsewhere 

in the Mount Windsor subprovince. This investigation shows that primary volcanic textures 

have been preserved in the less altered margins of the deposit, allowing some understanding 

of the variations in the volcanic facies within the footwall. 

Pervasively silicified rocks have a massive, uniform appearance, whereas hydrothermal 

alteration has imparted an apparent clastic texture to the footwall rocks. In intensely altered 

parts of the footwall, textural domains comprising abundant, irregularly distributed, poorly 

sorted quartz crystals and crystal fragments are interpreted to have been originally 

volcaniclastic, whereas domains of evenly distributed, evenly-sized, euhedral to subhedral 

quartz crystals are interpreted to have been uniformly porphyritic rhyolite. Using this 

criterion, both coherent rhyolite facies (formed cooling and solidification of molten lava or 

magma; McPhie et al., 1993), and rhyolitic volcaniclastic facies are present within the 

footwall rhyolitic volcanics at Thalanga. The dimensions and distribution of coherent versus 

volcaniclastic rhyolite fades at Thalanga are poorly constrained because the overprinting 

hydrothermal alteration has masked most primary volcanic textures. Furthermore, brittle 

faults typically occur at contacts between silicified coherent rhyolite and adjacent quartz-

muscovite ± chlorite ± phlogopite ± pyrite-rich rhyolite. 

4.2.1 Coherent Rhyolite Facies 

Distribution of Coherent Rhyolite Facies 

Coherent, flow-banded, perlitic quartz-feldspar-phyric rhyolite has been faulted into a 

hangingwall position in the eastern parts of Central Thalanga (Fig. 4.1). Locally, this 

rhyolite has gradational contacts with poorly sorted, clast-supported breccia of the same 

composition (Fig. 4.2a). Down-dip of the ore horizon in Central Thalanga, a similar quartz-

feldspar phyric rhyolite has been faulted into a hangingwall position. This rhyolite is 50-60 

m thick and extends for at least 60 m along strike and 150 m down-dip. Poorly sorted rhyolite 
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Figure 4.1 Simplified geology of the Central Thalanga open pit. Fact map is map M2. 



Figure 4.2 Textural and facies variations in the rhyofites of the Mount Windsor Vokanics 

near and at Thalanga. 

(a) Poorly sorted monomict rhyolite breccia. Clasts are flow-banded and perlitic, and grade 

from rotated clasts to jigsaw fit textures to coherent rhyolite. The breccia is interpreted to 

be in situ rhyofite hyaloclastite. Hammer is about 30 cm in length. Facing into page. 

Central Thalanga, 20250 mN, 20 780 mE, 955 mRL. 

(b) Photomicrograph of partly embayed quartz phenocryst in intensely silicified rhyolite. 

Crossed nicols. Sample TH 265-216, East Thalartga. 

(c) Hand specimens of intensely silicified quartz-phyric rhyolite dasts supported in a 

muscovite- and phlogopite-rich siltstone. Sample TH359-134 and TH359-135, East 

Thalanga. 

(d) Folds in flow-banded quartz-phyric rhyolite. Located at intersection of Flinders 

Highway and the Thalanga Range [mine grid: 21 300 mN, 15 400 mE]. Facing towards left. 

(e) Hand specimen of coherent silicified feldspar-quartz-phyric rhyolite from outside the 

intense hydrothermal alteration zone in the footwall at Thalanga. Abundant phlogopite 

is disseminated in the groundrnass. Sample W2031ND46-132.4, West Thalanga. 

(f) Photomicrograph of spherical structures in the groundrnass of some muscovite-rich quartz-

phyric rhyolites that have radial internal texture and are interpreted to be spherulites. 

Groundrnass is composed of intergrown quartz, muscovite, phlogopite, Ti-oxides and 

apatite. Sample TH5-337.6, Central Thalanga. 

(g) Same as (f) under crossed nicols. Spherulite is rimmed by recrystallised quartz. 
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breccia of the same composition occurs up-dip of the rhyolite and poorly sorted poly mict 

breccia with both dacite and rhyolite clasts stratigraphically overlies the rhyolite. The 

relationship between the quartz-feldspar-phyric rhyolite and the overlying polymict 

breccia is unclear as it has only been intersected in one drill hole (diamond drill hole TH14). 

The intensely silicified interval at the stratigraphic top of the rhyolitic volcanics in East 

Thalanga (Fig. 4.3a) contains sparse, evenly distributed euhedral and partly embayed quartz 

phenocrysts (Fig. 4.2b) and irregular albite grains that may be remnants of plagioclase 

phenocrysts or crystals. This rhyolitic domain is lozenge-shaped, extends about 200 m along 

strike and up-dip, is <30 m thick (Fig. 4.3a), and was considered to be coherent in previous 

interpretations (Hill, 1993). Angular, intensely silicified rhyolite clasts, supported in a 

sandy siltstone matrix occur up-dip from the silicified rhyolitic domain (Fig. 4.2c). Down-dip 

the silicified rhyolitic interval has a gradational contact with quartz-muscovite-pyrite-rich 

rhyolitic volcanics. 

Less strongly silicified, coherent quartz-feldspar-phyric rhyolite is commonly present at a 

depth of at least 200 m stratigraphically below the massive sulphide lenses at Thalanga 

(e.g. Fig. 4.3a), but its dimensions are unknown because of the lack of drill holes into the 

footwall to the north of the massive sulphide deposit. Siliceous, flow-banded, 

quartz>feldspar-phyric rhyolite (Fig. 4.2d) makes up most of the topographic highs that 

define the Thalartga Range northwest of the Thalanga deposit. 

Textures of the Coherent Rhyolite Facies 

The best preserved coherent rhyolites (in hand specimen) at Thalanga are commonly 

moderately silicified quartz-phyric or quartz-feldspar-phyric (Fig. 4.2e). However, many 

strongly quartz-muscovite ± phlogopite ± chlorite ± pyrite-rich parts of the footwall with 

apparent clastic textures in fact have evenly distributed, hexagonal to bipyramidal quartz 

crystals, suggesting that they may also be coherent. Rare spherulites, composed of fine, 

radial quartz fibres and rims of recrystallised quartz, indicate that the groundrnass was 

formerly glassy (Fig. 4.2f,g). Disseminated groundmass phlogopite is interpreted to be 

metamorphic in origin, and commonly defines a mineral extension lineation parallel to S 2  

(Chapter 3). 

Relic perlite is present in some of the least altered flow-banded, quartz-feldspar-phyric 

rtlyolites at Thalanga, indicating that the rhyolite in this location was glassy and had been 

devitrified prior to hydrothermal alteration (Fig. 4.4a,b). Fine-grained muscovite and quartz 

commonly occupy the perlite kernels and the arcuate fractures have been overprinted by 

quartz, phlogopite or muscovite. 
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The phenocryst content of coherent quartz-feldspar-phyric rhyolite at Thalanga is usually 2- 

5%, whereas the quartz-phyric rhyolites contain 2% phenocrysts. Quartz phenocrysts are 

either blue or colourless in hand specimen (Fig. 4.2e), typically 1-2 mm in size and in thin 

section, are subhedral to bipyramidal in habit, but are slightly round with embayed margins 

(Fig. 4.4c). Many quartz phenocrysts have urtdulose extinction or are composed of sub-grains, 

and have been enveloped by recrystallised quartz (Fig. 4.4c). 

Where present in coherent rhyolites, the proportion of feldspar phenocrysts is generally 

equal to or greater than that of quartz phenocrysts. Feldspar phenocrysts are white in hand 

specimen and usually occur as glomerocrysts up to 3 mm in size (Fig. 4.4e). The feldspars are 

now about 98 % albite (microprobe analyses in Appendix B). Albitised feldspars in strongly 

silicified coherent rhyolite are also commonly partly replaced by quartz and with increasing 

alteration, the feldspars are replaced by muscovite, quartz and calcite (Chapter 10). 

Coarsely porphyritic rhyolite is present in some areas of the footwall. Although the quartz 

phenocrysts are larger, up to 4 mm in size, these coherent rhyolites have similar textures to 

the quartz-feldspar-phyric rhyolites described above. 

4.2.2 Rhyolitic Vokaniclastic Fades 

Distribution of Rhyolitic Volcaniciastic Facies 

Vokaniclastic units are present at the stratigraphic base and near the top of the Mount 

Windsor Vokanics along the Thalartga Range and in this area, the abundance of rhyolitic 

breccia units increases towards the top of the Mount Windsor Volcanics (Fig. 4.5). At 

Thalanga, poorly sorted rhyolific breccia and quartz sandstone are common near the 

stratigraphic top of the rhyolitic volcanics (Fig. 4.6a-c). However, single quartz-phyric 

rhyolite clasts that are isolated in a matrix of fine grained quartz-muscovite ± phlogopite ± 

chlorite ± pyrite (Fig. 4.4d) are widely dispersed through the footwall rhyolitic volcanics. 

Drill hole sections suggest that thin (<20 m) intervals of coherent facies separate 

volcaniclastic units which are 1-20 m in thickness. 

Strongly silicified, well sorted feldspar- and quartz-bearing rhyolitic sandstone units have 

been faulted into a hangingwall position at the down-dip and eastern end of West Thalanga 

(Fig. 4.3b). Weakly altered rhyolitic sandstone units with fiamme-like textures are 

associated with the silicified sandstone. 

Textures of the Rhyolitic Volcaniclastic Facies 

Volcaniclastic Units in the Thalanga Range:  A matrix-supported rhyolite breccia, 5-40 m 

thick, occurs at the stratigraphic top of the Mount Windsor Volcanics in places along the 
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Figure 4.3 Cross sections of the Thalanga deposit from West and East Thalanga. (a) Cross section of East Thalanga along the 32 040 mE section. (b) Cross section of West Thalanga along 
the 20 290 mE section. Top of diagram is approximately equal to ground surface. 



Figure 4.4 Textures of coherent and volcaniclastic rhyolite fades within the Mount Windsor 

Volcanics near and at Thalanga. 

(a) Photomicrograph of altered and metamorphosed perlite fractures in feldspar-quartz-

phyric rhyolite. Sample 955-4, Central Thalanga, 20250 mN, 20 780 mE, 955 mRL. 

(b) Same as (a) under crossed nicols. 

(c) Photomicrograph of partly embayed quartz phenocryst enveloped by recrystallised 

quartz. Fine grained quartz and muscovite are common in the groundmass. Crossed nicols. 

Sample TH71-64.9, eastern end of Central Thalanga. 

(d) Irregular, rounded quartz-phyric rhyolite dast in matrix of muscovite-quartz-phlogopite. 

Sample W2009ND10-61.2, West Thalanga. 

(e) Rhyolite breccia: angular to subrounded clasts of quartz-feldspar-phyric rhyolite. Clasts 

are supported in matrix containing quartz and feldspar crystals. Located on southwest side 

of Thalanga Range, mine grid: 20 065 mN, 15 400 mE. Facing towards bottom. 

(f) Quartz and feldspar sandstone. The dark coloured clasts are composed of siltstone to sandy 

siltstone with rare feldspar crystal fragments. Located near the base of the Mount 

Windsor Vokanics, on the northeast side of the Thalanga Range. Mine grid: 21 700 mN, 14 
6 11' 000 mE. 

(g) Top: quartz-phlogopite-chlorite-rich rhyolite breccia, with trace pyrite. Flow-banded 

rhyolite clasts are blocky to irregular in shape. Sample E3208SD05-12.8, East Thalanga. 

Bottom: polychromatic rhyolite breccia, composed of blocky to cuspate chlorite-

phlogopite-rich clasts (formerly glassy rhyolite?) and irregular to rounded siliceous 

rhyolite clasts. Sample TH278-94, East Thalanga. Facing towards left. 

(h) Photomicrograph of wispy quartz-phyric phlogopite domains that may be altered 

pumice or dense glass. Quartz crystals are subhedral and slightly more abundant in the 

phlogopite domains than the matrix. Irregular clasts of siliceous quartz-feldspar-phyric 

rhyolite also present in this sample. Sample TH33-277, West Thalanga. 
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few sandy beds 

Multiple beds of graded feldspar crystal-
rich siltstone and sandstone, 
maximum size = 3 mm quartz 
Weakly graded, well sorted quartz (blue) 
and feldspar sandstone, 
maximum size = 5 mm quartz 
Polymict-volcanic breccia: dacite and 
QFP clasts, rare rhyolite clasts, 
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Feldspar-phyric dacite (dacite 2) 

- Quartz-magnetite lenses, siltstone along 
strike 

Quartz-feldspar porphyry overlain by QEV, 
(QFP clasts in QEV = 10 cm to 7 m) 

Poorly sorted rhyolite breccia: angular 
clasts of quartz-phyric rhyolite in 
quartz>muscovite matrix, clasts = 1-10 cm 

Quartz-phyric rhyolite, minor discontinuous 
autobreccia near stratigraphic top 

Quartz- and feldspar-phyric rhyolite 

1/16 2 64 mm 

Figure 4.5 Simplified graphic log through the Thalanga Range near Flinders 
Highway (mine grid, 15 600 mE). Tick marks along the vertical axis are 100 m apart. 
QFP = quartz-feldspar porphyry, QEV = quartz eye volcaniclastic unit 
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(c) East Thalanga (b) Central Thalanga 

stratigraphy:  
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Massive sulphides 
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stratigraphy:  

8-10% feldspar-phyric dacite 
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qz-musc-py ± chi ± phlog-rich + 
chlorite schist lenses 

qz-musc-rich 

musc-chl-phlog-qz-rich 

variably qz-chl-phlog-rich: 
pseudoclastic texture in places 

Semi-massive sulphides (hatch) 
and sulphide veins (black) 
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Rhyolitic Volcanics: 
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stratigraphy: 

Sparsely feldspar-phyric dacite 

HWF: with rhyolite & dacite breccia 
Microdiorite 
QEV: qz-fspr crystal-rich 
Quartz-magnetite 

QEV: crystal supported at top, 
clast-supported at base 

OFF: with peperitic lower margin, 
and gradational contact with QEV 

Graded siltstone with crystal-rich bases 

Rhyolitic Volcanics: 
•siliceous qz-phyric rhyolite 

•clast-supported rhyolite breccia, 
angular qz-phyric rhyolite clasts 

•coherent qz-phyric rhyolite 

•qz sst? 

•poorly sorted rhyolite breccia 

•qz-phyric rhyolite 

1/162 64 256 mm 

Figure 4.6 Typical stratigraphic columns of West, Central and East Thalanga. (a) Simplified graphic log of West Thalanga based on 20 110 mE 
section and drill holes TH247 and W2011ND10 and W2011ND39, (b) Simplified graphic log of Central Thalanga based on 20 430 mE section 
and drill holes TH230 and 2043N130, (c) Simplified graphic log of East Thalanga based on 32 120 /TIE section and drill hole 3212SD18. Marks 
along vertical axis are 10 m apart, and for all logs, approximate true thickness is shown. Abbreviations: ba = barite, biot = biotite, carb = 
carbonate, chl = chlorite, cp = chalcopyrite, ep = epidote, fspr = feldspar, gam = garnet, HWF = hangingwall fragmental, musc = muscovite, 
phlog = phlogopite, py = pyrite, QEV = quartz eye volcaniclastic unit, QFP = quartz-feldspar porphyry, qz = quartz, sst = sandstone, trem = 
tremolite. 
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Thalanga Range. The breccia comprises rounded to angular quartz-feldspar-phyric rhyolite 

clasts supported by a matrix of fine-sand sized quartz crystals (Fig. 4.4e). The clasts are 

generally <50 cm, with an average size of <10 cm. Clast size increases along strike to the 

northwest, and reaches a maximum size of m between 12 000 mE and 12 400 mE (mine grid). 

A quartz and feldspar sandstone, about 30 m thick and 50 m in strike length, containing <5-10 

% quartz-feldspar-phyric rhyolite and grey siltstone clasts is present close to the 

stratigraphic base of the Mount Windsor Volcanics on the northern side of the Flinders 

Highway (Hill, 1992). The breccia is composed of about 40 % crystals (1-5 mm in size) 

supported by a fine grained siliceous matrix and there is a higher proportion of feldspar 

crystals than quartz crystals (Fig. 4.40. The siltstone clasts are typically flattened parallel 

to cleavage, some with feathery margins, and are poorly sorted (1 -20 cm in size). Angular to 

sub-rounded quartz-feldspar-phyric rhyolite clasts are similar in size and also flattened 

parallel to cleavage. 

Volcaniclastic Units at Thalartga: Monomict rhyolitic breccia units composed of clasts of 

flow-banded rhyolite or quartz-phyric rhyolite clasts (± flow-banding) are poorly sorted and 

non-graded (Fig. 4.4g top; Table 4.1). Units are generally <2 m in thickness, vary from matrix-

to clast-supported, and contain angular quartz-phyric rhyolite dasts (540 cm), quartz crystals 

(maximum size about 4 mm) and rare feldspar crystals (Table 4.1). Polychronurtatic breccia 

units are also present within the footwall rhyolitic vokanics at Thalanga (Fig. 4.4g bottom; 

Table 4.1). 

Table 4.1 Breccias within the footwall rhyolitic volcanics at Thalanga. 

Components 

• Siliceous, flow-banded, 
qua rtz-phyric rhyolite clasts, 
maximum - 40 cm, blocky 
shapes, angular to rounded 
(Fig. 4.4g; upper sample) 

• Quartz-phyric rhyolite 
clasts, irregular, ragged or 
cuspate shapes (Fig. 4.4g 
lower sample) 
• Massive, fine grained 
phlogopite clasts, blocky or 
cuspate shapes (formerly 
glassy?) (Fig. 4.4g lower 
sample) 

• Fine grained muscovite- or 
phlogopite-rich clasts, with 
quartz phenocrysts, wispy 
irregular shapes with 
feathered ends, maximum >6 
cm size (Fig. 4.7c,d) 
• Rare, siliceous quartz-
feldspar-phyric rhyolite, 
maximum - 2 cm size (Fig. 
4.7c,d) 

Matrix 

• Fine-grained quartz-
muscovite ± pynte-chlorite 
• Quartz crystals, blue to 
colourless, <2 mm size 

• Fine-grained quartz-
muscovite-chlorite 
• Colourless quartz crystals, 
in situ fractured to intact 

• Fine-grained quartz-
muscovite, trace pyrite 
• Quartz crystals, blue to 
colourless, -1 mm size, 
broken, jigsaw-fit-texture 
• Feldspar crystals, - 1 mm 
size, broken, jigsaw-fit-
texture 

Lithofacies 

Matrix- to clast-
supported, 
poorly sorted, 
massive 

Matrix- to clast-
supported, 
poorly sorted, 
massive 

Matrix supported, 
moderately to 
poorly sorted, 
massive 

Preferred 
Interpretation  
Autobreccia or 
resediinented 
hyaloclastite 

Resedimented 
hyaloclastite, 
formed by 
gravitational 
collapse of quench-
fragmented rhyolite 
dome, resulting in 
both glassy and 
crystalline clasts 

Pumice-bean% 
rhyolite breccia 
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Locally, lenticular muscovite- or phlogopite-rich patches (S5 cm in size) with feathered ends 

that are enclosed by domains of fine grained quartz with minor phlogopite-muscovite and 

resemble fiamme (cf. McPhie et W., 1993) are present in many parts of the footwall rhyolitic 

volcanics. In some cases, quartz crystals are larger and weakly concentrated within the 

phyllosilicate-rich domains (Fig. 4.4h). The quartz crystals within the phlogopite-

muscovite domains are also subhedral, whereas anhedral crystals occur in the matrix. This 

uneven distribution of quartz crystals, together with the feathered ends of the clasts is 

interpreted to indicate that the fiamme in Figure 4.4(h) are altered porphyritic glass or 

pumice clasts. Uncollapsed pumice clasts, now composed of recrystallised quartz, with tube 

walls defined by muscovite (Fig. 4.7a,b), are rarely preserved within strongly altered parts of 

the footwall. Non-vesicular quartz-phyric rhyolite clasts are locally present within these 

pumice-bearing breccia units (Fig. 4.7c, d; Table 4.1). 

The clastic texture of the strongly silicified feldspar and quartz sandstone unit (faulted into 

hartgingwall at the eastern end of West Thalanga; Fig. 4.3b) is only recognisable in thin 

section, where subrounded quartz and feldspar crystals are supported in a matrix of irregular 

quartz grains (Fig. 4.7e,f). Rare small (5 mm), rounded clasts of myrmelcitically intergrown 

quartz and albite, interpreted to be granitoid fragments, are present within this sandstone 

(Fig. 4.7g). 

4.2.3 Contact Between the Rhyolitic Volcanics and the Overlying Ore Lenses 

The contact between the footwall rhyolitic vokanics and the overlying ore horizon is 

generally sharp and irregular, or planar and sheared. In places, sulphide veins have 

overprinted the rhyolitic volcanics and gradually amalgamated to form massive sulphide 

lenses (Chapter 6). Inclusions of rhyolite within massive sulphide lenses directly overlying 

the footwall are interpreted to be relicts of rhyolite between coalesced sulphide veins, rather 

than genuine clasts deposited during sulphide accumulation. Where the footwall rhyolitic 

volcartics are directly overlain by chlorite schist or carbonate-chlorite-tremolite assemblages 

(Chapter 11), the contact is sharp and planar, or else rarely gradational. 

4.2.4 Deposition of the Rhyolitic Volcanics 

Emplacement of Coherent Rhyolite 

Most parts of the rhyolitic volcanics at Thalanga are composed of evenly distributed quartz 

phenocrysts within a matrix of fine grained quartz, muscovite and minor phlogopite, chlorite 

and locally pyrite. These domains are interpreted to be strongly altered rhyolite lavas or 

intrusions. However, the dimensions and contact relationships of these units are unclear 

because of the intense hydrothermal alteration. In the less altered eastern parts of Central 
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Thalanga, the gradation from monomict rhyolite breccia with rotated clasts, to jigsaw-fit 

texture, to coherent rhyolite is consistent with subaqueous emplacement of the rhyolite as a 

lava or dome composed of a coherent core surrounded by in situ hyaloclastite. 

It is not clear whether the coherent rhyolite located about 200 m stratigraphically below the 

top of the footwall rhyolitic volcanics (section 4.2.1) is less altered because it was located at 

the margin of the main zone of hydrothermal alteration, or whether it was emplaced after 

the hydrothermal activity was initiated. The second interpretation would imply that this 

coherent rhyolite was an intrusion. 

The angular, strongly silicified rhyolite clasts that occur up-dip of the intensely silicified 

rhyolite interval in East Thalanga were previously interpreted to have spalled from a 

submarine dome by quench fragmentation (Hill, 1993). Yet there is no evidence of a 

hyaloclastite apron around the silicified rhyolitic domain and the angular siliceous rhyolite 

clasts are identical to rhyolite clasts in other volcaniclastic units within the ore horizon and 

could have been sourced from elsewhere. Furthermore, the low aspect ratio of this silicified 

rhyolitic domain is unusual for a felsic extrusion. Felsic lavas are typically highly viscous 

and therefore more likely to form domes with high aspect ratios (e.g. the Pual Ridge in the 

Manus Basin; Binns and Scott, 1993). The preferred interpretation is that intense silicification 

(Chapter 10) has resulted in an apparently coherent rhyolite and that the primary volcanic 

textures were completely destroyed during this alteration. 

Deposition of Rhyolitic Volcaniclastic Facies 

The presence of numerous quartz-phyric rhyolite clasts suggests that many part of the 

footwall underlying the ore lenses at Thalanga were originally volcaniclastic. In less altered 

rhyolitic volcanics, gradational contacts between rhyolite breccia, with jigsaw fit textures, 

and coherent rhyolite is consistent with in situ quench fragmentation, and such quenching may 

have been an important process in the production of volcaniclastic intervals in most parts of 

the footwall. Monomict rhyolitic breccia units composed of clasts of flow-banded rhyolite or 

quartz-phyric rhyolite clasts (± flow-banding) in quartz-muscovite-pyrite-rich assemblages 

are interpreted to be altered proximal resedimented hyaloclastite or autobreccia (Table 4.1). 

This interpretation is similar to that of Gregory et al. (1990) who considered that the 

footwall rhyolitic volcaniclastic units were hyaloclastites formed during the subaqueous 

eruptions of rhyolite lavas. 

Intervals within the rhyolitic volcanics that contain pumice clasts also contain non-vesicular 

quartz-phyric rhyolite clasts, both of which could have formed via flow- or quench-

fragmentation of variably vesicular coherent rhyolite. The poorly sorted, non-graded 

characteristics of the pumice-bearing breccia is consistent with transportation by mass flow, 
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and the pumice could have been transported larges distances from the site of original 

emplacement of a partly vesicular lava. 

The origin of rounded granitoid clasts present within some rhyolitic volcanic sandstone units 

(section 4.2.2) is unknown, although it is clear that such particles were not locally derived. 

Either they were xenoliths erupted during rhyolite emplacement, or they were originally 
eroded from an older continental terrain, then transported by mass flows and redeposited at 

Thalanga. 

Depositional Environment 

At Thalanga, most contacts between coherent and volcaniclastic rhyolite fades have been 

overprinted by hydrothermal alteration and identification of the three-dimensional fades 

geometry is difficult. Facies analyses of ancient submarine volcanic successions demonstrate 

the importance of lavas, syn-volcanic sills and cryptodomes (Allen, 1992; Cos, 1992; McPhie 

and Allen, 1992). It is possible that one or all of these facies may occur in the rhyolitic 

volcanics at Thalanga. The presence of hyaloclastite breccia at the margins of the perlitic 
rhyolite in Central Thalanga suggests that the rhyolite may have broken through the 
seafloor either as a lava, dome or partly emergent cryptodome. Volcaniclastic facies 

elsewhere at Thalanga are probably in situ or resedimented autoclastic or hyaloclastic 
breccia. The dominance of rhyolite lavas/domes and in situ hyaloclastite, together with the 
paucity of other non-rhyolitic units is consistent with proximity to source. It is interpreted 

here that the footwall rhyolitic volcanics at Thalanga were emplaced as a submarine dome 

complex. 

4.3 Coarse Quartz-bearing Rocks (unit ii) 

4.3.1 Introduction 

Coarse quartz crystal-rich rocks are intimately associated with the massive sulphide lenses 

within the ore horizon at Thalanga. The quartz crystals, up to 12 mm in diameter, are 
distinctive grey to deep blue colour in hand specimen and locally named quartz 'eyes'. 

Submicroscopic inclusions of rutile, ilmenite, or tourmaline are interpreted to cause the blue 

colour (due to the Rayleigh scattering of light) in natural quartz crystals (Stalder, 1966; 
Coblieg et al. 1986; Zolensky et al., 1988; see Appendix D). Previous workers interpreted all 

rocks with large blue quartz crystals as massive crystal tuff, crystal lithic tuff, and quartz 

'eye' tuff (Wills, 1985; Gregory et a/., 1990). However, this investigation distinguishes three 

quartz 'eye' facies at Thalanga: coherent quartz-feldspar porphyry (QFP); poorly sorted 

polymict breccia (quartz eye volcaniclastic unit: QEV breccia); and graded quartz and 
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described below as volcaniclastic facies I. Massive to graded siltstone and sandstone 

(volcaniclastic facies II) is also spatially associated with these facies. The similarity in 

components and spatial arrangement suggests that this facies association may have been 

produced during a single eruption. In this section, the quartz 'eye' facies variations are 

described first, and then their contact relationships documented in order to constrain their 

origin. 

Although the QFP is classified as a rhyolite on the basis of it phenocryst and groundmass 

composition, the QFP within the ore horizon consistently has immobile element ratios 

indistinguishable from some of the dacite in the overlying Trooper Creek Formation, but 

different from the immobile element ratios of the underlying rhyolite of the Mount Windsor 

Vokanics (Chapter 5). This geochemical difference supports the classification of the QFP 

and QEV as part of the Trooper Creek Formation. 

43.2 Coherent Facies: Quartz-Feldspar Porphyry 

Distribution 

QFP units are present within the ore horizon in East and Central Thalartga, and form 

prominent ridges along the Thalanga Range at the contact between the Mount Windsor 

Vokanics and the overlying dadte of the Trooper Creek Formation. The largest outcrop of 

QFP occurs between 16 200 mE and 18 600 mE (mine grid) along the Thalanga Range, where it 

is 120-150 m true thickness (map M1). Both the stratigraphic base and top of this QFP are 

sharp and planar. A quartz-phyric rhyolite inclusion (20 m diameter) of Mount Windsor 

Volcanics near the base of the QFP, suggests that this contact may be partly intrusive. QFP 

dykes within the Mount Windsor Vokanics at the eastern end of the Thalanga Range are at a 

low angle to bedding, and are interpreted to be feeder dykes to the QFP (map Ml; Sainty and 

Hill; 1996). 

The QFP at the western end of Central Thalanga is up to 10 m thick and 60 m in strike length 

(Fig. 4.1; map M3). It is surrounded by massive sulphides and truncated by normal faults 

down-dip. QFP units are not present in West Thalanga. At East Thalartga, units of QFP are 10- 

30 m thick and up to 500 m in strike-length (Fig. 4.8a), and have irregular contacts with QEV, 

graded siltstone, and massive sulphide lenses (section 4.3.5). At least two QFP units are 

present within the ore horizon, and in most parts of East Thalanga a weakly dtloritic QFP 

unit stratigraphically overlies the footwall massive sulphide lens in up-dip parts of the ore 

horizon (Fig. 4.3a). A second siliceous QFP, is enveloped by QEV units near the stratigraphic 

top of the ore horizon, and locally repeated by faults (Fig. 4.3a). 
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Figure 4.8 Isopach map showing contours of (a) QFP and (b) QEV thickness (metres) at Thalanga. QEV thickness comprises the total thickness of multiple QEV beds and QEV hosting massive sulphides within the ore horizon. Similarly, the thickness of 
multiple QFP sills are summed to determine the total thickness of QFP. The QFP in Central Thalanga is included in the QEV isopach contours  .  The distribution of QEV west of about 20 000 mE in West Thalanga is based on limited drill hole intersections. 
The western margin of the QEV in East Thalanga is interpreted, from underground mapping, to be defined by a brittle, ENE-trending normal fault. QEV is not present west of the fault. Information for these diagrams comes from drill hole interpretations 
and underground mapping. Information for areas east of about 32 200 mE and deeper than about 700 mRL was interpreted from a diagram by Herrmann (writt. comm., 1995), and dashed lines represent less reliable data. 
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Composition 

Coherent QFP is typically silicified with 50-60 modal %, evenly distributed quartz and 

feldspar phenocrysts (Fig. 4.9a,b; Appendix E). At East Thalanga, the QFP contains about 30- 

40 % feldspar crystals and about 20-30 % quartz phenocrysts (5-8 mm diameter), whereas the 

QFP in Central Thalartga contains 20-25 % feldspar and about 30 % quartz phenocrysts (5-12 

mm diameter), suggesting that there were two separate magmas. In thin section, apparently 

quartz-only porphyries contain subhedral feldspar pseudomorphs composed of intergrowths 

of fine grained muscovite or phlogopite-muscovite-calcite (Fig. 4.9b,c,d). These pseudomorphs 

are typically intensely deformed and transposed along the deavage. 

Quartz phenocrysts are hexagonal to bipyramidal in habit with rounded and embayed 

margins (Fig. 4.9e). Such resorption textures indicate that the quartz phenoaysts were in 

disequilibritun with the host magma after they had crystallised. Most quartz phenocrysts 

have undulose extinction and are typically now composed of subgrains. Some quartz 

phenocrysts have jigsaw-fit fracture patterns (Fig. 4.9f) indicating in situ fragmentation. 

Fractured quartz phenocrysts are elongate along S2 and this is interpreted to indicate that 

brittle fragmentation was related to deformation. 

Plagioclase (An35-40;  Fig. 4.10) phenocrysts are generally subhedral and commonly occur as 

glomerocrysts up to about 4 mm in diameter, whereas K-feldspar phenocrysts are 1-2 mm in 

size and constitute about 5 % of the total phenocryst population. Muscovite, calcite, quartz, 

epidote, and various sulphides have partly or wholly replaced some feldspars (Fig. 4.9c,d; 

particularly in Central Thalanga, Chapter 10). In some QFP samples the feldspar 

phenocrysts are broken with jigsaw-fit textures. 

In most parts of East Thalanga, the QFP has a siliceous, blue-grey grourtdmass that is 

composed of microcrystalline (0.01-0.05 mm), irregularly shaped quartz and feldspar that has 

been partly overprinted by mosaics of equant fine-grained quartz (Fig. 4.9e). In Central 

Thalartga, the grourtdmass contains abundant fine-grained muscovite and uniformly sized 

(0.0-0.08 mm) spherical regions composed of recrystallised quartz (Fig. 4.9c,d). Crude radial 

quartz grains are present within the spheroids, with opposite sub-grains going to extinction 

simultaneously (Fig. 4.8g,h). These textures are interpreted to be altered, recrystallised 

spherulites and therefore indicate that the QFP groundmass in Central Thalartga was 

originally partly glassy. 

Metamorphic, green-brown biotite is disseminated throughout the QFP groundmass, and is 

typically coarse-grained where intergrown with quartz and feldspar phenocrysts. Irregular 

wisps of fine grained biotite (<0.5 cm in length) with diffuse margins are dispersed in most 

QFP units. The disseminated muscovite and minor euhedral pyrite are interpreted to be 



Figure 4.9 Textures of the quartz-feldspar porphyry (QFP) at Thalartga. 

(a) Typical siliceous QFP composed of blue quartz and white feldspar phenocrysts, with fine 

grained biotite and quartz in the groundmass. Sample E3212SI18-45, East Thalanga. 

(b) Groundmass of QFP in Central Thalanga is composed of fine grained muscovite and quartz. 

Quartz phenocrysts vary from colourless to blue and feldspar phenocrysts have been 

replaced by fine grained phlogopite. Sample C2039NI25-34.2. 

(c) Photomicrograph of phlogopite pseudomorphs of feldspar phenocrysts in QFP. Circular 

structures in muscovite-rich groundmass are composed of recrystallised quartz. Sample 

TH4-92, Central Thalanga. 

(d) Same sample as (c) under crossed nicols. 

(e) Photomicrograph part of an embayed quartz phenocryst and grouncimass composed of fine 

grained muscovite and quartz. Quartz phenocryst is now composed of subgrains, with 

undulose extinction in each subgrain. Sample TH205-71, Central Thalanga. 

(f) Photomicrograph of in situ fragmented quartz phenocryst in QFP. Sample C2036N130-33, 

Central Thalanga. 

(g) Photomicrograph of circular domains of quartz in muscovite-rich groundmass of QFP. 

Same sample as in (c): TH4-92, Central Thalanga. 

(h) Same sample as (g) under crossed nicols. The recrystallised quartz within the circles is 

crudely radial and the circular structures may be recrystallised spherulites. 
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hydrothermal in origin, and were recrystallised during metamorphism. Accessory euhedral 

apatite crystals are also present within the groundmass of QFP units. 

4.3.3 Volcaniclastic Facies I: Quartz 'Eye' Volcaniclastic Unit 

Distribution 

QEV units are present in most parts of East Thalanga and typically overlie both the footwall 

and the hangingwall ore lenses (Fig. 4.3a). In East Thalanga, the western margin of the QEV 

is sharply truncated by a ENE-trending normal fault (map Mll and Fig. 4.8a) and QEV units 

have not been repeated west of the fault. The thickness of the QEV and its relationship to 

the QFP, vary rapidly along strike and up and down dip (Fig. 4.11a-c), but overall, the QEV 

units decrease in thickness towards the western, eastern and down-dip limits of the East 

Thalanga ore lens (Fig. 4.8a). In general, thick QEV occurs adjacent to the thickest parts of 

the QFP units (cf. Fig. 4.8a, with Fig. 4.8b). 

The QEV overlies the massive sulphide lens in West Thalanga (Fig. 4.3b) and occurs as a few, 

possibly interconnected domains that thin towards the margins of the West Thalanga ore lens 

(Fig. 4.8b). The distribution of the QEV in the westernmost parts of West Thalanga is poorly 

understood and it is uncertain whether the QEV in West Thalanga is continuous with the 

QEV overlying the Mount Windsor Vokanics in the Thalanga Range. The eastern and down-

dip boundaries of the QEV have been overprinted by major ENE-trending normal faults that 

separate West and Central Thalanga (Fig. 4.8b). Only minor lenses of QEV are associated 

with QFP units east of the faults (in Central Thalanga), and prior to deformation, the QEV in 

Central Thalanga was probably located adjacent to the eastern part of West Thalanga 

(Chapter 3, section 3.2.2). 

Components 

Abundant coarse blue quartz crystals, broken quartz and feldspar crystals, and poorly sorted 

QFP clasts (with similar texture and geochemical compositions to the QFP units) are 

characteristic components of the QEV (Table 4.2; Fig. 4.12a,b). The distinctive quartz crystals 

and quartz crystal fragments in the QEV matrix are usually blue in hand specimen and highly 

fractured or composed of subgrains with undulose extinction in thin section (Fig. 4.12c,d). Many 

fractured crystals have jigsaw-fit textures that are interpreted as the results of in situ 
fragmentation during deformation. The coarse quartz crystals and quartz crystal fragments in 

the QEV have a similar degree of resorption to the quartz phenocrysts in the QFP. Although 

in general, the crystals within the QEV units are smaller on average (<3 mm) than those in 

the QFP, the maximum size of quartz crystals in the QEV (12 mm) is greater than the 

maximum size of quartz phenocrysts in the QFP units in East 'Thalanga (8 mm). The abundance 
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Figure 4.11 Simplified graphic logs of the geology of the ore horizon in East Thalanga on the 32080 mE section. (a) Interpreted geology of about 720 
mRL, (b) interpreted geology of about 820 mRL, and (c) interpreted geology of about 920 mRL. 
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Figure 4.12 Components of the quartz 'eye' volcaniclastic unit (QEV) at Thalanga. 

(a) Hand specimens of typical crystal-supported QEV. Top: QFP clasts and angular silicified 

rhyolite clasts (arrow) in matrix of quartz and feldspar crystals and crystal fragments. 

Sample E3204SI31-57, East Thalanga. Bottom: quartz-magnetite clast in a matrix of 

feldspar and quartz crystals. Muscovite-rich domain at left end of sample may be altered 

pumice or dense glass. Sample W2031ND24-9.5, West Thalanga. 

(b) Graded QEV: quartz and feldspar sandstone, with rare quartz-phyric rhyolite clasts 

(quartz is blue) and wispy clasts of fine grained muscovite that may be after glass, grades 

upwards to sandy siltstone. Sample TH263-198, East Thalanga. Facing towards right. 

(c) Photomicrograph of quartz and feldspar crystals in QEV. Matrix between crystals is 

composed of quartz, biotite and muscovite. Sample E3204 SI31-57, East Thalanga. 

(d) Same sample as (c) under crossed nicols. 

(e) Phlogopite-rich QEV breccia. Irregular QFP clasts are larger than the silicified rhyolite 

clasts. Quartz crystals and crystal fragments are common in the chlorite-phlogopite-

pyrite-rich matrix. The few feldspar crystals within the matrix have been 

pseudomorphed by muscovite and dirtozoisite. Sample TH236A-134, Central Thalanga. 

(f) Phlogopite-rich QEV. Coarse, fractured quartz crystals and feldspar pseudomorphs 

within muscovite-phlogopite-rich domain may be altered and metamorphosed dense 

porphyritic glass. Elsewhere the quartz and feldspar crystals have been fractured and are 

transposed along the cleavage in phlogopite-rich domains, and therefore appear finer 

grained. Sample TH255-149.3, West Thalanga. 

(g) Photomicrograph of muscovite-rich QFP clast within the QEV (orange line marks the 

clast margin). Quartz and feldspar crystals are much larger and more closely packed 

within the muscovite-rich domain, than within the matrix, and therefore may be an 

altered and metamorphosed pumiceous QFP clast. Sample E3207SI49-74.8, East Thalanga. 

(h) Photomicrograph of irregular biotite wisp in QEV. Matrix is composed of fine grained 

quartz and biotite and also contains quartz and feldspar crystals. Sample E3198SI30-10.9, 

East Thalartga. 
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1 cm to 5 m, 
commonly 10-40 cm 

<1 cm to 60 cm, 
commonly 5-10 cm 

Angular to rounded, 
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irregular 
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of crystals within the QEV varies from 12 % quartz crystals to 77 % quartz and feldspar 

crystals (Appendix E). 

Table 4.2 Components of the quartz 'eye' volcaniclastic unit 

<10 cm up to 1.5 In Rounded to elongate 
parallel to cleavage 

Components 
Quartz: blue to grey 
(Fig. 4.12a-d) 

Feldspar: partly albitised 
plag, minor K-ispr crystals 
(Fig. 4.12a-d) 

Non-vesicular QFP clasts 
(Fig. 4.12a,b,e) 

Qz-fspr-phyric rhyolite 
clasts: siliceous, 
phenocrystss2 mm in size 
(Fig. 4.13a,b) 

Biotite wisps: patches of 
fine-grained biotite or 
chlorite after biotite 
(metamorphic phase) 
(Fig. 4.12h) 

Muscovite-phlogopite-rich 
qz ± fspr phyric QFP clasts 
(Fig. 4.12f,g) 

Massive sulphide clasts: 
massive py to sp-gn ± cp 
(Fig. 4.13c-e) 

Abundance  
Variable, up to 60 %, 
common towards top of QEV 

Variable, absent in places, 
common towards top of 
QEV; 
Qz = fspr in West Thalanga, 
qz > fspr in East Thalanga 

Common, up to 80% of QEV 
in places 

Minor component, overall 
<10 % of QEV, smaller - 
(average = 2-5 cm) and more 
abundant in West Thalanga, 

aw fit textures in East 
alanga 

Patchy distribution, about 5- 
10 % of QEV 

Patchy distribution about 5- 
10 % of QEV? More common 
in West and Central 
Thalanga 
Patchy distribution, up 50 % 
of QEV 

Size Range 
<1 mm to 12mm, 
average =6 mm 

<1 mm to4mrn 

 

Shape 
Rounded crystals to 
angular fragments 

Subhedral crystals to 
angular fragments 

 

<1 cm 	 Angular to wispy, 
elongate parallel to 
cleavage 

<5cm 	 Wispy, irregular dasts 

Irregular to rounded Siltstone clasts 

Quartz-magnetite clasts 
(Fig. 4.12a) 

sl 0 cm, but 
possibly up to 30 
an 

up to 30 cm 

Rare, more common in West 
Thalanga 

Blocky to rounded and Rare 
irregular 

Abbreviations: cp = chalcopyrite, fspr = feldspar, gn = galena, plag = plagioclase, py = pyrite, qz = quartz, 
sp = sphalerite 

Non-vesicular QFP clasts in the QEV are commonly siliceous with a groundmass composed of 

recrystallised quartz and muscovite (Fig. 4.12e). This quartz-muscovite assemblage is 

interpreted to post-date clast formation as there is a similar quartz-muscovite assemblage in 

the crystal-rich matrix of the QEV. Irregular domains composed of intergrown fine grained 

muscovite ± phlogopite that include coarse, subhedral to rounded quartz phenocrysts and 

muscovite-phlogopite pseudomorphs of feldspar, are interpreted to be strongly altered QFP 

clasts which had a glassy groundmass prior to alteration (Fig. 4.12f). Some of these clasts 

have feathery ends and contain subhedral crystals that are coarser and more abundant than 

in the matrix (Fig. 4.12g). These textures are similar to altered, compacted pumice clasts 

recognised in other ancient volcanic sequences (e.g. Allen, 1988). However, the strongly 

phyllosilicate-altered QFP clasts are difficult to identify because the matrix between clasts 

is similar to the groundmass within the clasts. In other samples that have no relative 



Figure 4.13 Components and lithofacies variations of the quartz 'eye' volcaniclastic unit 

(QEV) at Thalanga. 

(a) Blocky rhyolite (rhyol) clast in QEV with curviplanar to cuspate margins. QFP clasts 

(00 cm, and massive pyrite clasts also occur in the chlorite-rich sandstone (quartz and 

feldspar crystals) matrix. Lens cap is about 55 mm in diameter. Located in E676 Stope 

access, East Thalanga. 

(b) Blocky to splintery rhyolite dasts, with some jigsaw-fit textures. Matrix is composed of 

quartz and feldspar crystals. Located in E893 Stope, East Thalanga. 

(c) Clast-supported, polyrnict QEV breccia containing clasts of massive sulphide, QFP and 

quartz-phyric rhyolite with a chlorite-rich groundmass. Sample W2011NED103.7, West 

Thalanga. 

(d) Banded sphalerite-galena-pyrite rich sulphide clast abutting QFP clast in QEV. Pen is 

about 14 cm in length. Located in E830 Stope, East Thalanga. 

(e) Massive sphalerite-pyrite-galena rich sulphide clast in QEV. Minor chlorite and 

epidote is present at the contact between the QEV and sulphides. Split-set plate is about 

30 cm along longest side. Located in W690 Stope, West Thalanga. 

(f) Medium grained, well sorted, chlorite-rich quartz (with minor feldspars) sandstone. 

Sample W2009ND05-27, West Thalanga. 
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concentration of quartz and feldspar crystals, the groundmass may have been dense glass. 

These altered QFP clasts may be comagmatic with the siliceous, non-vesicular QFP clasts. 

Other small (<5 cm) irregular wisps composed of intergrown quartz and muscovite may also be 

altered pumice clasts or formerly glassy clasts. Irregular wisps of fine-grained metamorphic 

biotite are also present within the QEV units (Fig. 4.12h). 

Non-vesicular QFP clasts are generally larger and more abundant than QFP pumice clasts and 

quartz-feldspar-phyric rhyolite (typically white to pink in colour, with 55 % quartz 

phenocrysts) clasts in all parts of the QEV (Table 4.2). However, the volume of QFP pumice 

clasts within the QEV is unknown because the intense alteration has made many formerly 

glassy QFP clasts difficult to distinguish from altered sandstone. Some rhyolite clasts are 

flow-banded and in places in East Thalanga, have curviplanar margins or a jigsaw-fit texture 

(Fig. 4.13a,b). The jigsaw-fit textures indicate in situ fragmentation. The groundmass of the 

rhyolite clasts is composed of irregular, evenly-sized (0.02 mm) quartz grains and scattered 

blebs of coarsely recrystallised quartz (0.2 mm). Some quartz-phyric rhyolite clasts have a 

chlorite-phlogopite-rich groundmass that may be altered and metamorphosed glass (Fig. 

4.13c). 

Quartz-magnetite lenses are present in many parts of the Mount Windsor subprovince and are 

interpreted to have formed on the seafloor from low-temperature hydrothermal solutions 

(Duhig et al., 1992; Davidson et al., 1993). Quartz-magnetite dasts within the QEV are more 

common in the western parts of West Thalanga and in the stratigraphically highest QEV 

units in East Thalanga, but are absent in Central Thalanga. In general the quartz-magnetite 

clasts are located at the base of the QEV units, and in places in East Thalanga, a bed of 

quartz-magnetite is interpreted to separate the QEV units (Fig. 4.6c). 

Lithofacies 

Single beds within the QEV are poorly sorted, although weakly graded with a crystal-rich 

sandy siltstone top and a clast-rich base. Clast size generally increases towards the base and 

massive sulphide clasts are commonly located near the base of the QEV. The QEV varies from 

matrix- or crystal-supported to clast-supported (cf. Fig. 4.12a,b and 4.13c) and typically 

consists of a thick interval of weakly graded, but poorly sorted, polymict breccia (QEV 

breccia) overlain by thinner, sandstone-rich QEV beds (QEV sandstone; Fig. 4.6a-c, Fig. 4.12b, 

and Fig. 4.14). In West Thalanga the main QEV breccia is 5-10 m thick, whereas in East 

Thalanga the main QEV breccia is 5-20 m thick. The overlying QEV sandstone units are <5 m 

in total thickness and are laterally discontinuous, with bed thickness and numbers of beds 

varying between adjacent drill holes. 



Figure 4.14 Simplified graphic log of the 31985D05 drill hole in East Thalanga. Bedding thicknesses 
(marked on vertical scale) approximate true thickness as the hole is shallowly-plunging. 
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QEV sandstone beds are better sorted and have pronounced normal grading, higher crystal 

content and overall smaller grainsize than the QEV breccia (cf. Fig. 4.12b, Fig. 4.13f with Fig. 

4.13c). Where the QEV breccia is absent at Thalanga (e.g. in the Vomacka Zone and most of 

Central Thalanga), the QEV sandstone is also absent. In West Thalanga, the QEV sandstone 

locally contains metamorphic biotite and garnet (Fig. 4.6a). 

4.3.4 Voleaniclastic Fades II: Graded Silts tone 

Beds of siltstone, graded siltstone and rare sandstone that grades to siltstone are present 

between the QEV and underlying footwall rhyolitic volcanics in parts of East Thalanga (Fig. 

4.6c). Single beds are <50 cm in thickness, and the total thickness of this unit ranges from 1 to 4 

m. The QFP units in the up-dip parts of the ore horizon in East Thalanga are enveloped by 

siltstone and graded sandstone units (Fig 4.3a). The siltstones are rarely laminated and are 

composed of fine grained quartz and muscovite, and some have thin (cm-scale) crystal-rich 

bases containing blue quartz and white feldspar grains (<4 mm in size), and rare siliceous 

quartz ± feldspar phyric rhyolite clasts (<1.5 cm in size). These siltstone and sandy siltstone 

units may have been deposited during a period of quiescence following the emplacement of the 

rhyolitic volcanics. Multiple graded beds suggest pulses of sediment influx. 

4.3.5 Contact Relationships Between Fades 

QEV, graded sandstone and massive siltstone units overlie and underlie the QFP units in East 

and Central Thalanga. Contacts between the QFP and volcaniclastic rocks vary from sharp 

and planar, to disrupted or gradational. In most cases, the QFP is not in direct contact with 

the massive sulphide lenses, the hangingwall fragmental or the dacite (unit iv), and where 

such a contact does occur it is typically faulted. The QEV in West and East Thalartga is 

directly overlain by the hangirtgwall fragmental units. 

QFP — Siltstone Contact 

The QFP overlying the footwall ore lens in the up-dip parts of East Thalanga is enveloped by 

massive to graded beds of siltstone and sandstone of volcaniclastic fades II (Fig. 4.3a and Fig. 

4.12c). Commonly both the upper and lower contacts between QFP and siltstone grade from 

massive QFP, through QFP with small (<5 cm) irregular inclusions of siltstone, to siltstone 

with irregular bands, stringers and ragged clasts of QFP, to undisrupted siltstone (Fig. 

4.15a,b). This zone of mixed siltstone and QFP extends <2 m into the siltstone from the QFP. 

Quartz and feldspar phenocrysts are closely packed within the QFP clasts compared to their 

average density within the coherent QFP unit (cf. Fig. 4.9a and Fig. 4.15b). Point counting 

demonstrates that there is an increase in crystal abundance from about 50-60 modal % total 



Figure 4.15 Peperite textures in QFP at Thalanga. 

(a) Ragged dasts of QFP in siltstone are subparallel to S 2• Sample TH275-102, East 

Thalanga. 

(b) Siltstone indusion in QFP is bleached (due to baking and induration) at contact with QFP. 

Small joints extend through the siltstone, perpendicular to the contact between QFP and 

siltstone. Whitish muscovite patches in siltstone are interpreted to be due to alteration. 

Sample E3208NI28-14.6, East Thalanga. 

(c) Siltstone inclusion in QFP has disrupted laminations and contains small QFP dasts. 

Broken quartz phenocrysts are present at the margins of QFP (arrows), and "clouds" of 

quartz crystals occur in the siltstone. Sample C2036NI30-36, Central Thalanga. 

(d) Clast-supported, jigsaw fit texture in QFP breccia located at base of QEV. Matrix is 

phlogopite-rich and contains veins and disseminated sphalerite-pyrite. Sample TH269- 

144.5, East Thalanga. 
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phenocrysts within the QFP interior, to about 70 modal % total phenocrysts in the QFP clasts 

in the siltstone (Appendix E). The irregularly shaped QFP clasts hosted in siltstone are 

elongate parallel to S2 (Fig. 4.15a), and in most places, the siltstone clasts in the QFP are 

similarly deformed. However, pre-tectonic joints normal to the siltstone margins have been 

preserved within some siltstone inclusions (Fig. 4.15b). These inclusions have paler margins 

where in contact with the QFP and siltstone also infills hairline fractures within the QFP 

(Fig. 4.15b). 

These disrupted contacts between the QFP and siltstone are interpreted as peperitic, implying 

intrusion of QFP sills into wet, unconsolidated sediments. The restricted extent of the 

peperitic contact is consistent with the fine grain size of the siltstone, since dispersed 

peperites are more common in poorly-sorted host sediments (Busby-Spera and White, 1987). 

Rare inclusions of siltstone in coherent QFP in Central Thalanga are also interpreted as 

peperite (Fig. 4.15c). Prior to deformation, the elongate, ragged clasts of QFP within the 

peperite were probably fluidal in texture. The decrease in groundmass volume of the QFP 

clasts in the siltstone may indicate that the QFP was vesicular at its margins. The paler 

margins and internal joints of some siltstone inclusions in the QFP (Fig. 4.15b) are interpreted 

to have formed via baking and induration of the sediments during QFP sill emplacement. 

QFP—QEV Contact 

The weakly graded, polymict QEV breccia, with a poorly sorted, clast-supported base 

containing rhyolite and QFP clasts, partly overlies QFP at of East Thalanga. A typical 

contact grades stratigraphically upwards from QFP to monomict, clast-supported QFP breccia 

with jigsaw-fit texture, through to polymict QEV (Fig. 4.15d and Fig. 4.16a). The interval of 

jigsaw-fit QFP breccia extends for 0-1 m away from the QFP contact, where it sharply becomes 

typical QEV with both QFP and rhyolite clasts. The matrix between the jigsaw-fit QFP 

clasts is composed of siltstone, quartz and feldspar crystals, and few small (<3 cm) rhyolite 

clasts. In places, this jigsaw fit texture is absent, and there is a sharp change from coherent 

QFP to QEV breccia or sandstone facies (Fig. 4.16b,c). In these locations, the QFP could either 

pre-date (QEV deposited onto QFP lava), or post-date (passive intrusion of QFP into QEV) 

deposition of the QEV. Generally there is no evidence of baking of the QEV, although in 

several places the QEV is enriched in chlorite where in contact with QFP. 

The possible relationships between the QFP and QEV are: 

(i) some of the QFP clasts within the QEV breccia facies are part of an intrusive margin of the 

QFP. If the QEV was water-saturated and unconsolidated during QFP intrusion, then blocky 

peperite comprising clasts of QFP within the QEV may have formed at the contact between 

the QFP and QEV. This interpretation may explain the presence of rhyolite clasts between 

jigsaw-fit QFP clasts; 



(a) based on 3212SD03 

HWF: graded siltstone beds and polyrnict 
(dacite & rhyolite) breccia 

Microdiorite 
OEV: qz & fspr sandstone matrix, 
clasts = qz-phyric rhyolite & barite 
OEV: qz & fspr sandstone matrix, 
clasts = OFP, qz-phyric rhyolite, qz-mt 

OEV: qz & fspr sandstone matrix, 
clasts = QFP > qz-phyric rhyolite 

Gradational contact: 	 
• monomict QFP breccia, clast-
supported, jigsaw-fit in places, 
• matrix = siltstone, qz & fspr 
crystals, no rhyolite clasts 

QFP 

OEV: sandy (qz & fspr) siltstone matrix, clasts = OFP 

graded sandstone beds 

graded siltstme beds 

Rhyolitic Volcanics: 
qz-phyric rhyolite? intensely silicified 

1/16 2 4 64 256 mm 

II 
-F 

(c) based on 3216S132 

p. 

OFP 

• 
QEV: clasts = QFP, few rhyolite, 
matrix = siltstone with py & cp 

	sandy (qz) siltstone 

- 

P 	_v,2/ -1- 
OFP: with inclusions of sandy siltstone 

Rhyolitic Volcanics: 
coherent? intensely silicified 

6■ 111 
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(b) based on 3212SD30 

FIWF: sandy sittstone 

	 Microdiorite 

OEV: graded qz & fspr sandstone beds, 
clasts = few qz-phyric rhyolite 

OFP 

0EV: matrix = sandy (qz & fspr) siltstone, 
clasts = QFP » qz-phyric rhyolite 

QFP 

QEV: irregular QFP clasts in sittstcoe matrix, 
rare small (<1 am) qz-phyric rhyolite clasts 

OEV: OFP clasts in sandstone matrix, 
few qz-phyric rtyolite clasts 

Gradational contact: 
clasts of sandy siltstone within 
top of QFP 

Sharp contact: 
• OFP dais more abundant at 
base, contact defined by final 
rhyolite clait, 
• minor chlorite alteration and 
pink (hem?) qz alteration of 
clasts, fsprs in QFP are also 
pink 

• 

QEV: irregular OFP clasts in sandstone matrix, 
rare qz-phyric rhyolite clasts 

graded siltstone beds 

OEV: irregular QFP clasts in sandstone (qz & fspr), 
few qz-phyric rhyolite clasts, rare sp-py bands 

Rhyolitic Volcanics: qz sandstone 

Rhyolitic Volcanics: 
intensely silicilied qz-phyric rfiyolite 

1/15 2 4. 64 256 mm 
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Figure 4.16 Details of the top and bottom contacts Of the QFP in contact with the QEV. Thickness of units is approximately equal to true thickness. Marks on left side of graphic logs are 10 m apart. 
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(ii) the QFP clasts within the QEV breccia facies are resedimented QFP hyaloclastite. This 

interpretation better explains the presence of QFP clasts in the QEV breccia facies in West 

Thalanga where QFP units are not present. 

The coarse-grained, poorly sorted, clast-supported QEV breccia facies would probably have 

been highly porous, possibly with high permeability prior to lithification. Busby-Spera and 

White (1987) have suggested that such properties of the host sediment will inhibit vapour-

film development at the margins of an intruding magma, and instead favour rapid quench 

fragmentation of the magma and production of blocky clasts (blocky peperite). If in fact the 

QEV in East Thalanga was unconsolidated and intruded by the QFP, then blocky peperite 

would be the most likely texture to form. 

The sharp, planar contact between the QFP and overlying QEV along the southeastern part of 

the Thalariga Range is more consistent with intrusion of the QFP rather than extrusion (e.g. 

Allen, 1992). Strongly foliated QEV sandstone along the top of the QFP may be reseciimented 

hyaloclastite, and therefore indicate that the QFP in this area, or nearby, breached the 

seafloor. 

4.3.6 Formation of the QEV 

Mode of Fragmentation of QEV Components 

Because the QFP sills at Thalanga contain crystals with smaller maximum size than the QEV 

units, the QFP sills in East Thalanga are interpreted to have originated from a different 

magma than the source of quartz and feldspar crystals in the QEV. The similarity in 

maximum size of quartz crystals within the QFP units in Central Thalanga, to those of the 

QEV units, may indicate a common parent magma. 

(i) Crystals. The abundant quartz and feldspar crystals in the QEV are interpreted to have 

been liberated either from a highly porphyritic QFP magma by either explosive eruption 

(i.e. the crystals and crystal fragments are juvenile pyroclasts), or by intense quench 

fragmentation of a QFP dome or lava. If the QEV crystal components were erupted 

explosively from a volatile- and crystal-rich magma chamber, then the vent was probably 

subaerial or in shallow water possibly near the basin margin (Fig. 4.17; McBirney, 1963). The 

small volume of clasts that could be altered pumice clasts or glass shards within the QEV 

could indicate that most of the pumiceous fraction expected to be produced by an explosive 

eruption was separated from the crystals during eruption and/or transportation of the 

pyroclasts into the basin at Thalanga. Alternatively, and highly likely at Thalanga, strong 

hydrothermal alteration has made recognition of pumice clasts difficult and in fact there 

may be a much greater volume of pumiceous QFP clasts within the QEV units. 
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1) initial explosive eruption of volatile-rich QFP magma from a vent located in shallow water, probably 
at the basin margin (the location of which is poorly constrained). 

2) transportation of the crystal-rich eruption products by subaqueous mass-flows, and deposition in 
basins at West and East Thalanga. Pumice clasts and the fine grained ash fraction separated from 
the subaqueous mass-flows by elutriation and flotation during transportation 

3) subsequent eruption from a second QFP magma chamber: QFP sills and possible cryptodomes are 
emplaced in East Thalanga, and partly emergent cryptodomes break through the QEV in the vicinity of 
Central Thalanga. 

Figure 4.17 Block diagrams depicting a possible mechanism of eruption and deposition of QEV 
and QFP at Thalanga. Eruption of the QEV is interpreted to have occurred in shallow water, and 
emplacement of the QFP is interpreted to have occurred in water depths of at least belowstorm 
wave base. Abbreviations: C = Central Thalanga, E = East Thalanga, VZ = Vomacka Zone, W = 
West Thalanga. 
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Intense quench fragmentation of a QFP magma could also liberate crystals, and if formed by 

this process, there should be abundant QFP clasts, a gradational contact with in situ QFP 

hyaloclastite and coherent QFP, and a range in clast sizes from boulder size, down to less than 

crystal size (e.g. Yamagishi, 1987; Kurokawa, 1991; Cas, 1992). Such geometry is inconsistent 

with the presence of QEV in West Thalanga, where QFP domes are not present. However, 

Gimeno (1994) argued that proximal quartz-rich volcaniclastic deposits can be generated 

during growth and erosion of subaqueous rhyolite domes. He concluded that quartz grains with 

curviplanar margins were 'thermally shocked' quartz phenocrysts that had formed due to 

interaction between hot magma and water. Therefore, gravitational collapse and mass 

wasting of an intensely quench fragmented QFP dome or number of domes may have resulted in 

the resedimentation of crystals, crystal fragments and clasts into local basins at West and 

East Thalanga (Fig. 4.18). This process could have occurred at any water depth. 

QFP clasts. The angular to rounded, blocky and irregular clast shapes of the siliceous, non-

vesicular QFP (Table 4.2) suggest that quench fragmentation of a QFP dome or intrusion is a 

possible mechanism of clast production. Poorly-sorted QFP dasts with jigsaw-fit texture are 

consistent with quenching of the QFP magma on contact with wet QEV. However, such dasts 

are only present in the immediate vicinity of QFP sills, and the widespread distribution of 

QFP clasts within the QEV units in East and West Thalanga (where QFP units are not 

present) suggests that most of the QFP dasts are probably not quench-fragmented peperitic 

margins of QFP sills. Instead, quench fragmentation of a QFP dome or partly emergent 

cryptodome was probably an important clast-forming process. The resultant hyaloclastite 

may have been incorporated in subsequent crystal-rich QEV mass-flows (cf. Cas et al., 1990; 

Boulter, 1993), or redeposited during gravitational collapse and mass wasting of a QFP dome 

(Fig. 4.18). If there are pumiceous QFP clasts (with groundmass now composed of muscovite 

and phlogopite) within the QEV units, then quench fragmentation and gravitational collapse 

of a locally pumiceous QFP dome may explain the incorporation of pumiceous QFP clasts in 

the QEV units. The wide distribution and poorly sorted nature of the QEV, with clasts of 

pumiceous and crystalline QFP and variable percentages of quartz and feldspar crystals, is 

consistent with the gravitational collaspe of a number of QFP domes (now eroded) at 

Thalanga. 

(iii) Rhyolite clasts. Cuspate and curviplanar margins of some siliceous rhyolite clasts may 

indicate quench fragmentation of a rhyolite magma. Local in situ fragmentation textures 

suggest that some rhyolite clasts could have formed as intrusive hyaloclastite associated 

with emplacement of a rhyolite sill or cryptodome following deposition of the QEV. Quench-

fragmented rhyolite clasts are larger and more abundant in the up-dip parts of East 

'Thalartga, and may indicate that the rhyolite source is further up-dip, and now eroded. 

However, the origin of the majority of the rhyolite clasts in the QEV units is not clear. 
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1) initial extrusion of QFP dome onto the seafloor (the location of the site of emplacement may be up-
dip from Central Thalanga), followed by rapid quench fragmentation and granulation. 

- 2) wholesale dome collapse and transportation of the crystal-rich hyaloclastite, by subaqueous 
mass-flows, and deposition in basins at West and East Thalanga. 

3) subsequent eruption from a second QFP magma chamber: QFP sills, with peperitic margins, are 
emplaced into the QEV units in East Thalanga. Remnants of the pre-existing QFP dome are preserved 
at Central Thalanga. 

Figure 4.18 Block diagrams depicting the generation of the QEV by intese quench fragmentation of 
a QFP dome. Emplacement of the QFP dome and deposition of the QEV units are interpreted to 
have occurred in water depths of at least belowstorm wave base. Abbreviations: C = Central 
Thalanga, E = East Thalanga, VZ = Vomacka Zone, W = West Thalanga. 
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(iv) Quartz-magnetite and massive sulphide clasts.  The presence of clasts of massive 

sulphide and quartz-magnetite within QEV units at Thalanga imply that massive sulphide 

lenses and quartz magnetite lenses were exposed on the seafloor, and eroded during transport 

of the QEV. It is not certain whether the massive sulphide clasts were eroded from the ore 

lenses at Thalanga, or from ore lenses along strike from Thalanga. 

Transport and Deposition of the QEV and Emplacement of the QFP 

Menzies (1979) and Wills (1985) suggested that the QEV is a submarine pyroclastic flow 

deposit. However, there is no positive textural evidence (e.g. welded textures, columnar 

jointing, or gas segregation pipes) indicating that the QEV was emplaced hot or from a gas-

supported transport system. Gregory et a/. (1990) recognised normal grading in the QEV and 

suggested that it was deposited from subaqueous mass flows. Such a depositional process is 

consistent with the poorly sorted characteristics of the QEV, with grading towards the 

stratigraphic top indicating some hydraulic sorting (cf. Cas, 1983). 

Because at least some of the QFP clasts in the QEV units at East Thalanga may be dispersed 

peperitic margins of non-vesicular QFP sills, the emplacement of the QFP sills may have 

occurred while the crystal-rich QEV was wet and unconsolidated. However, the association 

of thick QFP and thin QEV units in East Thalanga (Fig. 4.8a,b) suggests that a QFP unit had 

been emplaced prior to QEV deposition and acted as topographic high, creating basins at its 

margins which filled with QEV. Therefore at East Thalanga, either there were two separate 

QFP units, with the first extruded onto the seafloor and partly overlain by subsequent QEV 

units, and the second emplaced as sills with peperitic margins (Fig. 4.19a), or else a single 

QFP magma may have been emplaced as a partly emergent cryptodome that breached the 

seafloor after QEV deposition, and also partly burrowed into the unconsolidated QEV and 

siltstone (Fig. 4.19b). The absence of in situ hyaloclastite at the stratigraphic top of the 

thickest parts of the QFP may be due to gravitational collapse and resedimentation of the 

hyaloclastite. Alternatively, intrusion and inflation of a shallow QFP sill beneath the QEV 

may have triggered the slumping of the overlying QEV. 

Hyaloclastite associated with a QFP dome or lava in Central Thalanga may have been 

incorporated into crystal-rich mass flows during gravitational collapse of the QFP dome, and 

redeposited as the QEV. The spherulitic QFP units in Central Thalanga are interpreted to be 

outsized mega-clasts possibly derived from a now concealed or eroded QFP dome. This may 

have been the source of the QFP clasts, and possibly the abundant quartz and feldspar 

crystals, within the QEV units in West and Central Thalanga (Fig. 4.17c). These components 

may have been transported by mass flows to depositional sites in West and East Thalanga 

(Fig. 4.18). 
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The conformable nature of the overlying graded quartz ± feldspar crystal-rich sandstone 

fades of the QEV suggests rapid deposition of successive and gradually fining mass-flows. 

These units also contain QFP and rhyolite clasts, evidently collected from QFP hyaloclastite 

or underlying QEV units. The prevalence of the QEV sandstone fades in East and West 

Thalanga, compared with Central Thalanga, suggests either proximity to source, or that East 

and West Thalanga were local sediment traps. The absence of QEV units in the eastern half of 

Central Thalanga and in the Vomacka Zone supports the interpretation of separate basins in 

East and West Thalanga during QEV deposition. 

4.4 The Upper Rhyolite Brecda (unit iii) 

4.4.1 Distribution and Contact Relationships 

A poorly sorted rhyolite breccia (named the upper rhyolite breccia; Table 23) hosts the 

hangingwall ore lens in parts of East Thalanga below about 800 mRL (Fig. 4.3a). Coherent 

rhyolite is present below about 650 mRL, where it stratigraphically overlies QEV units and 

the footwall ore lens. Mineralised parts of the upper rhyolite breccia have a sharp, sub-

planar, partly sheared contact with underlying QFP, although in many places this contact is 

masked by recrystallised chalcopyrite or chlorite alteration. Commonly, coarse-grained 

quartz-feldspar sandstone (QEV sandstone fades) overlies the upper rhyolite breccia with 

sharp conformable contacts locally overprinted by irregular chalcopyrite-pyrite veins. 

The lateral extent of the upper rhyolite breccia is poorly understood, and it may correlate 

with a polyrnict, but rhyolite-dominated, breccia in the ore horizon of the Vomacka Zone. 

Monomict rhyolitic breccia units are not recognised within the ore horizon in Central or West 

Thalanga. 

4.4.2 Composition 

Clasts are subangular, to irregular in shape with curviplanar margins (Fig. 4.20a,b) and 

mainly composed of quartz-phyric rhyolite, with subordinate quartz-feldspar-phyric and 

aphyric rhyolite clasts, minor angular chloritic rhyolite clasts and rare QFP clasts. Rare 

quartz-magnetite and barite clasts, with angular to irregular margins, are also present. The 

largest rhyolite clast is 5 m in diameter, and the accessory clasts are generally <20 cm in size. 

The breccia is variably matrix- to clast-supported, with local rhyolite clasts that have 

internal jigsaw-fit texture. The matrix is composed of semi-massive sulphides (Chapter 6) 

with tremolite-chlorite ± carbonate gangue and sparse feldspar and quartz crystals. Locally, 

diffuse contacts between the matrix (tremolite, chlorite, carbonate and sulphides) and the 



Figure 4.20 Components and textures of the upper rhyolite breccia. 

(a) Mineralised upper rhyolite breccia (hangingwall ore lens), composed of poorly sorted 

siliceous quartz-phyric rhyolite clasts with irregular, rounded margins. Matrix is 

composed of sphalerite-galena-pyrite bands in chlorite-tremolite gangue. Split-set plate 

is about 30 cm along longest side. Located at E765 Stope, East Thalanga. 

(b) Close-up of (a). Irregular to blocky massive chlorite-biotite dasts may have been 

originally glassy, or are a non-mineralised part of the matrix. Located at E765 Stope, East 

Thalanga. 

(c) Photomicrograph of the texture of the fine grained quartzo-feldspathic groundrnass of the 

rhyolite clasts. Sample APH-128, East Thalanga. 

(d) Variably mineralised polymict breccia in the ore horizon of the Vomacka Zone. Clasts 

are mainly rounded rhyolite and quartz-barite. Matrix is sandy siltstone. TH293 - 45-49, 

Vomacka Zone. 

(e) Line drawing of (d). 
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rhyolite clasts are consistent with the replacement of the clast margins, which has 

accentuated the partly rounded clast shapes. 

The groundmass of the rhyolite clasts is microcrystalline and composed of equant quartz 

grains that overprint fine, intergrown quartz and feldspar (Fig. 4.20c). The microcrystalline 

quartz-feldspar has a vague graphic texture, and in places is arranged in optically continuous 

patches. The chlorite-rich rhyolite clasts may have been formerly glassy. 

Further down-dip in East Thalanga, the rhyolite breccia becomes monomict and has a 

gradational contact with a quartz-muscovite-rich coherent quartz ± feldspar phyric rhyolite. 

Monomict rhyolite breccia up-dip and underlying the coherent rhyolite is clast-supported and 

grades via jigsaw-fit breccia to coherent rhyolite. 

In the Vomacka Zone a poorly sorted, polymict breccia within the ore horizon consists of 

quartz-phyric rhyolite clasts, with few quartz-magnetite ± barite clasts, and rare dacite 

clasts (Fig. 4.20d,e and drill hole TH321 in Appendix A). The clasts vary from 30 cm to mm-

scale in size, and are supported in a sandy (quartz crystals) siltstone. Barite and sphalerite-

galena ± barite veins cross-cut the breccia and have partly replaced the quartz-magnetite 

clasts. In places the matrix has been replaced by sphalerite-galena ± barite. 

4.4.3 Interpretation 

Mode of Clast Fragmentation 

The rhyolite clasts are interpreted to be variably altered fragments derived from the 

coherent rhyolite located down-dip of the rhyolite breccia. The curviplanar to irregular clast 

margins are consistent with clast formation by quench fragmentation, mass-wasting and 

gravitational collapse of parts of a rhyolite dome. This style of fragmentation could yield 

clasts from the crystalline interior and also from the glassy margins, and may explain the 

presence of chlorite-rich (possibly formerly glassy) rhyolite clasts and quartz-feldspar-

phyric rhyolite clasts in the breccia. 

The QFP, barite, and quartz-magnetite ± barite fragments are non-juvenile lithic clasts and 

must have been incorporated into the rhyolite breccia during transport. It is unclear whether 

those components were clasts at the time of incorporation, or whether they were eroded from 

the mineralised horizon which may have been exposed during transportation of the rhyolite 

breccia. 
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Transport and Deposition 

Monomict breccia with jigsaw fit textures immediately adjacent to the coherent rhyolite is 

interpreted as in situ hyaloclastite. Up-dip and along strike from the coherent facies the 

rhyolite clasts are close-packed, with variation from jigsaw-fit texture to dispersed and 

rotated clasts. Lithic clasts may have been incorporated during transport. These textures and 

the rhyolite clast shapes suggest that thisfacies of the upper rhyolite breccia may be partly 

resedimented hyaloclastite. 

The fades geometry indicates that the coherent rhyolite may have been a lava or dome that 

extruded onto the seafloor in the vicinity of East Thalanga. In situ rhyolite hyaloclastite is 

preserved immediately adjacent to the coherent rhyolite, and the rhyolite breccia along 

strike and up-dip of the coherent fades is interpreted to be an apron of reseciimented 

hyaloclastite that slumped off the rhyolite dome or lava as it inflated. The resedimented 

facies is not laterally extensive, occurring <200 m up-dip, but possibly continuous to the 

Vomacka Zone, suggesting that rhyolite dome growth, hyaloclastite formation and 

resedimentation was a restricted event. 

Herrmann (1994) demonstrated that the coherent rhyolite in the upper rhyolite breccia is 

geochemically similar to the footwall rhyolitic volcanics, and it is interpreted that this 

rhyolitic facies association represents the final eruption of the magmas that had previously 

been the source of the Mount Windsor Volcanics. The sharp conformable contact with the 

underlying units, together with QFP clasts in the breccia, suggests that this rhyolitic eruption 

must post-date or be contemporaneous with QFP and some QEV deposition. The upper rhyolite 

breccia could be a source of rhyolite clasts within the overlying, or laterally equivalent 

polymict QEV. 

The poorly-sorted, rhyolite-dominated polymict breccia in the Vomacka Zone could be a 

distal equivalent of the upper rhyolite breccia in East Thalanga. Alternatively, the 

polymict breccia in the Vomacka Zone may pre-date the QEV and QFP, and could be 

resedimented rhyolitic breccia that formed during emplacement of a rhyolite dome or 

cryptodome in Central Thalanga. 
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4.5 Hangingwall Volcanic Units at the Thalanga Deposit (unit iv) 

4.5.1 Hangingwall Fragmental 

Distribution 

Massive to graded siltstone, sandy siltstone and breccia units of the hangingwall fragmental 

(HWF) are commonly present between the ore horizon and the overlying dacite in all parts of 

the Thalanga deposit (Fig. 4.1, Fig. 4.3a,b). Because these facies contain fresh to weakly 

altered feldspars and lacks pyrite stringers, they are interpreted to have been deposited 

after sulphide mineralisation, and are therefore regarded here as part of the Trooper Creek 

Formation. Contacts between the HWF and massive sulphides are sharp and mainly planar, 

and are interpreted to be conformable and depositional. Coarse-grained, remobilised 

sphalerite or chalcopyrite has locally overprinted the contacts. 

Siltstone overlying the QFP along the Thalanga Range is interpreted to be equivalent to the 

HWF at Thalanga. Typically, the HWF in West Thalanga is m in thickness and composed 

of siltstone, sandy siltstone, or graded siltstone with sandy bases. The HWF in West 

Thalanga is locally chlorite and biotite-rich and contains sparse blue quartz (<4 mm) and less 

common feldspar crystals. 

In East Thalanga and the eastern parts of Central Thalanga, the HWF is considerably 

thicker (5 to 18 m) and contains abundant white, siliceous dacite and rhyolite clasts . Pumice 

breccia units within the HWF are mainly located in Central Thalanga, and increase in 

thickness down-dip. Where ore lenses are not present at the stratigraphic top of the rhyolitic 

volcanics, it is difficult to distinguish between weakly altered pumice breccia units in the 

footwall rhyolitic volcanics and weakly altered pumice breccia units in the HWF due to their 

similar compositions (quartz ± feldspar-phyric rhyolite pumice clasts). 

Components and Lithofacies Variations 

The multiple siltstone and sandy siltstone beds of the HWF contain variable proportions of 

white, non-vesicular quartz-phyric and quartz-feldspar-phyric rhyolite clasts (± flow-

banding), feldspar-phyric dacite clasts and altered rhyolitic pumice (Table 4.3). Green, 

spherical chlorite-rich patches, commonly <1 cm in size, are widespread in the siltstone and 

sandy siltstone, and are interpreted to have formed during metamorphism (Chapter 3). Beds 

are typically normally graded and thicknesses vary from centimetre to metre scale, with the 

maximum total thickness being about 18 m. Single beds within the HWF are generally not 

continuous between drill holes. The largest dacite clast is about 10 m in diameter, and is 



perlitic, contains quartz-filled amygdales, and is present in the HWF adjacent to the major 

normal fault in Central Thalanga (Fig. 4.1). 

Irregular to wispy and lenticular phlogopite-muscovite-rich domains with cuspate margins 

that resemble fiamme (Fig. 4.21a,b) are common within the HWF, particularly in Central 

Thalanga. The pale green to white (in hand specimen) quartz-muscovite-rich matrix between 

the green phlogopite-muscovite-rich patches has an open-framework texture (Fig. 4.21a). 

These phyllosilicate-rich domains contain larger and more abundant quartz and feldspar 

crystals than the matrix (Fig. 4.21c), and locally have partly recrystallised spherulites. The 

concentration of crystals and sphentlites in the green phyllosilicate domains is interpreted to 

indicate that these are altered clasts of formerly dense porphyritic glass. The fiamrne texture 

is caused by the flattening of altered glass parallel to S2. In more highly deformed zones, the 

fianune are strongly flattened (cf. Fig. 4.21b middle with top). Subrotmded, non-vesicular 

silicified quartz-feldspar-phyric rhyolite clasts (1-10 cm in size) are also present in this 

fiarrune-bearing breccia (Table 4.3). 

Table 4.3 Facies variations within the hangingwall fragmental. 

Fades 
	Composition 	 Clast size 	Lithofacies 

• sandstone grades upwards 
to siltstone 
• laminated siltstone in places 

• poorly sorted, clast 
supported breccia grades 
upwards to siltstone (Fig. 
4.210, 
• some dasts (<5 cm in size) 
are matrix supported 

• poorly sorted, non-graded, 
irregular top and bottom 
contacts 
• dacite clasts irregularly 
dispersed through HWF rn 
places 

poorly sorted, normal grading 
to siltstone at top with few 
fiamme 

Fiamme-bearing 	• phlogopite-muscovite-rich, 	1-10 cm 
breccia 	quartz & feldspar phyric 

fiamme (Fig. 4,21a,b) 
• non-vesicular quartz- 
feldspar-phyric rhyolite clasts 

matrix = quartz, muscovite, 	0.02-0.05 mm 
minor chlorite and phlogopite 
grains = quartz & feldspar 	<2mm 
crystals and crystal fragments 

• silicified quartz-phyric and 
quartz-feldspar-phyric rhyofite <60 cm 
clasts, rarely perlitrc 
• blocky, angular, sub-an 
or irregular in shape, wi 
curviplanar margins (Fig. 21d,e) 

perfitic dacite clasts with 
curviplanar to irregular 
margins (Fig. 4.21d,e,g) 

<1-10 cm, but up 
to 10 m (Fig. 4.1) 

<1-15 cm, rarely 

Siltstone-
sandstone 

Rhyolite breccia 

Dacite breccia 

Volcanic Facies and Depositional Setting 	 135 

Quartz-magnetite clasts (<50 cm in diameter) are present at the stratigraphic base of parts of 

the HWF in West Thalanga. Rare massive sulphide clasts (<5 cm in diameter) and barite 

clasts (<20 cm in diameter) also occur in the HWF (Fig. 4.21e,h) 

Deposition of the Hangingzvall Fragmental 

Repeated graded bedding, with laminated silty tops, in the HWF suggest transport and 

deposition by turbidity currents. The lack of cross bedding and other tractional features 



Figure 4.21 Components and textures of the hangingwall fragmental (HWF). 

(a) Quartz and feldspar phenocrysts are concentrated in irregular chlorite-phlogopite-rich 

domains and few crystals are present in the quartz-muscovite-rich matrix. These textures 

suggest that it is a poorly sorted, matrix supported fiarnrne-bearing breccia. Located in 

C820 Stope, Central Thalanga, 20 230 mN, 20 415 mE, 820 rnRL. Steel plate is 30 cm in 

length. 

(b) Fiamme-bearing breccia in drill core. Wispy to cuspate fiamme are quartz- and feldspar-

phyric and are flattened parallel to S2 (middle sample is most strongly deformed). 

Samples (from top) C2047NI09-18, C2055NI21, and C2047NI09-10. All Central Thalanga. 

(c) Photomicrograph of quartz and feldspar phenocrysts preferentially concentrated in 

chlorite-phlogopite domain of HWF. Sample C2037NI15-50.6, Central Thalanga. 

(d) Hand specimens of HWF containing irregular, dark grey dacite clasts and blocky, white, 

perlitic quartz-feldspar-phyric rhyolite dasts. The rhyolite clasts have chloritic 

margins in places. Matrix is siltstone with few quartz and feldspar crystals. Samples 

(from top) E3198SD30-93 and C2055NI21-17.5, East and Central Thalanga respectively. 

(e) Top: poorly sorted, clast supported dacite breccia, with and irregular massive pyrite-

sphalerite clast. Dacite clasts are irregular and have jigsaw fit textures in places 

(arrow). Bottom: irregular flow-banded quartz-feldspar-phyric rhyolite dasts in sandy 

(feldspar crystals) siltstone. Chlorite domains are irregular with diffuse margins and are 

therefore inferred to have formed during alteration. 

(f) Perlitic, sparsely feldspar-phyric dacite clast, with irregular contact to underlying 

chlorite-rich siltstone. Sample TH209-90.5, Central Thalanga. 

(g) Massive barite clast in sandy siltstone. Located in E779 Stope, East Thalanga. 
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suggests that the HWF was deposited in a subaqueous basin below storm wave-base (which is 

100-300 m in depth according to estimates by Busby-Spera, 1984). The quartz and feldspar 

crystals are interpreted to have been derived from older volcanic units, but the provenance of 

these components is poorly constrained, but may have been intra-basinal. 

The presence of massive sulphide and quartz magnetite c_lasts is interpreted to indicate that 

massive sulphide and quartz magnetite lenses were exposed on the seafloor during transport of 

the HWF. The provenance of massive sulphide clasts could either be the Thalanga massive 

sulphide deposit or other massive sulphide deposits in the Trooper Creek Formation. 

4.5.2 Dacite 

Coherent, massive to flow-banded, feldspar-phyric dacite immediately overlies the HWF in 
the vicinity of the Thalanga massive sulphide deposit (Fig. 4.1, Fig. 4.3a,b). Coherent dacite 

is not exposed at surface west of the western margin of West Thalanga. Instead, a polymict 

breccia and sandstone units are exposed, and coherent dacite is not present for about 2.5 km 

along strike (Hill, 1992). 

Petrology of the Coherent Fades 

Two types of dacite can be distinguished petrographically: dacite with about 5-10 % feldspar 

phenocrysts (termed here dacite 1; Fig. 4.22a), and a sparsely feldspar-phyric (<5 %) dacite 

(termed here dacite 2; Fig. 4.22b). Both types of dacite contain albitised plagioclase 

phenocrysts and glomerocrysts (1-2 mm in size) and K-feldspar phenocrysts (0.2-1 mm in size) 

(Fig. 4.10). Sheafs of bladed actirtolite are common in dacite 2, and are inferred to be 

metamorphic in origin (Chapter 3). Elsewhere, the groundmass contains 5-10 % metamorphic 

biotite and in places this has been retrogressed to chlorite. 

The groundmass in both dacites comprises intergrown microcrystalline quartz and feldspar, 

with microcrystalline feldspars parallel to flow-banding in places (Fig. 4.22c,d). Both dacite 

1 and 2 are commonly perlitic, particularly at their top and bottom contacts, and the perlite 

fractures have been overprinted by brown biotite, or green chlorite after biotite (Fig. 4.22e). 

The presence of altered perlite indicates that these parts of the dacite were formerly glassy. 

Banded perlite has accentuated the flow-banding in places. 

Both dacite 1 and dacite 2 are present in all parts of the Thalanga massive sulphide deposit. 

In general, dacite 2 immediately overlies the HWF in East Thalanga, the Vomacka ZOne, 

and the eastern end of Central Thalanga, whereas dacite 1 overlies the HWF in West 

Thalanga and the western end of Central Thalanga. The contact between the two dacites in 

Central Thalanga may be the major normal fault (fault C, Fig. 4.1) that coincides with the 



Figure 4.22 Textural variations in the dacite at Thalanga. 

(a) Hand specimen of a 5-10 % feldspar-phyric dacite (dacite 1). Sample 955-7, Central 

Thalanga. 

(b) Hand specimen of fine grained, aphyric dacite (dacite 2). Sample TH243-399.2, West 

Thalanga. 

(c) Photomicrograph of the fine grained feldspar-rich groundmass of dacite 1. Biotite is 

disseminated through the grotmdmass, whereas Ti-oxides and oxide minerals form 

clusters. Sample 955-29, Central Thalanga. Plane light. 

(d) Same sample as (c) under crossed nicols. 

(e) Photomicrograph of biotite and chlorite along relic perlite fractures in dacite (top of 

dacite flow). Sample 'TH14-441.9, Central Thalanga. 

(f) Poorly sorted, monomict dacite breccia with local jigsaw-fit texture. Sample E3207SI28- 

67.3, East Thalanga. 

(g) Poorly sorted, clast supported, monomict, flow banded dacite breccia. Location: 20 200 inN, 

20 590 mE, 955 mRL, Central Thalanga. Pencil is about 14 cm in length. 

(h) Photomicrograph of perlitic dacite dast in poorly sorted, monomict dacite breccia. 

Matrix is composed of fine grained quartz, muscovite and minor chlorite. Sample TH71- 

284, east of Central Thalanga. 
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change in bedding orientation. Elsewhere at Thalanga, units of dacite 1 overlie dacite 2 and 

vice versa. 

Thickness of Coherent Dacite 

The true thickness of the dacite is difficult to determine due to the numerous ENE-trending 

faults that offset and repeat the stratigraphy (Chapter 3). However, between Central 

Thalartga and the Vomacka Zone, about 60 m of dacite 2 overlies a similar thickness of dacite 

1, which directly overlies HWF (e.g. diamond drill hole TH71). In West Thalanga, dacite 1 

possibly has a maximum thickness of about 130 m. The thickness of dacite 2 in East Thalartga 

is not known from available drill holes. Coherent dacite is not exposed in the southeastern 

limits of the Thalanga Range, but is present further northwest along the range. On the north 

side of the Flinders Highway, dacite 2 is up to 270 m in true thickness. 

Lower Contact 

The contact between dacite 1 and the underlying HWF is sharp and typically planar. In 

contrast, the contact between dacite 2 and the HWF varies from sub-planar to irregular and 

disrupted. In several places, the basal part of dacite 2, and adjacent dacite clasts in the 

HWF, contain quartz-filled amygdales. 

Poorly-sorted, monomict dacite breccia is present in places at the stratigraphic base of both 

dacites (although more common in dacite 2). The breccia is commonly clast-supported, with 

angular to blocky dacite clasts (the largest is 53 m in size, but most clasts are S30 cm in size), 

some with curviplanar margins and jigsaw-fit texture (Fig. 4.22f). Some clasts have chloritic 

margins. Close to the HWF, the matrix of the dacite breccia is composed of siltstone with few 

feldspar and quartz crystals. Intervals of dacite breccia vary in thickness and lateral extent 

(up to >6 m thick and about 100 m in strike length), and are interpreted to have formed by 

quench-fragmentation of the base of the dacite. 

Upper Contact 

Monomict dacite breccia. In the central and eastern parts of Central Thalanga, dacite breccia 

overlies dacite 2 with gradational contacts (Fig. 4.22f and Fig. 4.23). The breccia comprises 

monomict dacite 2 clasts and is poorly sorted, clast supported and has a jigsaw fit texture. The 

degree of clast-rotation in the dacite breccia increases with increasing distance from the 

coherent dacite (Fig. 4.23). The dacite clasts (<20 cm in size) have curviplanar margins and 

are angular, cuspate to partly rounded in shape (Fig. 4.22g,h). Irregular wispy clasts 

composed of biotite and fine grained muscovite may be altered pumice (Fig. 4.24a). However, 

such clasts are similar in texture to dacite clasts with banded perlite (Fig. 4.24b), and 
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Dacite ., 5-10 °A, feldspar-phyric dacite flow 

Andesite:  sill, true thickness uncertain, between 10 and 100 m 

Dacite-litic breccia: matrix supported peditic, qz-phyric 
rtiyolite clasts (max = 5 cm); flow-banded and perlitic dacite 
clasts; matrix is sandy siltstone (fspr crystals 	mm) 

AndesitEK feeder dyke and sill 

Dacite-litic breccia; angular to rounded, dacite and perlitic qz-
phyric rhyolite clasts (max = 30 cm); matrix supported 
breccia, fspr and blue qz in matrix (crystals 	mm); poorly 
sorted, but normally graded with partly laminated sandstone 
top (max lithic at top = 3 cm) 
Clast-rotated dacite breccia: poorly sorted, clast supported, 
flow banded dacite clasts, max =20 cm, matrix composed of 
microscopic dacite clasts and fine grained quartz-chlorite 

In situ dacite breccia: poorly sorted, clast supported, angular 
blocky to splintery dasts of flow banded dacite, jigsaw fit 
texture, minor dast rotation, max = 1 m, matrix composed of 
microscopic dacite clasts and fine grained quartz-chlorite 

Dacite: sparsely feldspar-phyric, flow banded (particularly 
near stratigraphic top) 

Figure 4.23 Simplified graphic log of the contact between the sparsely feldspar-
phyric dacite and the andesite in Central Thalanga. Tick marks along vertical axis 
of log are 10 m apart. Abbreviations: max = maximum 



Figure 4.24 Textures of the monomict dacite breccia and the dacite-rhyolite breccia. 

(a) Photomicrograph of banded (due to biotite) dacite clast. Biotite could define tube walls of 

a dacitic pumice clasts or could mark banded perfite fractures. Sample TH71-284, east of 

Central Thalanga. 

(b) Photomicrograph of perlitic dacite clast (biotite along fractures) with banded perlite 

grading to classical perlite (arrow). Sample TH71-284, east of Central Thalanga. 

(c) Photomicrograph of biotite-rich dacite clast containing quartz spherulites. Sample TH71- 

284, east of Central Thalanga. 

(d) Same sample as (c) under cross nicols. Spherulites have recrystallised quartz rim. 

(e) Poorly sorted monomict dacite breccia. Dacite is partly flow-banded and clasts vary from 

jigsaw-fit to clast-rotated textures. Matrix is siltstone. Pencil is about 14 cm in length. 

Thalanga Range (mine grid: 20 760 mN, 14 110 mE). 

(f) Poorly sorted monomict dacite breccia as above, with prominent jigsaw-fit textures. 

Thalanga Range (mine grid: 20 760 mN, 14 110 mE). 

(g) Angular quartz-feldspar phyric rhyolite clast from the dacite-rhyolite breccia. Cuspate, 

curviplanar margins are accentuated by shearing (south side up) of the dast. Sample 955- 

2, Central Thalanga. 

(h) Matrix supported dacite-rhyolite breccia. Matrix is composed of siltstone with feldspar 

crystals, small dacite clasts (<2 mm in size), and few quartz crystals. Sample 980-12, 

Central Thalanga. 
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therefore are probably not pumice. Rare angular to blocky clasts composed of fine grained 

muscovite and containing partly recrystallised spherulites are also present in the dacite 

breccia (Fig. 4.24c,d). A gradational contact occurs between this monomict dacite breccia and 

the overlying poorly sorted dacite-rhyolite breccia. 

A poorly sorted, clast supported dacite breccia marks the upper contact of the dacite 2 located 

immediately north of the Flinders Highway in the Thalanga Range. The breccia is composed 

of 5-100 mm sized, angular to blocky dacite 2 clasts and extends <1 m from the coherent dacite. 

The dacite clasts have jigsaw fit textures and a matrix of siltstone is present between the 

clasts (Fig. 4.24e,f). There is a sharp, but irregular contact with the overlying siltstone and 

graded sandstone units in this location. 

Dacite-rhyolite breccia. White siliceous quartz-feldspar-phyric rhyofite clasts and perlitic 

dacite 2 clasts are the most abundant clast-types in the dacite-lithic breccia. The dacite-

lithic brecda comprises three normally graded (but internally poorly sorted) and weakly 

stratified beds, with laminated sandy siltstone marking the stratigraphic top of each bed. 

Individual beds vary from 1 to 5 m in thickness in Central Thalanga (Fig. 4.1). The perlitic 

dacite clasts are strongly silicified, angular to irregular in shape, and are white to medium 

grey in hand specimen. Dacite dasts with few perlitic fractures are typically medium grey in 

hand specimen. Generally the dacite clasts are <10 cm in size. 

The rhyolite clasts are strongly silicified, white in hand specimen and are highly angular to 

cuspate in shape (Fig. 4.24g). The rhyolite clasts are <20 cm in diameter and grade to <3 cm in 

diameter near the stratigraphic top of the dacite-rhyolite breccia (Fig. 4.24h). The 

groundmass of the rhyolite clasts is composed of recrystallised quartz and feldspar, and has 

been overprinted by coarsely recrystallised quartz. Both dacite and rhyolite clasts are 

supported by a silt-sized matrix containing small dacite fragments (<1 mm, identified in thin 

, section), and blue quartz and fresh feldspar crystals (<1 mm). 

Interpretation of Dacite Emplacement 

The dacite breccia at the base of dacite 2, in East Thalanga and the eastern part of Central 

'Thalartga, is interpreted to include both in situ hyaloclastite and intrusive hyaloclastite or 

blocky peperite involving siltstone of the underlying HWF. The dacite breccia overlying 

dacite 2 in Central Thalanga includes facies thought to range from in situ hyaloclastite 

immediately adjacent to the coherent dacite, through dispersed hyaloclastite to 

resedimented hyaloclastite, as indicated by the stratified nature of the dacite-rhyofite 

breccia. These relationships are consistent with subaqueous dacite extrusion, and the 

shedding and redeposition of hyaloclastite from the top of the dacite dome or lava (cf. 

Yamagishi, 1987; Kurokawa, 1991; Allen, 1992). Therefore dacite 2 in Central and East 
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Thalanga is interpreted to have flowed over and foundered into partly consolidated HWF. 
Because sphenilites are typically located near the core of lavas or domes, rather than 

quenched-fragmented margins (Fink and Manley, 1987; Duffield and Dalrymple, 1990; 

McPhie et a/., 1993) the presence of spherulitic dacite dasts in the monomid dacite breccia, is 

consistent with gravitational collapse and mass-wasting of the dacite. The provenance of the 

angular and cuspate rhyolite clasts in the overlying resedimented hyaloclastite (the dacite-

rhyolite breccia) is unknown. 

Emplacement of the dacite 1 in West Thalanga and the western part of Central Thalanga is 

poorly understood, although the lack of peperite at dacite contacts with the HWF in West 

Thalanga may indicate that the HWF in West Thalanga was consolidated at the time of 

dacite emplacement. Thus the dacite 1 in West 'Thalanga may post-date emplacement of 

dacite 2 in East Thalanga. However, in other volcanic sequences, passive contacts do occur 

between the bases of lavas or domes and unlithified sediments (e.g. Allen, 1992). The nature 

of the original top of the dacite 1 unit in West Thalanga is poorly understood because an 

andesite sill is present between the dacite and overlying dacite-pumice breccia (section 4.5.3). 

There is a gradational contact between the dacite breccia and underlying coherent dacite 2 

that is located in the Thalariga Range (north of the Flinders Highway). There is no evidence 

that sediment infilled the brecciated top of the dacite. Rather, the lack of bedding in the 

siltstone matrix, and jigsaw-fit textures and blocky shapes of the dacite clasts in the breccia 

are interpreted to indicate that the breccia is an intrusive hyaloclastite. 

4.5.3 Polymict Breccia and Sandstone Fades 

Dacite-Pum ice Breccia 

A poorly sorted polymict breccia, containing abundant irregular dacite 2 clasts and feldspar-

phyric chlorite-biotite-rich clasts, is present between dacite domes or lavas in West 

Thalanga (Fig. 4.3b). Minor muscovite-rich quartz-feldspar-phyric tube pumice and silicified 

rhyolite clasts are also present in this dacite-pumice breccia (Fig. 4.25a; Table 4.4). Few of 

both the dacite 2 and silicified rhyolite clasts are perlitic. The feldspar-phyric chlorite-

biotite-rich clasts are flatfened parallel to S2, and have feathered ends similar to altered, 

compacted pumice clasts or fianune from other ancient volcanic sequences (e.g. Allen, 1992). 

This breccia is clast supported, with a matrix composed of sandy siltstone with quartz (blue) 

and feldspar crystals (24 mm in size). 

The dacite-pumice breccia is normally graded from coarse breccia (largest clast = 10 cm dacite 

2), to granular breccia (largest clast = 3 mm dacite 2), to fine sandstone (<1 mm sized grains). 

Layers of siltstone are interbedded in fine sandstone at the top of the breccia. In diamond drill 



Figure 4.25 The dacite-pumice breccia, andesite and post-tectonic intrusions at Thalanga. 

(a) Poorly sorted, polymict dacite pumice breccia. Top: feldspar-phyric, biotite-c.hlorite-

rich clasts, that may be altered and metamorphosed clasts of dacite pumice or dense 

glass, and possible rhyolite pumice clasts are supported in a poorly sorted matrix of 

smaller pumice clasts, blocky dacite dasts and feldspar crystals. Sample II-133-144.5, 

West Thalanga. Bottom: irregular sparsely feldspar-phyric dacite dasts are more 

abundant, and are more variable in size) that intensely silicified rhyolite clasts. Sample 

TH33-152, West Thalanga. 

(b) Photomicrograph of hornblende phenocrysts within the andesite at Thalanga. Fine 

grained hornblende, feldspar and biotite are present in the groundmass. Sample 980-9, 

Central Thalanga. 

(c) Same sample as (b) under crossed nicols. 

(d) Photomicrograph of microdiorite. The presence of quartz intergrown with feldspar in the 

groundmass, and absence of hornblende phenocrysts are the main textural and 

compositional differences between microdiorite and andesite. Sample C2067ND58-41.5, 

Central Thalanga. 

(e) Same sample as (d) under crossed nicols. 

(f) Photomicrograph of dolerite. Rounded irttergrowths of fine grained chlorite may be after 

olivine. Plagioclase is intergrown with augite and magnetite in the groundmass. Sample ' 

W2013ND27-76.5, West Thalanga. 

(g) Same sample as (f) under crossed nicols. 
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hole TH33 in West Thalanga, the dacite-pumice breccia comprises three normally graded 

units (10 m, 3 m, and 5 m in true thickness). The lowermost dacite-pumice breccia has a sharp 

planar contact with andesite interpreted to be a sill (section 4.5.4), and the top of the dacite-

pumice breccia has a sharp, irregular contact with overlying amygdaloidal dacite 2 dome or 

lava (Fig. 4.3b). The internal characteristics of the dacite-pumice breccia units are consistent 

with subaqueous mass-flow transport and deposition. 

Table 4.4 Types of clasts in the dacite-pumice breccia. 

Clasts 
	

Clast shape 
	Size range 	Abundance & distribution 

Dacite 2 

Altered, feldspar- hyric 
pumice or dense glass 

Altered, quartz-feldspar 
phyric pumice 

Silicified quartz-
feldspar-phyric rhyolite 

irregular to angular 

irregular, wispy, 
lenticular, with 
feathered ends 

irregular to wispy with 
feathered ends 

angular to blocky with 
curviplanar margins 

abundant 
evenly distributed 

abundant, 
more abundant, but smaller 
near top of breccia 

minor, 
dispersed throughout 

few 
concentrated near base of 
breccia 

5 min to 10 crn, but 
• mostly <3cm 

<05an to 3.5 cm 

largest = 10cm, 
generally < 2cm 

3 cm - 6 cm 

Polymict Volcanic Breccia 

A poorly sorted, normally graded, polymict breccia (20 to 50 m in true thickness) overlies the 

dacite or QFP in most parts of the southeastern extent of the Thalanga Range (Fig. 4.5). The 

polymict volcanic breccia is composed of angular to sub-rounded dacite clasts, sub-rounded 

siliceous QFP clasts and rounded aphyric siliceous rhyolite clasts in a quartz and feldspar 

crystal-rich matrix (clasts 2 to 50 cm in size, with largest clast = 5 m). Crystal-rich sandstone 

is common at the uppermost parts of this breccia. 

The poorly sorted texture and normal grading of the polymict volcanic breccia are consistent 

with the transport and deposition of the clasts and crystals as a subaqueous mass flow. The 

partly rounded, polymict clasts suggest that the clasts have been reworked prior to mass-flow 

resedimentation, possibly in a river or beach environment. The relationship between the 

polymict volcanic breccia and the dacite-pumice breccia in West Thalanga is unclear from 

available drill hole data. 

Graded Quartz-Feldspar Sandstone 

Multiple beds of quartz-feldspar crystal-rich sandstone to feldspar crystal-rich sandstone, 

composed of well rounded, moderately sorted and closely packed crystals S5 mm in size, 

locally overlie the polymict volcanic breccia or the dacite along the Thalanga Range. Sub-

angular to rounded dacite clasts 	cm in size) are common in the base of the sandstone beds, 

which grade upwards to siltstone. Single beds vary from <30 cm to —1 m in true thickness, and 
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intervals of the multiple beds vary from 5 to 25 m in thickness. The crystals in the graded 

sandstone are interpreted to have been reworked and derived from older, crystal-rich 

volcaniclastic deposits. 

4.5.4 Andesite 

Distribution and Contacts with Enclosing Rocks 

Andesite units are present in the hangingwall at Thalanga. The andesite is weakly foliated 

(S2  ), is offset along D3 faults (Fig. 4.1) and is therefore inferred to be similar in age to the 

underlying volcanic units. In Central Thalanga, andesite units within the HWF are 

interpreted to be coeval with andesite that overlies and partly intrudes the dacite 

hyaloclastite and dacite-rhyolite breccia (Fig. 4.1 and Fig. 4.23). Both the stratigraphic top 

and base of the andesite in Central and West Thalanga are sharp and subplanar. Although 

there is no evidence of baking of the adjacent dacite, dacite-rhyolite breccia or dacite-pumice 

breccia, the passive contacts and the genetic link between the volcaniclastic facies and 

underlying dacite lava/dome suggest that the andesite units at Thalanga are a series of sills. 

Petrography 

The sparsely (-2 %) green hornblende-phyric andesite is medium to dark green in hand 
specimen and contains rare calcite-filled amygdales. In thin section, the hornblende, and 

chlorite after hornblende, phenocrysts are subhedral, <1.5 mm in size, and have irregular 

margins that appear to be intergrown with the groundmass (Fig. 4.25c,d). Acicular green 

hornblende (<0.4 mm in length) and interstitial feldspar are the main components of the 

groundmass (both 30-40 % of groundmass). Olive brown biotite (weakly aligned and inferred 

to be metamorphic, 10-20 % of groundmass) and accessory apatite are also present. The biotite 

has been partly chloritised, and the minor Fe-oxides, sphene, epidote and calcite within the 

groundmass are interpreted to be alteration minerals. 

4.5.5 Location of Quartz-Magnetite Lenses 

Quartz-magnetite lenses are present stratigraphically above and below the Thalanga 

massive sulphide horizon in places along the Thalanga Range (Duhig, 1991; Duhig et al., 
1992). Quartz-magnetite lenses occur at the contact between the rhyolites of the Mount 

Windsor Volcanics and the QFP, between the QFP and the overlying dacite, and between the 

dacite and the overlying quartz-feldspar crystal-rich sandstone (Fig. 4.26). The quartz-

magnetite lenses are considered to be the metamorphosed equivalents of exhalative silica-

hematite lenses present in the eastern and central parts of the Mount Windsor subprovince 

(Duhig„ 1991; Duhig et al., 1992; Davidson et al., 1993). Along the Thalanga Range the quartz 
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Figure 4.26 Schematic facies architecture of the volcanic succession, from the Mount Windsor 
Volcanics (MWV), through the Trooper Creek Formation (TCF), to the Rollston Range Formation 
(RRF), along the Thalanga Range northwest of the Thalanga massive sulphide deposit. The Thalanga 
deposit occurs at the left hand margin of this diagram, at the asterisk. Black pods represent quartz 
magnetite lenses. Trooper Creek Formation varies from 200 m to 350 m in true thickness. 
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magnetite forms discontinuous pods (1-65 m in strike length) parallel to bedding. Only one 

example of a quartz-magnetite vein cross-cutting coherent dacite was observed 

stratigraphically below a quartz-magnetite pod. Siltstone is commonly present along strike 

from the quartz-magnetite units. These packages are interpreted to represent ambient basin 

sedimentation and local hydrothermal exhalations, intercalated between units generated 

primarily by volcanic eruptions. 

4.6 Rollston Range Formation 

Multiple beds of brown, partly micaceous laminated siltstone, and minor sandstone (2 mm size 

grains) grading to siltstone beds, overlie the quartz and feldspar crystal-rich sandstone in the 

vicinity of the Thalanga Range (Hill, 1992). The siltstone is silicified in places. There is a 

gradational contact between these siltstone and graded sandstone beds and the underlying 

(coarser) quartz and feldspar crystal-rich sandstone, with siltstone interbedded with the 
sandstone in places. 

The siltstone and graded sandstone beds are interpreted to have a partly non-volcanic 

provenance, with no indication of contemporaneous intrabasinal volcanism. They reflect the 
cessation of volcanism and record the return to ambient basin sedimentation dominated by 

reworked terrigenous sediments. The micaceous siltstone and graded sandstone beds are 

therefore interpreted to be part of the Rollston Range Formation. 

4.7 Summary of Volcanism at Thalanga 

The sequence of volcanic events that resulted in the deposition of rhyolitic through the 

dacitic and andesitic rocks at the Thalanga deposit are summarised in Figure 4.27. The 

footwall rhyolitic volcanics (Mount Windsor Volcanics) are possibly composed of rhyolite 

domes or ctyptodomes, syn-eruptive breccias, syn-volcanic sills, and breccia units deposited 

from mass-flows (Fig. 4.27a). Construction of a rhyolite dome in Central Thalanga may have 

resulted in the formation of local basins in West and East Thalanga. The minor amount of 

siltstone overlying the rhyolitic volcanics in parts of East Thalanga is interpreted to be 

coeval with massive sulphide deposition and represents resumption of ambient sedimentation 

during a period of quiescence following rhyolite emplacement and prior to deposition of the 

QEV (Fig. 4.27a). 

QEV deposition in West and East Thalanga is followed by emplacement of QFP sills or partly 

emergent cryptodomes in East Thalanga (Fig. 4.27b). Some QFP domes may have been 

extruded prior to QEV deposition. Mega-clasts of QFP in Central Thalanga may be remnants 
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(a) Subaqueous emplacement of rhyolite sills, domes, associated breccias, and possible 
cryptodomes of the Mount Windsor Volcanics. Hydrothermal alteration and local seafloor sulphide 
mineralisation occurred during the waning of rhyolitic volcanism. 

(b) Deposition of the QEV interrupted sulphide mineralisation. The QEV was not deposited in the 
Vomacka Zone. In East Thalanga, the QFP was emplaced as sills or cryptodomes after deposition 

of the QEV. 

(d) Emplacement of other dacites at Thalanga (rather than along strike). Hyaloclastite breccia may 
or may not envelope the dacite dome/flows. 

(e) Deposition of the polymict dacite-pumice breccia, and quartz and feldspar sandstone. 
Emplacement of the syn-volcanic andesite sills between dacite flows and the HWF and dacite 
h aloclastile. 

. . 	
- 

= • • 

(c) The HWF was deposited following the cessation of mineralisation. Sparsely feldspar-phyric 
dacite flowed over and partly foundered into unconsolidated HWF. Perlitic rhyolite clasts were 
incorporated in resedimented dacite hyaloclastite at dacite margins. 

Figure 4.27 Schematic diagram depicting the order of deposition and emplacement of the volcanics 

at the Thalanga massive sulphide deposit. 
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of a collapsed QFP dome that was the source of QFP clasts in the QEV units. The 

interpretation of the upper rhyolite breccia (in East Thalanga) as hyaloclastite (in situ and 

partly resedimented) implies continued rhyolitic volcanism after QEV deposition in East 

Thalanga. There is no evidence of rhyolitic volcanism after the deposition of the QEV in 

Central or West Thalanga. In Central and East Thalanga, sulphide mineralisation continued 

after deposition of the QEV and upper rhyolite breccia (Chapter 6). 

Multiple beds of graded siltstone and sandy siltstone (HWF) overlying the massive sulphide 

lenses, QEV and QFP sills indicate temporary cessation of effusive volcanism at Thalanga 

(Fig. 4.27c). Dacite is interpreted to have flowed into the deepest part of the basin at 
Thalartga and partly foundered into the underlying unconsolidated HWF (Fig. 4.27c). 

Hyaloclastite from the top of the dacite lava was resedimented (by gravitational collapse) 

at the margins of the flow prior to emplacement of subsequent dacite lavas. Polymict mass-

flow deposits (dacite-pumice breccia) indicate redeposition of dacitic pyroclasts (unknown 

provenance) into local basins during dacite extrusion (Fig. 4.27d). Continued volcanic activity 

at Thalanga is marked by the emplacement of syn-volcanic andesite sills (Fig. 4.27e). The 

andesite typically occurs in the volcaniclastic facies between dacite lavas, or along the 

contact between volcaniclastic units and dacite lava. The top of the volcanic pile at the 

Thalanga deposit has not been drilled, but along strike in the southeastern part of the 

Thalanga Range, well sorted micaceous siltstone of the Rollston Range Formation indicates 

the cessation of volcanism. 

4.8 Post-tectonic Intrusions 

4.8.1 Microdiorite 

Microdiorite dykes trend NNE and cross cut the stratigraphy in all parts of the Thalanga 

massive sulphide deposit. Many dykes are intersected in drill core in the eastern parts of East 

Thalanga, four dykes are present in Central Thalanga, and one or two microdiorite dykes 

occur in West Thalanga. Some of the dykes in East Thalanga are coarser grained (about 1 mm) 

than those in Central Thalanga (0.1-0.5 mm), and this is probably due to differences in dyke 

width and extent of chilled margins. 

The microdiorite dykes are superficially similar to the andesite sills in hand specimen, but 

contain ophitic hornblende and altered feldspar crystals, and quartz in the groundmass (Fig. 

4.25e,f). The main components are 30-50 % muscovite pseudomorphs of feldspar (0.4 mm in 

length), 20-30 % euhedral, acicular green hornblende (0.5 mm in length), 5-20 % olive brown 

biotite (now mostly chloritised), 2-10 % interstitial quartz, and accessory apatite and sphene. 



Volcanic Facies and Depositional Setting 	 151 

Some homblende grain boundaries are irregular and have rims with different pleochroism 

from the core of the crystal. In places the hornblende has been variably replaced by chlorite. 

Biotite is also commonly altered to chlorite and Ti-oxides. Epidote is disseminated in several 

microdiorite dykes and there is a spatial association between epidote and hornblende. Traces 

of euhedral pyrite are disseminated through the dykes. 

4.8.2 Dolerite 

A fine-grained dolerite dyke, dark grey to black in hand specimen, cross cuts the mineralised 

horizon and the S2 cleavage in the footwall of West Thalanga. The dolerite is typically 

highly fractured, with white calcite common along irregular joints. In thin section, the 

dolerite is ophitic in texture, and is composed of 60 % plagioclase 	mm in length), 10-20 % 

chlorite after olivine, 5-10 % augite, minor magnetite and accessory apatite. The plagioclase 

is unaltered, except for chlorite-filled fractures (Fig. 4.25g,h). Chlorite is also interstitial to 

the plagioclase laths. 

4.9 Synthesis: Depositional Environment and Basin Architecture 

4.9.1 Water Depth 

The abundance of clastic units with lithofacies characteristics typical of subaqueous sediment 

gravity flow deposits, hyaloclastite at the margins of domes and lavas, peperitic margins of 

sills, and graded to massive siltstone within the ore horizon all support a subaqueous 

environment of deposition. Water depth is difficult to estimate, but it is evident from well 

laminated siltstone at the stratigraphic top of the massive sulphides, and the absence of 

reworking of the fine grained tops of sediment gravity flow deposits, that the massive 

sulphide deposit was at least below storm-wave base. Rounded clasts in the polymict 

volcanic breccia along strike from Thalanga indicate some reworking, and may have been 

sourced from shallow beach or river environments. However, the rounded clasts do not 

constrain water depth because they have been resedimented. 

4.9.2 Importance of Proximal Volcanism at Thalanga 

At Thalanga, the footwall rhyolitic volcanics (Mount Windsor Volcanics) are approximately 

1200 m thick, compared to 500 m in thickness at the rail cutting through the Thalanga Range 

(Hill, 1992). This thickness of rhyolite may be due to concentration of constructional rhyolitic 

volcanism (domes and cryptodomes) at Thalanga. Structural repetition may also have 

increased the apparent thickness of the rhyolitic volcanics. Within the vicinity of the 

Thalanga massive sulphide deposit, the main site of constructional rhyolitic volcanism may 
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have been located down-dip and east of the ore lenses at Central Thalanga. This area now 

partly overlies the ore horizon due to normal faulting. Hyaloclastite or autoclastic breccia 

and mass-flow deposits may have formed preferentially in local basins elsewhere at 

Thalanga (Fig. 4.27a, Table 4.5). 

The volume of QEV and QFP, and the relationship of the sulphides to these facies, vary 

across the massive sulphide deposit, and the most prominent differences are between West 

and East Thalanga (Fig. 4.6; Table 4.5). The high proportion of QFP sills and cryptodomes in 

East Thalanga and along the southeastern end of the Thalanga Range suggests that these 

areas were volcanic centres during the time of QFP emplacement. Numerous thick QEV units 

in West and East Thalanga and the southeastern end of the Thalartga Range, indicate that 

these areas were also important depocentres. The absence of QEV in the eastern part of 

Central Thalanga and the Vomacka Zone is interpreted to indicate that West and East 

Thalanga were separate basins during the time of QEV deposition (Fig. 4.27b), which 

supports the suggestion that parts of Central Thalanga may have been a topographic high, 

created by emplacement of rhyolite domes or cryptodomes. The presence of QFP sills and the 

upper rhyolitic breccia (interpreted to be hyaloclastite from a collapsed rhyolite dome) in 

East Thalartga (Table 4.5) indicate that volcanic activity was concentrated in East Thalanga 

during sulphide mineralisation. 

There is a greater thickness of HWF in the eastern part of Central Thalanga, the Vomacka 

Zone, and East Thalanga, which indicates these areas were locally deeper than West 

Thalanga during deposition of the HVVP. Intrusive dacite hyaloclastite within the HWF and 

at the contact between dacite lavas and the underlying HWF are restricted to these areas 

containing thick HINF. Therefore the first dacite is interpreted to have flowed into the 

deepest part of the basin at Thalanga and partly foundered into the underlying 

unconsolidated HWF. It is not clear from the available drill holes whether more than one 

dacite lava is present between Central and East Thalanga, but given that the dimensions of 

younger, subaqueous siliceous domes and lavas vary from 50-1000 m (Pichler, 1965; Lonsdale 

and Hawkins, 1985) to 10 km in lateral extent (Cas, 1992), it is likely that one dacite lava 

extends from Central to East Thalanga (about 150 m). 

Subsequent dacite units are located in the immediate vicinity of the massive sulphide 

deposit. Dacite is not present immediately west of Thalanga. Instead polymict volcanic 

breccia, quartz-feldspar crystal-rich sandstone and siltstone occur in the equivalent 

stratigraphic position (map M1), supporting the interpretation that the Thalartga massive 

sulphide deposit is located at a volcanic centre which was a topographic high. 

The concentration of coherent and proximal volcaniclastic facies at Thalanga (Table 4.6) is 

consistent with a regime of high heat flow, which has significant implications for driving 



Table 4.5 Comparison of the volcanic facies of the Vomacka Zone, East, Central and West Thalanga. 

Stratigraphic West Thalanga 	 Central Thalanga 	 Vomacka Zone 	 East Thalanga 
Location 
Hangingwall Dacite-pumice breccia: distribution 

poorly understood; 

Dacite: generally 5-10 % feldspar-
phyric (dacite 1); 

J-IWF sandy siltstone, <2 m in 
thickness 

Dacite: 5-10 % feldspar-phyric 
dacite (dacite 1) mainly confined to 
west of fault C, and sparsely 
feldspar-phyric dacite (dacite 2) 
generally present east of fault C; 

J-IWF: sharp increase in thickness 
east of fault C. Perlitic dacite 
clasts also present in HWF east of 
fault C 

Dacite: mainly sparsely feldspar-
phyric dacite (dacite 2); 

IMF, 1-10 m in thickness, multiple 
graded siltstones and sandy 
siltstone, abundant siliceous 
rhyolite clasts in places 

Dacite: sparsely feldspar-phyric 
dacite (dacite 2); 

1-1WF:. 5-18 m in thickness, multiple 
graded silstones and sandy 
siltstones, with peperitic dacite 
clasts and siliceous rhyolite clasts 

Ore horizon 

Footwall 

QEN,  generally one graded mass 
flow unit, with rare overlying 
sandstone or thinner QEV units. 
QEV overlies sulphide lenses; 

QFP not present. 

Rhyolitic Volcanics., coherent 
rhyolite, possibly with 
volcaniclastic units at 
stratigraphic top 

QV ; minor discontinuous lenses; 
QFP: spherulitic mega-clasts west 
of fault C; 

QEV and QFP clasts enveloped by 
sulphides. 

Rhyolitic Volcanics;. coherent 
quartz-feldspar-phyric rhyolite, 
local rhyolite hyaloclastite, rare 
pumice-bearing rhyolite breccia 

QEV & QFI% not present; 

Poorly sorted, polymict rhyolitic 
breccia, partly overprinted by 
sulphide veins. 

Rhyolitic Vokanicsz coherent 
rhyolite, with zones of poorly 
sorted, clast-supported rhyolite 
breccia 

Siltstone and graded sandy 
siltstone overly footwall; 

QEV:. extensive, multiple beds, 
overly and are overlain by 
sulphide lenses; 
QFP., syn-volcanic sills, partly 
intrude QEV, and are not 
mineralised; 

Poorly sorted rhyolitic breccia, 
overlies and interfingers with 
QEV. Is overprinted by sulphide 
veins. 

Rhyolitic Volcanics: coherent 
rhyolite, possibly with 
volcaniclastic units at 
stratigraphic top 
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the circulation of the hydrothermal fluids in the footwall. This would suggest that areas 

within the Mount Windsor volcanic belt that contain abundant proximal facies associations 

should be important targets in the exploration for massive sulphides. The presence of graded 

mass flow deposits indicates that Thalanga was a depocentre between episodes of 

constructional volcanism and importantly, the period of quiescence prior to and after QEV 

deposition at Thalanga is approximately coeval with massive sulphide formation. 

The poor sorting and normal grading of the fiarnme- and pumice-bearing breccia units are 

consistent with transport into the Thalanga area by particle-rich, sediment gravity currents, 

or mass-flows (cf. Cas, 1983), and therefore these units are inferred to represent relatively 

distal volcanic facies (Table 4.6). Conversely, most of the proximal vokaniclastic fades 

associations at Thalanga (Table 4.6) are inferred to have been generated by quench-

fragmentation and gravitational collapse of coherent lavas or domes. The lithofacies 

characteristics of the dacite-pumice breccia, QEV and pumice-bearing rhyolite breccia units 

at Thalanga suggest that these units are syn-eruptive volcaniclastic deposits (e.g. McPhie 

and Allen, 1992), whereas the siltstone and graded sandstone units at Thalanga are inferred 

to have been derived from older volcanic units. 

Table 4.6 Proximal versus relatively distal volcanic fades at Thalanga 

Proximal fades 	 Distal Fades 
Hangingwall 	Andesite, 	 Quartz-feldspar crystal-rich sandstone, 
(unit iv) 	Dacite lavas, 	 Pumice in dadte-pumice brecda, 

Dacite hyaloclastite, 	 HWF: siltstone, graded sandstone 
Dadte-lithic breccia (resedimented dacite 
h aloclastite) 
HWF: graded rhyolite breccia, dadte 
intrusive hyaloclastite, fianune-bearing 
breccia 

Ore horizon 	Upper rhyolite breccia (resedimertted 	Crystals in QEV? 
(unit ii & iii) 	rhyolite hyaloclastite), 	 Siltstone and graded sandstone 

QFP sills and mega-clasts, 
Components of the QEV 

Footwall 	Rhyolite domes, cryptodomes, and sills, 	Feldspar- and quartz-bearing sandstone 
(unit i) 	Rhyolite hyaloclastite, autobreccia and 

resedimented hyaloclastite, 
Pumice-bearing rhyolite breccia? 

4.93 Importance of the QEV and QFP 

Significance of Large Quartz Crystals 

The fluidal peperite at the contact between the QFP and siltstone (section 4.3.5) suggests that 

the QFP was less viscous than expected given its high crystal content and siliceous 

composition. The viscosity could have decreased due to high confining pressure, high magma 

temperature, or elevated volatile contents (McBirney and Murase, 1970; Cos, 1978). The large 

size of the quartz crystals in the QFP at Thalanga may reflect elevated volatile (especially 
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water) contents in the QFP magma because in general, crystallisation of water-rich magmas 

produces large euhedral crystals (Carmichael et al., 1974; Ehlers and Blatt, 1982). 

The highly resorbed nature of the quartz phenocrysts in the QFP is indicative of 
disequilibrium conditions in the magma chamber or during eruption. McBirney (1980) 

suggested that disequilibrium between crystals and the melt could be evidence of 

fractionation within the upper part of the magma chamber. Other mechanisms that will 

move a melt into disequilibrium with its crystal components are changes in volatile content, 

pressure reduction as the magma ascends or as volatiles are episodically released, or by 

mixing with a new batch of magma (change in chemistry and/or temperature). 

Implications of QFP Peperite 

The shape of igneous clasts in peperite may be partly influenced by the porosity and 

permeability of the host sediments. Where magma intrudes wet, fine-grained and well sorted 

sediments, a steam carapace may be maintained and insulate the magma, producing fluidal-

shaped igneous clasts (Busby-Spera and White, 1987). The siltstone enveloping the QFP at 

East Thalanga is well sorted and is interpreted to have favoured the production of fluidal 

peperite. Acting in opposition to this is the felsic composition and abundant coarse quartz and 

feldspar phenocrysts in the QFP, which suggest that the QFP would have been highly 

viscous. Such high viscosity would probably affect the texture and extent of peperite 

development, with blocky peperite more likely to have formed. 

Textural evidence suggests that the irregular QFP clasts in siltstone at the margin of QFP sills 

in East Thalanga are deformed fluidal peperite, which is unusual for siliceous intrusions (cf. 
Hanson and Wilson, 1991, 1993). However, viscosity of felsic magma is reduced under high 

confining pressure, high magma temperature, or by retention of volatile components (Kushiro, 

1976, 1978, 1980; Kushiro et al., 1976; McBirney and Murase, 1970; Cas, 1978; Williams and 
McBirney, 1979). The intrusion of a felsic sill into sediments under deep water or into a thick 

sedimentary pile, and therefore under high hydrostatic or lithostatic pressure, may have 

decreased the viscosity of the intrusion (Hanson and Wilson, 1991; Kano et al., 1991). Thus, 
fluidal peperite, rather than blocky peperite, may preferentially form at the contact 

between felsic magma (e.g. the QFP) and wet, fine-grained sediments in deep water. 

Peperitic QFP margins indicate that siltstone overlying the footwall rhyolitic volcanics was 

unconsolidated at the time of QFP intrusion. These siltstone units are <5 m in total thickness, 

yet completely envelope the QFP sills (Fig. 4.3b). Most studies of peperite formation 

concentrate on the mechanisms of peperite formation (e.g, Kokelaar, 1982, 1986), or on the 

effect of variation in physical properties of the magma or host sediment on peperite textures 

(e.g. Busby-Spera and White, 1987). Few workers have discussed the minimum thickness of 
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sediment required for peperite rather than hyaloclastite formation. However, in some case 

blocky peperite is equivalent to intrusive hyaloclastite because the magma is broken up by 

quench-fragmentation processes (e.g. Kokelaar, 1982; Busby-Spera and White, 1987; Hanson, 

1991; McPhie, 1993). 

Minimum Sediment Thickness and Peperite Formation 

The depth of sediment affects the degree of compaction, and therefore permeability of the 

host sediment. Deeply buried sediments are more likely to have reduced permeability and 

thus hinder fluidisation and peperite formation (Bryant et cd., 1981; Einsele, 1986). The 

combined effect of hydrostatic and lithostatic pressure in subaqueous environments will 

partly control the level at which a rising magma will spread laterally and form sills 

(Einsele, 1986), and also control the point at which sediment fluidisation and peperite 

formation can occur. Therefore, in deep water, magmas may be intruded to shallow depths 

below the sediment-water interface (e.g. Einsele, 1986; McPhie, 1993). 

In shallower water, and/or with thin overlying sediments, the sediment-seawater interface 

may be breached, resulting in resedimented peperite or hyaloclastite formation (Table 4.7; 

White and Busby-Spera, 1987; Hanson and Wilson, 1993). At the Highway-Reward massive 

pyrite deposit east of Thalanga, mass-flow emplaced breccia units contain both resedimented 

hyaloclastite and peperite clasts. These are interpreted to have formed as syn-volcanic sills 

intruded into thin (<10 m) wet sediments, and inflation of the sill and emergence at the 

seafloor caused slumping of the peperitic sill-margin. Hyaloclastite formed as the magma 

encountered cold seawater and was resedimented with the peperitic clasts (Doyle and 

McPhie, 1994). 

There is evidence that in some subaqueous settings, intrusions in <30 m of sediments may 

breach the seafloor and either erupt explosively or fragment by quenching (Table 4.7). 

However, breaching may also depend on local geometry, magma supply rate, and magma 

composition and viscosity. Therefore, in order to prevent the breaching of the 2-5 m thick silt 

cover at East Thalanga, the QEV is interpreted to have been deposited prior to the intrusion 

of QFP sills. Alternatively, the water depth may have been great enough to provide a high 

hydrostatic pressure and thus prevent breaching of the sediment-seawater interface. 

Where QFP is conformably overlain by only thin, QEV sandstone (e.g. Fig. 4.16b), the QFP is 

inferred to have broken through the overlying QEV breccia. Quench-fragmented clasts of QFP 

likely to have produced by the partial extrusion of the QFP may have been redeposited, by 

gravitational collapse, in areas adjacent to the QFP cryptodome. 
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Table 4.7 Comparisons between water depth, sediment thickness and sills with peperitic margins vs 
emergent peperite or hyaloclastite. 

Sill 
composition 
and location 

Sediment type Thickness 
of 
overlying 
sediment 

Water 
depth 

Basalt; 
1989 seafloor 
eruption, Japan 

unconsolidated 
felsic tuff 

30m 100 m 

Basalt, 
Guaymas 
Basin, Gulf of 
California 

mud turbidites S30 m 
(above 
youngest 
sill) 

2000 - 
3000 m 

Quartz- 
feldspar phyric 
porphyry; 

mudstone, 
turbidites 

<21/m ? 

Rio 'Tinto, 
Spain 

50-75m 

Rhyolite, 
southern Chile 

volcaniclastic 
turbidites, 
mudstone, chert 

below 
storm wave 
base 

Volcanic products 

inflation of 
sedimentary cover, 
followed by 
phreatomagmatic 
eruption of magma and 
host sediment 

hyaloclastite or 
emergent peperite not 
reported 

• peperitic margins of 
sills and abundant 
resedimented 
hyaloclastite breccia 

• peperitic margins of 
sin, no breaching of 
sediment-water 
interface 

peperite around sill, 
with local 
resedimented peperite 
where rhyolite 
breached sediment-
water interface 

Reference 

Yamamoto etal. 
(1991) 

Fig. 2 in Einsele 
etal. (1982) 

Boulter (1993) 

Hanson and 
Wilson (1993) 

4.9 Summary 

1.The thick sequence of rhyolitic volcanics in the footwall at Thalanga is inferred to record 

construction of rhyolite domes and cryptodomes, and possibly emplacement syn-volcanic sills. 

Quench-fragmentation controlled the formation of most of the volcaniclastic fades within 

the footwall. Rare non-welded, rhyolite pumice clasts within some rhyolite breccia units 

may have been formed by quench fragmentation of a variably pumiceous rhyolite lava or 

dome. 

2.The unit previously described as quartz 'eye' tuff comprises (i) coherent quartz-feldspar 

porphyry sills and cryptodomes (QFP); 	polymict, quartz and feldspar crystal-rich breccia 

(QEV breccia); and graded quartz and feldspar crystal-rich sandstone (QEV sandstone). 

Grades sandy siltstone and siltstone beds are locally present within the ore horizon. The QEV 

is interpreted to be a syn-eruptive vokaniclastic deposit that was rapidly transported by 

mass flows and deposited within the Thalanga basin before intrusion of peperitic QFP sills. 

Rare massive sulphide clasts in the QEV indicate that either the Thalanga massive 

sulphide deposit, or another massive sulphide deposit in the Trooper Creek Formation, was 

exposed on the seafloor at the time of QEV transportation. 
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3.The abundant quartz and feldspar crystals and angular crystal fragments in the QEV may 

have formed by the explosive eruption of a coarsely porphyritic magma, implying water 

depths of sl km (McBirney, 1963) at the source vent. Transport to sites of deposition was by 

mass flows. However, the preferred interpretation is that the crystal and clast components of 

the QEV units were generated during intense quench fragmentation, gravitational collapse, 

and mass wasting of a QFP dome or number of domes. This could have occurred at any water 

depth. Graded units of quartz and feldspar crystal-rich sandstone which conformably overlie 
the QEV in most parts of West and East Thalanga are interpreted to have been deposited 

from successive, gradually fining mass flows. 

4. Dacite domes or lavas have in situ hyaloclastite breccia at their stratigraphic tops that in 

places grade into resedimented hyaloclastite and dacite-lithic breccia. The concentration of 

dacite domes or lavas in the hangingwall at Thalanga, rather than along the adjacent 

'Thalanga Range, together with the abundance of proximal volcanic fades associations, is 

interpreted to indicate that the Thalanga massive sulphide deposit occurs close to a volcanic 

centre. 

5. Graded siltstone and sandstone units within and overlying the ore horizon are interpreted 

to have been deposited during periods of quiescence between episodes of intrabasinal 

constructional volcanism. Deposition of the siltstone immediately overlying the footwall 
rhyolitic volcanics in parts of Thalanga may be coeval with massive sulphide formation. The 

absence of reworking in these siltstone and sandstone units and the fine grained tops of the 

QEV units indicate that the 'Thalanga deposit formed in water depths at least below storm-
wave base. 

6. The location of a proximal volcanic centre at Thalanga implies positive relief, whereas 

negative relief is required for the deposition of mass flow deposits (e.g. the QEV). It is 

suggested that small basins were present at the top of the volcanic pile prior to deposition of 

the mass flows and that these basins were formed either between adjacent domes or flows, or 
by syn-volcanic faulting. 



CHAPTER 5. 

GEOCHEMISTRY OF THE VOLCANIC UNITS 

5.1 Introduction 

5.1.1 Volcanic Geochemistry 

Whole-rock geochemistry provides information about the magmatic affinities of a volcanic 

suite and can be used to interpret source rock compositions and the tectonic setting in which the 

volcanic rocks were generated (e.g. Pearce and Cann, 1971, 1973; Winchester and Floyd, 1977; 

Crawford et al., 1992). Bivariant, total alkalis versus silica diagrams are commonly used to 

classify volcanic rocks (RoHinson, 1993). A K 20 - Si02  variation diagram shows that the 

least altered rocks from the Mount Windsor volcanic belt have a continuous range from 

basaltic to rhyolitic in composition (Stolz, 1989; Berry et a/., 1992). However, these rocks 

have a wide range in K 20 concentrations that are most likely due to the effects of post-

eruptive alteration and metamorphism (Stolz, 1989; Berry et al., 1992). 

Most major elements are mobile during alteration or metamorphism, consequently immobile 

elements such as Ti, Zr, Al, Nb, Y and other high field-strength elements (HFSE) are 

commonly used to distinguish magmatic groups in altered and metamorphosed rocks (Cann, 

1970; Pearce and Cann, 1973; Winchester and Floyd, 1977; MacLean and Kranidiotis 1987; 

Barrett and MacLean, 1991; MacLean and Barrett, 1993). Herrmann (1994) showed that the 

overlap of Si02, MgO, Na20, and K20 concentrations between the dacites and rhyolites at 

Thalanga is due to the mobility of Si, Mg, Na, and K during hydrothermal alteration or 

metamorphism, and that Ti, Al and Zr were immobile. Locally, Y and Nb were also immobile. 

This section aims to characterise the volcanic units according to their immobile element ratios 

and to use this to determine magmatic affinities of the volcanic rocks at Thalanga. 

Rare Earth Elements (REE) are considered to be immobile during weak hydrothermal 

alteration and low grade metamorphism, and are commonly interpreted to reflect parent 

compositions, and therefore tectonic settings (Humphries, 1984; Rollinson, 1993). Typical calc-

alkaline lavas from island arc settings are relatively enriched in light rare earth elements 

(LREE) compared to heavy rare earth elements (HREE) in chondrite-normalised diagrams 

(Ewart, 1979). However, REE, particularly the LREE, are demonstrably mobile during strong 

hydrothermal alteration associated with massive sulphide deposition, high grade 

metamorphism, and weathering (e.g., Baker and De Groot, 1983; Campbell et al., 1984; 

MacLean, 1988; Whitford et al., 1988; Schade et al., 1989; Scheepers and Rozendaal, 1993; 



Volcanic Geochemistry 	 160 

Daux et al., 1994; Poitrasson et al., 1995). Therefore, the REE of a selection of the least 

altered coherent volcanic rocks at Thalanga were determined in order to geochemically 

fingerprint the host volcanic units, and to resolve any magmatic relationships. 

5.1.2 Samples and Analytical Methods 

Whole-rock analyses of representative samples of the volcanic host rocks from Thalanga and 

the Thalanga Range were determined by ALS in Brisbane, Queensland. A selection was also 

analysed by XRF at the University of Tasmania for comparison. The complete data set, 

together with a comparison between laboratories and description of techniques is presented in 

Appendix F. 

The samples consisted of half-core specimens 0.3-1.0 m in length and a few hand specimens 

from the Thalanga deposit and the Thalanga Range. Most rhyolite samples are quartz-

muscovite ± phlogopite ± chlorite-pyrite-rich and the pre-metamorphic hydrothermal 

alteration assemblage is interpreted to have been variable quartz-sericite ± chlorite ±pyrite 

(Chapter 10). The least altered rhyolites are inferred to be the quartz-feldspar-phyric 

rhyolites faulted into a hangingwall position in Central Thalanga. The quartz-feldspar 

porphyry (QFP) samples can be divided into least altered, silicified QFP with dark blue-

grey groundmass, and more altered muscovite-rich QFP with variable degrees of feldspar 

preservation. Dacite is less altered and several samples contain traces of epidote. 

Volcaniclastic rocks were included in the whole-rock analyses for comparison and to test 

whether source material could be determined. Uniform, crystal-rich samples of the quartz 

'eye volcaniclastic unit (QEV) were collected, with few samples containing QFP or rhyolite 

clasts larger than 2 cm. The hangingwall fragmental (HWF) samples are massive siltstone, 

sandy siltstone and fiamme-bearing breccia. Andesite feeder dykes in the hangingwall units 

were sampled and samples of the post-tectonic microdiorite and dolerite dykes were also 

collected. 

5.2 Results 

5.2.1 Immobile Elements 

The volcanic units of the Mount Windsor subprovince have calc-alkaline affinities (Stolz, 

1989; Berry et al., 1992). There is a negative correlation between Ti/Zr and Si02  contents of 

the least altered volcanic rocks in the Mount Windsor sub-province, providing a useful 

classification scheme, and approximate Ti/Zr boundaries between major rock types are 

rhyolite <20, dacite = 20-40, andesite = 40-100, and basalt > 100 (Stolz, 1989; Berry et al., 
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1992). Stolz (1989) noted that dacite at Thalanga has relatively high silica (>70 %) and 

plots in the rhyolite field using this classification, with Ti/Zr > 10. 

Herrmann (1994) showed that the Ti/Zr values of dacite at Thalanga range from 10 to 21. The 

dacites with the large data set of Herrmann (1994) can be divided into two distinct 

geochemical groups, both of which have Ti/ Zr <20 and fall in the rhyolite field defined by 

Stolz (1989) and Berry et al. (1992). Including the dacites analysed for this study, one group 

has Ti/Zr - 15-19 and the other has Ti/Zr - 9-12 (Fig. 5.1a). The geochemical differences 

between the two dacite groups correspond to differences in phenocryst content, with sparsely 

feldspar-phyric dacite (dacite 2; see Chapter 4) having Ti/Zr values similar to the QFP (Fig. 

5.1a), whereas the feldspar-phyric dacites with 5-10 % phenocrysts (dacite 1; see Chapter 4) 

have the higher Ti/Zr values. The rhyolites at Thalanga have Ti/Zr <4 (Fig. 5.1a), 

although using all geochemical data from Thalanga, the rhyolite has Ti/Zr <5 (Herrmann, 

1994). 

The similarity of Ti/Zr values for dacite 2 and the QFP is apparent in a TiO 2  - Zr diagram 
(Fig. 5.1b,c), where the least altered dacite, QFP, and rhyolites fall on lines of constant Ti/Zr 

radiating from the origin, supporting Herrmann's (1994) interpretation of the immobility of 

these elements. Lines depicting the Ti/Zr values of rhyolite (<5), dacite 2 (-9), and dacite 1 

(-15) are also shown on Figure 5.1(c). QEV analyses (Ti/Zr - 3-10) plot along the line of QFP 

and spread towards the rhyolite line (Fig. 5.1b,c). Most HWF samples plot slightly under the 

line of rhyolites, with one sample along the line of QFP and dacite 2 (Fig. 5.1b,c). 

The andesite samples analysed in this study fall in the basalt field in the Ti/Zr - Si02  
classification diagram (Fig. 5.1a). The location of andesite analyses on the TiO 2  - Zr diagram 
(Fig. 5.1b) is comparable with the low-Ti andesites identified by Stolz (1989) in the lower 

part of the Trooper Creek Formation at Thalanga and Waterloo. 

Despite using the least altered rocks, the spread of data on diagrams with Nb and Y shows 

that these elements are somewhat mobile at Thalanga (Fig. 5.2a,b), a point made by 

Herrmann (1994). The scatter of points on the Y - Zr diagram used by MacLean and Barrett 

(1993) demonstrates that it is not particularly useful for classifying the volcanic units at 

Thalanga (Fig. 5.2a), with rhyolite and the muscovite-rich QFP having variable Y content. 

However, it is important to note that Y values measured using ICP (Appendix F) are 

inaccurate at low values. The distinction between the volcanic units at Thalanga is better 

illustrated on a Nb - Zr diagram, where rhyolite, QFP and dacite plot along separate lines, 

with the QFP falling between dacite and rhyolite, and partly falling within the cluster of 

dacite analyses (Fig. 5.2b). 



(b) 
2.5 

2 — 

1.5 — 

1 — 

AA 
A 

11
02

  (w
ei

gh
t  %

)  

0.5 — ea' 
*OM.. tem 

/62 

• dolerite 

• microdiorite 

• andesite 

• dacite 

• quartz-feldspar porphyry (QFP) 

o rhyolitic volcanics 

(a) 
150 

100 

         

 

Basalt 

• 

       

  

Andesite 

      

50 

         

      

Dacite 

Farial efit 
433•Ms• 

0  

   

        

Rhyolite 

          

          

          

In 	 In 

Si02 (weight %) 

I 	 I 	I 	1 
0 	0 	0 	0 
0 	In 	0 	an . ,.. 	N 	 N 

Zr (ppm) 

Zr (ppm)  

• dolerite 

• microdiorite 

A 	andesite 

FE 	dacite 

• hangingwall fragmental (HWF) 

• QFP 

• QEV 

o rhyolitic volcanics 

• dacite 

o HWF 

• QFP 

o QEV 

O rhyolitic volcanics 

0 In 

Figure 5.1 Plots of selected volcanic rocks that host the Thalanga massive sulphide deposit. (a) Plot 
of Ti/Zr against Si02 of the least altered volcanic units, showing the lithological divisions of the 

Mount Windsor subprovince of Stolz (1989) and Berry et al. (1992). (b) Plot of TiO2  against Zr for 

the main rock types at Thalanga. (c) Magnification of part of (b) showing only dacite, 1-1WF, QFP, 
QEV and the rhyolitic volcanics from Thalanga. The dashed lines represent Ti/Zr values. 



thoeliitic 

163 

transitional 

Dolerite 

Microdiorite 
• • XX'  

• Andesite 
• calc-alkaline 

Dacite 

• 

o 

OFP 

Qz-fspr-phyric rhyolite 

 	1 1 
0 

Zr

In  0 
	

0 
	

8 

50 

(a) 

• 
„ 

. • 

•:$1, 

10- 

 (ppm) 

20 

15 - 

5 - 
	

A 	X 	 • 

LA • 

Zr

In  

 (ppm) 

(b) 

• Dolerite 

• Microdiorite 

• Andesite 

Dacite 

• OF13  

• Qz-fspr-phyric rhyolite 

Figure 5.2 Discrimination diagrams showing the variation of Y and Nb against Zr of the 
least altered volcanic units and intrusions from the Thalanga massive sulphide deposit. (a) 
Plot of Y versus Zr, cak-alkaline, transitional and thoeliitic divisions are from MacLean and 
Barrett (1993); (b) Plot of Nb versus Zr. 



Volcanic Geochemistry 	 164 

5.2.2 Rare Earth Elements 

Using the least altered rocks from the entire Mount Windsor volcanic belt, Stolz (1995) 

reported that rhyolites and dacites from the Trooper Creek Formation have lower total REE 

and flatter REE patterns than rhyolites from the Mount Windsor Volcanics. He also noted 

that rhyolites from the Mount Windsor Volcanics have a significant negative Eu anomaly 

compared with the rhyolites and dacites from the Trooper Creek Formation. The likelihood 

of REE mobility due to both hydrothermal alteration and metamorphism at Thalanga means 

that the least altered samples may not reflect original igneous compositions. However, the 

samples analysed in this study have similar absolute values, and display similar LREE 

enrichment as the unaltered samples of Stolz (1995), and are therefore interpreted to 

represent original igneous values. 

Dacite 1 contains significantly less total REE than dacite 2, but both display small negative 

Eu anomalies (Fig. 5.3). Despite plotting within the envelope of REE of felsic volcanic units 

from the Trooper Creek Formation defined by Stolz (1995), it is likely the flat REE pattern of 

dacite 1 reflects alteration (and LREE mobility) as well as magmatic differences to dacite 2. 

Both dacites are weakly altered (chlorite pseudomorphs of biotite) and therefore could have 
variable shifts in REE contents. Dacite 2 has similar total REE and chondrite-normalised REE 

pattern to both the QFP samples, although it has slightly less relative LREE enrichment. 

One QFP sample exhibits a small negative Eu anomaly. The total REE of the least altered 

rhyolite at Thalanga is higher than both the dacite and QFP samples, and it has a more 

pronounced negative Eu anomaly (Fig. 5.3). 

5.3 Interpretation 

Trace elements were used to investigate whether the change from rhyolitic to dacitic then 

andesitic volcanism with time, which is opposite to normal fractionation trends, is related to 

changes in composition of the underlying magma chamber. The trace element composition of 
the QFP and QEV may also indicate if these intervening units relate to magmatic evolution. 

The separation of the main volcanic units at Thalartga along different lines that converge 

towards the origin on immobile element diagrams (Fig. 5.1b,c; and to some extent on Fig. 5.2b), 

suggests that the volcanic units had different parent magmas. The distinctive low Ti/Zr 

values (<5), and the larger negative Eu anomaly of the rhyolite from the Mount Windsor 

Volcanics compared with the QFP and dacite from the Trooper Creek Formation is also 

consistent with separate parent magmas. Herrmann (1994) also reported a lack of magmatic 

affinity between the dacite, QFP, and rhyolite at Thalanga, as the rhyolites have higher 

Y/Zr and Nb/Zr ratios than dacite, but concluded that the rhyolites (Mount Windsor 
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Volcanics) from the Thalanga deposit and the Thalanga Range have a single magma source 

(Herrmann, 1994). 

The differing trace element composition of volcanic units in the Mount Windsor Volcanics 

compared to volcanic units in the Trooper Creek Formation supports the interpretation of 

Stolz (1995), that the parent magma of the Mount Windsor Volcanics was different from that 

of the Trooper Creek Formation. Stolz (1995) used minor and trace elements, and Nd isotopes 

to propose that the Mount Windsor Volcanics were derived from the partial melting of 
Precambrian continental crust, whereas the mafic progenitors of the volcanic units in the 

Trooper Creek Formation were 'derived from depleted asthenosphere that had been "variably 

modified by subduction processes". Assimilation or mixing of different batches of magma 

within a persistent magma chamber may account for the variation in immobile and trace 

element composition of volcanic units at Thalanga. Following emplacement of the Mount 

Windsor Volcanics, mafic magma injected into the rhyolite magma chamber may have 

assimilated or mixed with the rhyolite parent, producing the parent magma of the volcanic 

units in the Trooper Creek Formation. 

The similarity between Ti! Zr values of the QEV and QFP (Fig. 5.1b,c) suggests that many of 

the QEV components are derived from the QFP. The QEV samples containing abundant 

rhyolite clasts have Ti! Zr values similar to rhyolite from the Mount Windsor Volcanics, 

confirming the textural interpretation (Chapter 4) that both the QFP and footwall rhyolitic 

volcanics are the source of QEV clasts. The Ti/Zr values and location on the Ti0 2-Zr diagram 
(Fig. 5.1b,c) of the HWF samples are consistent with some rhyolitic and dacitic component to 
the HWF (as indicated in Chapter 4). 

Identification of at least two types of dacite (dacite 1 and 2) at Thalanga based on phenocryst 

abundance (Chapter 4) is supported using immobile element ratios and REE compositions. 

Both the Ti! Zr and REE patterns of dacite 1 and dacite 2 are different and indicate different 

parent magmas, possibly formed following mixing or assimilation of a new magma within the 

magma chamber. The similarity in immobile element ratios of the QFP and dacite 2 at 

Thalanga suggests that they may have similar origins. For example, the overlap of dacite 2 

and all QFP samples on a TiO2  versus Zr diagram (Fig. 5.1b,c) is consistent with a common 

parent magma. The similar total REE and parallel patterns of the QFP and dacite 2 are also 

interpreted to indicate a similar magmatic source, and would therefore place the QFP within 

the Trooper Creek Formation rather than the Mount Windsor Volcanics. 
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5.4 Summary 

1. REE patterns and immobile element compositions of the least altered rhyolite (Mount 

Windsor Volcanics) at Thalanga are different from those of the dacite in the overlying 

Trooper Creek Formation, and are interpreted to indicate their derivation from different 

parent magmas that may have formed as a result of mixing or assimilation of the rhyolite 

parent and batches of mafic magma. The REE data and Ti/Zr values of the dacites shows that 

there is at least two types of dacite in the Trooper Creek Formation at Thalanga. These 

geochemical differences correspond to dacites with differing feldspar phenocryst abundances, 

and may reflect further injection and mixing of magma in the magma chamber. 

2. Both Ti/Zr values and REE patterns of the QFP and sparsely feldspar-phyric dacite are 

similar and suggest that these units are derived from the same parent magma. On the basis of 

this geochemical similarity, the QFP is classified as part of the Trooper Creek Formation. 



CHAPTER 6. 

ORE DEPOSIT GEOLOGY 

6.1 Introduction 

Detailed textural and facies analyses have shown that the stratiform massive sulphides at 

the Thalanga deposit are confined to a single horizon at the stratigraphic top of the Mount 

Windsor Vokanics, and that the massive sulphide lenses are overlain by siltstone and breccia 

units (HWF), and coherent dacite of the Trooper Creek Formation (Chapter 4). The massive 

sulphide lenses at Thalartga have an intimate spatial association with the QFF' and QEV 

units, and therefore these volcanic units are included as part of the mineralised horizon. The 

location of intense hydrothermal alteration (with similar deformation and metamorphic 

overprints to the mineralised horizon) in the rhyolitic volcanics underlying the deposit, 

together with the lack of significant alteration in the overlying dacite (Chapter 10), 

supports the interpretation that the sulphides at Thalartga are syn-volcanic. Wills (1985) 

and Gregory et al. (1990) both considered the Thalanga deposit to be syn-volcanic, and to 

have formed on the seafloor. 

Evidence for the relative timing of volcanism at Thalanga suggests that sulphide 

mineralisation was interrupted by deposition of the quartz 'eye' volcaniclastic units (QEV) in 

East Thalanga (Chapter 4). Detailed examination of the textural and stratigraphic 

relationships between the massive sulphides and the QEV may reveal whether sulphide 

formation was by sub-seafloor replacement of the volcanic units, or via exhalation on to the 

seafloor. The geology and contact relationships of each ore lens is therefore documented in 

this chapter, with the aim of defining the timing and style of mineralisation at Thalanga. 

Recent studies of Rosebery have generated controversy over the timing of sulphide 

mineralisation with respect to volcanism and deformation, and consequently the mechanisms 

of sulphide deposition (cf. Aerden, 1991, 1993, 1994a,b; Allen and Cas, 1990; Allen, 1994; 

Brathwaite, 1974; Green et a/., 1981). Green et al. (1981) proposed that Rosebery was formed 

on the seafloor via deposition of sulphides from reversely buoyant plumes of hydrothermal 

fluids, with overprinting deformation and greenschist facies metamorphism responsible for 

folding the ore lens and locally recrystallising the sulphides. Aerden (1991, 1994b) argued 

that both mesoscopic and microscopic textures of the Rosebery massive sulphide lenses suggest 

that the sulphides replaced the host volcanic units along cleavage planes and sites of 

dilation during regional deformation and greenschist facies metamorphism. Allen (1994) 

argued that detailed analysis of the relationships between the sulphides, host volcanic units 
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and local faults supports a syn-volcanic, sub-seafloor replacement mechanism of sulbhide 

deposition. Each of these models are examined in the context of Thalanga, and therefore it is 

critical to understand the relationship between the sulphide lenses and the host volcanic 

units. Because the metamorphic grade at Thalanga is higher than that at Rosebery (upper 

greenschist fades at Thalanga, compared to greenschist facies at Rosebery; Green et al., 

1981), distinguishing between primary sulphide textures and contact relationships, and 

metamorphic sulphide textures and structural contacts is important in determining the genesis 

of the Thalanga Zn-Pb-Cu deposit. Sulphide textures are examined in Chapter 7. 

6.2 Composition and Geometry of the Massive Sulphide Lenses 

Massive sulphide mineralisation is restricted to the same stratigraphic interval at West, 

Central and East Thalanga, and in the Vomacka Zone. This 'favourable' horizon 

(terminology from Herrmann, 1994) is continuous (although structurally offset) between the 

ore lenses, but is only mineralised intermittently along its strike length. Pyrite, sphalerite, 

galena and chalcopyrite are the main sulphide minerals, and tetrahedrite-tennantite, 

magnetite and arsenopyrite are minor components (Table 6.1). Ore lenses composed mostly of 

sphalerite-galena-pyrite-chalcopyrite (>50 % sulphides) are hereafter referred to as 

massive sulphides. The main gangue minerals in the massive sulphide lenses are quartz, 

barite, chlorite, calcite, dolomite, tremolite and muscovite. The mineralogy and textures of 

the ore lenses are discussed in detail in Chapter 7. 

Table 6.1 Minerals in the hypogene ore at Thalanga (data from Wills, 1985; Gregory et al., 1990; 

Huston, 1989, 1991; and this study). 

Major 	Minor 	Trace 	 Supergene 	Gangue  

Pyrite, sphalerite, Tetrahedrite- 	Argentite, 	Chalcocite, 	Actinolite, barite, 

galena, 	tennantite, 	cubanite, bismuth, covellite, digenite, biotite, calcite, 

chalcopyrite 	magnetite, 	bornite, 	marcasite 	celsian, chlorite, 

arsenopy rite 	boulangerite, 	 dolomite, epidote, 

electrum, 	 hyalophane, 

freibergite, native 	 muscovite, 

silver, stibnite, 	 phlogopite, 

pyrrhotite 	 siderite, sphene, 

talc, tremolite, 

quartz 

In most parts of Thalanga, pyrite ± chalcopyrite-rich lenses are present at the stratigraphic 

base of the ore horizon and are overlain by massive to banded sphalerite-galena-pyrite ± 
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chalcopyrite-rich sulphides. Sulphide banding is defined by centimetre-scale alternating 

pyrite-rich and sphalerite-rich domains, and is mainly subvertical and subparallel to the 

dominant cleavage (S2; Chapter 3), although locally it follows the irregular margins of the 

sulphides. There is considerable variation in the location and volume of volcanic units, and 

composition of associated alteration, within the ore horizon (Chapter 4, 10 and 11). 

The composition, geometries and distribution of remobilised sulphides at Thalanga are 

described in Chapter 3, and are briefly summarised here. Remobilised sulphides are 

typically chalcopyrite-rich, with bands of dark red-brown sphalerite and rare galena, and 

are interpreted to have originated by remobilisation from the massive sulphide ore lenses at 

Thalanga. The location of chalcopyrite-rich sulphides along normal faults, in piercement 

structures at the hangingwall contact, in tension gashes at the footwall contact, in boudin 

necks, and in pressure shadows is evidence that sulphides were remobilised and concentrated 

in sites of extension during 1) 2  (Chapter 3). However, multiple episodes of sulphide 

remobilisation are interpreted to have occurred. Chakopyrite- and sphalerite-rich sulphide 

veins and piercement structures parallel to and cross-cutting S3 are interpreted to indicate 

that sulphide remobilisation also occurred during the final stages of 173, and coarse grained 

c.hakopyrite-rich sulphides that envelope microdiorite dykes in the mineralised horizon at 

Thalanga indicate that microdiorite intrusion may have induced local remobilisation of 

sulphides prior to 1)3. 

6.2.1 West Thalanga 

Geometry 

The cross section along 20 250 mE represents a typical section through the West Thalanga ore 

lens (Fig. 6.1). In West Thalanga, single to multiple lenses (<5 m in thickness) and irregular 

patches of polymetallic massive sulphides are hosted within a carbonate-chlorite-

tremolite-rich (CTC) assemblage (Fig. 6.2a,b). A single lens of massive pyrite is typically 

present at the stratigraphic base, and down-dip parts of the ore horizon (Fig. 6.1, maps 

M6,M7, and M9), and is more common at the eastern parts of West Thalanga. A pyritic 

chlorite schist stratigraphically overlies the footwall rhyolitic volcanics where massive 

pyrite is not present (Fig. 6.3a-d). The ore lenses and CTC assemblages are stratigraphically 

overlain by the QEV, which is locally present as lenses within the massive sulphides. 

The up-dip and western parts of the West Thalanga lens contain abundant chlorite-rich CTC 

assemblages. The thickness of the massive sulphide lenses decreases, but the amount of barite 

gangue within the ore lenses increases towards the up-dip and western parts of West 

Thalanga. Barite gangue is also more common at the stratigraphic top of the massive 

sulphide lenses. The ore lenses in the up-dip and western parts of West Thalanga are locally 
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Figure 6.1 Cross section through West Thalanga along the 20 250 mE (mine grid) section. 



Figure 6.2 Mesoscopic textures of the ore lens in West Thalanga. 

(a) Irregular patches of coarsely recrystallised sphalerite- (dark red-brown) and 

chakopyrite-rich sulphides hosted in a carbonate-chlorite-trerriolite assemblage. 

Diffuse domains of honey sphalerite (whihch have overprinted the carbonate-chlorite-

tremolite alteration) have a gradational contact with massive sulphides on the right 

side of photograph. West 780 Stope, view looking west, 20 297 mN, 20 225 mE. 

(b) Possible vein of banded sulphides in chlorite ± tremolite assemblage. The sulphide vein 

has chalcopyrite-rich margins and a sphalerite-rich core, and separates into two veins at 

the top-left of the face. West 722 Stope (Right). Facing towards right. 

(c) Sketch of (b). 

(d) Massive sphalerite-rich sulphides cross-cut by numerous irregular pyrite veins. All 

sulphides have been strongly recrystallised. West 675 Stope (Left), view looking east, 20 

280 mN, 20 225 mE. Facing towards right 

(e) Sketch of (d). 

(f) Baritic massive sulphides. Top: sphalerite-galena-pyrite-rich sulphide bands in fine 

grained (<1 mm) barite. Rare clasts or remnants of intergrown quartz and euhedral barite 

grains are enclosed by sulphides (arrow). Sample W2011ND29-35. Bottom: massive 

quartz, with minor euhedral to subhedral barite crystals. Sample TH384-106. 

(g) Quartz-magnetite and rare barite clasts in chlorite-barite-quartz-chakopyrite matrix. 

Euhedral pyrite disseminations occur in the core of the quartz-magnetite clast. West 

780W Stope access. 20 319 mN, 20 080 mE. Facing towards left. 
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composed of semi-massive sulphides or sphalerite-galena-pyrite ± chalcopyrite veins 

subparallel to S2. The ore horizon in West Thalanga is truncated at depth and to the east by a 

ENE-striking normal fault (Fig. 6.1). 

Massive sulphides are not present within the repeated ore position south of the mineralised 

horizon in West Thalanga (Fig. 6.1). The increased thickness of massive sulphides and the 

pyrite stringer zone in the underlying rhyolitic volcanics, to reach a maximum thickness 

adjacent to the normal fault (Fig. 6.1), suggests that this fault may have controlled the ascent 

and discharge of hydrothermal solutions. However, restoration of the ore horizon to inferred 

pre-deformation geometry indicates that mineralised parts of the ore horizon were present 

south of the fault (and are now part of Central Thalanga), and that any structure in this 

position was not a growth fault (Chapter 3). 

Composition of the Ore Horizon at West Thalanga 

Polymetallic sulphides:  The massive sulphide lenses at West Thalartga are composed of 

sphalerite-galena-pyrite ± chalcopyrite, with minor tremolite-, chlorite-, or barite-rich 

gangue. Irregular patches and disseminations of massive to semi-massive sulphides are 

present within the CTC assemblages at the margins of massive sulphide lenses in West 

Thalanga (Fig. 6.2a). The separation of a single 5 m wide zone of massive sulphides into two 

discrete bands of massive sulphides within massive tremolite-chlorite in West Thalanga is 

consistent with the massive sulphides occurring as veins (Fig. 6.2b,c) and similarly, the many 

bands of massive sulphides within the CTC assemblages (recognised in drill core; Fig. 6.3h) 

may also be veins. Locally, irregular to blocky clasts of massive carbonate and massive 

chlorite are present within the massive sulphides. 

Massive pyrite:  The massive pyrite lenses contain minor chalcopyrite, and locally minor 

tremolite and sphalerite (e.g. Fig. 6.3d). The pyritic chlorite schist contains pyrite veins to 

disseminated pyrite, with minor chalcopyrite and tremolite, and typically underlies or has 

enveloped massive pyrite lenses (Fig. 6.3a,c). In the easternmost parts of West Thalanga, 

massive sphalerite-rich sulphides, that locally stratigraphically overlie the footwall 

rhyolitic volcanics (map M10), are cross-cut by irregular, to subvertical, pyrite veins (Fig. 

6.2d,e). 

Barite-rich sulphides:  In parts of West Thalanga, apparent clasts of intergrown quartz and 

barite have been enveloped by sulphides (Fig. 6.2f, top). In the ore lens position further west, 

barite crystals are similarly intergrown with massive quartz (Fig. 6.2f, bottom). Rare, 

irregular bands of massive barite have overprinted massive pyrite towards the base of the 

massive sulphides in parts of West Thalanga (e.g. diamond drill hole 2027ND51-81.5 m; 

Appendix A), and occur at the contact between QEV and underlying pervasively actirtolite- 
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chlorite altered QEV (e.g. diamond drill hole 2031NI26-86 m; Appendix A). Bands of barite 

within coarse grained chalcopyrite-pyrite adjacent to faults (e.g. diamond drill hole 

2031ND24-56.2 m; Appendix A) may have been remobilised during deformation and 

metamorphism. 

Quartz-magnetite: Quartz-magnetite clasts are present in graded quartz-rich sandstone and 

QEV units that directly overlie the mineralised horizon in West Thalanga. Chalcopyrite 

veins have locally overprinted the chlorite-barite-rich matrix to the quartz-magnetite clasts 

(Fig. 6.20. Elsewhere, a quartz-magnetite breccia has gradational contacts with underlying 

massive barite, which contains minor sphalerite-pyrite-galena (e.g. drill hole 2011NI35; 

Appendix A). 

Contact Relationships 

The massive sulphide lenses vary from having gradational and irregular, to sharp and 

planar subvertical contacts with the CTC assemblages. The irregular contacts are due to 

sulphide veins and blebs within the CTC units (e.g. Fig. 6.3b). The contacts between massive 

sulphides and underlying massive pyrite are typically sharp and subvertical. The massive 

sulphide lenses have a faulted contact where directly overlain by dacite (Fig. 6.3d). 

Adjacent to the major normal fault that defines the eastern margin of West Thalanga, 

massive pyrite ± sphalerite is interfingered with the altered rhyolitic volcanics (map M9). 

The geometry of this pyrite-rich region is consistent with feeder veins. Elsewhere, the contact 

between the mineralised horizon and the underlying rhyolitic volcanics is sharp, planar and 

subvertical. In contrast, the contact between the massive sulphides and the overlying QEV is 

sharp, but irregular (maps M7 and M9), with patchy epidote-actinolite-chlorite-rich 

assemblages present within the QEV (Fig. 6.3a). The petrology and origin of these 

metamorphosed alteration assemblages in the QEV is discussed in Chapter 10. 

6.2.2 Central Thalanga 

Geometry of Central Thalanga 

The geology of the 20 430 mE section is typical of the western parts of Central Thalanga, with 

down-dip termination and repetition of the ore horizon controlled by ENE-striking normal 

faults (Fig. 6.4). The lateral limits of Central Thalanga are also defined by ENE-trending 

normal faults (map M2). In addition to the major normal offsets of the mineralised horizon, 

repetition along normal faults within the mineralised horizon is interpreted to have caused 

the irregular thickening of the massive sulphides (Chapter 3). 
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Massive to banded sphalerite-galena-pyrite ± chalcopyrite-rich sulphides are present at the 

stratigraphic top of the ore lens (Fig. 6.5a,b), and massive pyrite ± chalcopyrite typically 

underlies the polymetallic sulphides (Fig. 6.6a). The lenses of massive pyrite overlie or are 

intergrown with lenses of chlorite schist (Fig. 6.5a,b). The up-dip and western parts of the ore 

horizon in Central Thalanga contain abundant sphalerite-galena-pyrite-rich sulphides, 

patchy CTC assemblages, QFP mega-clasts, and minor lenses of QEV (Fig. 6.4; Fig. 6.5a,b; map 

M3). The QFP mega-clasts are typically located along strike from carbonate-rich CTC 

assemblages (map M3). The down-dip and eastern parts of the ore horizon in Central 

Thalanga are dominated by pyrite-rich sulphide lenses, and local semi-massive sphalerite-

galena-pyrite lenses (Fig. 6.4; Fig. 6.5c; maps M2-4). 

The gradational change to pyrite-rich sulphides in the eastern and down-dip parts of the ore 

lens in Central Thalanga coincides with the truncation of the mineralised horizon by ENE-

striking normal faults (Fig. 6.4; maps M2-4). In the eastern and down-dip parts of the ore lens, 

wealdy altered rhyolitic volcanics of the Mount Windsor Vokanics are faulted into a 

hangingwall position (Fig. 6.4). Barite-sphalerite-galena-pyrite-rich sulphides in the 

decline in Central Thalanga (Fig. 6.4) are interpreted to be a structural repetition of the 

mineralised horizon. However, in adjacent drill holes, the repeated ore horizon is not 

mineralised. 

Composition of the Ore Horizon in Central Thalanga 

Polymetallic sulphides: The polymetallic sulphides are typically banded, with both 

compositional banding (Fig. 6.6b,c) and banding defined by grainsize variations (Fig. 6.6d). 

Bands of pyrite-rich sulphides, subparallel to bedding, have locally overprinted the 

sphalerite-rich sulphides, resulting in discontinuous sphalerite bands in massive pyrite (Fig. 

6.6c). Small boulders of QFP (<0.5 m in size), rimmed by intergrown chlorite-tremolite, are 

common within the banded to massive sulphides in Central Thalanga (Fig. 6.6e,f). 

Semi-massive sulphide lenses within Central 'Thalanga are hosted by either CTC 

assemblages (typically carbonate-rich) or siliceous rhyolitic volcanics. Irregular patches and 

wisps of massive carbonate (0.1 to 1.0 m in size) within massive sulphides are interpreted to 

be remnants of carbonate-rich CTC assemblages (Fig. 6.7a,b). 

Massive pyrite: Variable amounts of chalcopyrite and rare magnetite are associated with 

the pyrite-rich lenses in Central 'Thalanga. The pyrite lenses vary from medium grained (1-2 

mm) massive pyrite with quartz-muscovite gangue, to coarse grained (1-5 mm) massive pyrite 

with minor sphalerite and traces of quartz, to chlorite schist ± tremolite with disseminated 

porphyroblasts of pyrite and traces of chakopyrite (Fig. 6.7c). Magnetite is common towards 
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Figure 6.6 Massive to banded sulphides from the Central Thalanga ore lens. 

(a) Sharp contacts, parallel to bedding, between the pyrite-chalcopyrite-rich part of the ore 

lens and the overlying sphalerite-galena-rich massive sulphides. Note the slightly 

irregular, chlorite-rich contact between the quartz-pyrite-rich footwall rhyolitic 

volcanics and the overlying pyrite-chalcopy -rite-rich massive sulphides. Chalcopyrite-

filled tension veins extend into the footwall from the pyrite-chakopyrite-rich sulphides. 

Split-set plates are about 30 cm in length. Central 860 Stope (882 mRL). Facing towards 

left. 

(b) Typical banded sulphides from Central Thalartga. Top: bands defined by alternating 

pyrite-rich, sphalerite-rich and galena-rich domains. Chalcopyrite is concentrated in 

pyrite- and galena-rich bands, and occurs in minor amount in the sphalerite-rich bands. 

Sample TH209-86.5. Bottom: bands defined by alternating pyrite-rich and sphalerite-

rich domains. Minor chalcopyrite is most common in pyrite-rich bands. Irregular calcite 

veins overprint banding. Sample TH208-74.5. 

(c) Hand specimen of distinct pyrite-rich and sphalerite-rich bands, with sharply defined 

boundaries between each band. Apparent fold (arrow at hinges) is interpreted to be the 

result of replacement of the sphalerite-rich sulphides by pyrite veins, which was further 

accentuated during deformation. Central 860 Stope. Black arrow off rock points to facing 

direction. 

(d) Bands of pyrite in coarsely recrystaffised dark red-brown sphalerite from near the 

stratigraphic top of the massive sulphide lens. Sample CT-91-45. Central 860 Stope. 

Arrow points to facing direction. 

(e) Rounded clast of strongly silicified quartz-feldspar porphyry within banded sphalerite-

galena-pyrite-tremolite. Sulphide bands wrap around the clast. Central 860 Stope. 20 250 

mN, 20 427 mE. Facing towards right. 

(f) Sketch of (e). 
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Figure 6.7 Components of the massive sulphides in Central Thalanga. 

(a) Irregular carbonate clasts (now mainly calcite) in both sphalerite- and chalcopyrite-rich 

sulphides. Central 860 Stope. Facing towards left. 

(b) Sketch of (a). 

(c) Drill core specimens of pyrite-rich massive sulphides from the eastern end of Central 

Thalanga. Top: massive pyrite (grainsize varies from <1-6 mm) with disseminated and 

stringer magnetite, and minor quartz gangue. Sample TH257-100.5. Bottom: semi-massive 

to disseminated pyrite in Mg-rich chlorite, overprinted by irregular chalcopyrite-

sphalerite veins. Sample TH257-112.9. 

(d) False fold at contact between sphalerite- and chakopyrite-rich massive sulphides. 

Central 860 Stope. Facing towards left 

(e) Contact between coarse-grained chalcopyrite-rich sulphides (containing banded 

carbonate-rich clast) and coarse-grained sphalerite-rich sulphides. The chakopyrite is 

interpreted to have replaced sphalerite. Central 860 Stope. Facing towards left. 

(f) Barite-rich sulphides located within the repeated ore horizon position south of the ore 

lenses in Central Thalanga. Sphalerite, galena and pyrite are disseminated within 

coarse-grained (<10 mm) barite oriented parallel to S2. Sample UG-2. Central Thalanga 

decline. 
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the base of pyrite lenses, where it is present as disseminations and fine bands (e.g. Fig. 6.5c; 

Fig. 6.7c). 

Remobilised sulphides:  Remobilised sulphides are abundant in Central Thalanga where 

there are numerous normal faults that have displaced the ore lens (Chapter 3). Regions of 

coarse-grained, massive chalcopyrite-rich sulphides are present at the stratigraphic top of 

the ore lens where the ore horizon is cross-cut by, and possibly folded against, normal faults 

(Chapter 3). Coarse-grained chalcopyrite-rich domains and coarse-grained, dark red-brown 

Fe-rich sphalerite-rich domains (Fig. 6.6d) within the massive to banded sulphides are 

interpreted to mark local 'internal' remobilisation (terminology from Gilligan and Marshall, 

1987). 

Contact Relationships 

Most lithological contacts within the Central Thalanga ore horizon are sharp and sub-

planar, and locally have been overprinted by coarse-grained, remobilised chalcopyrite (i.e. 

piercement veins; Chapter 3). Locally, the contacts between massive polymetallic sulphides 

and the QFP mega-clasts are sheared. Pyrite-rich lenses have sharp, subvertical contacts 

with the underlying rhyolitic vokanics. 

Contacts between the chakopyrite- and sphalerite-rich remobilised sulphides vary from 

subplanar, with apparent folds present in places (Fig. 6.7d), to irregular, with evidence of 

mutual replacement fronts (Fig. 6.7e). Irregular patches of medium-grained sphalerite-

galena-carbonate within massive chalcopyrite are probably remnants of the massive or semi-

massive sulphide lens overprinted by remobilised chalcopyrite. 

6.23 Vomacka Zone 

Geometry of the Vomacka Zone 

The ore horizon in the Vomacica Zone occurs in an upright fold and is offset by E-W to ENE 

trending brittle faults (Fig. 6.8). The maximum thickness of the ore lens (>10 m) occurs in the 

hinge region of the prominent anticline in up-dip parts of the ore lens. Elsewhere, the ore lens 

is commonly 55 m thick (Fig. 6.8). The ore lens is laterally zoned, with the northern limb of 

the anticline composed of massive sphalerite-galena-pyrite-rich sulphides with minor 

barite, variable chalcopyrite, and minor chlorite-actinolite gangue. The barite content of the 

ore lens, and occurrence of rhyolite and quartz-magnetite clasts, increases in the fold hinge 

and along the southern limb of the anticline. Below about 800 mRL (on the southern limb of 

the anticline) sphalerite-galena-pyrite-barite veins and stringers have overprinted a 

rhyolite breccia that contains rare barite clasts (e.g. diamond drill hole TH15; Appendix A). 
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The massive sulphides decrease in thickness in down-dip parts of the northern limb, until 

they are either truncated by a brittle fault, or grade to stringer veins in typical quartz-

muscovite-pyrite-rich footwall rhyolite. The ore lens position may have extended around the 

syncline prior to brittle faulting, but the up-dip sections of the northern limb of the syncline 

are not mineralised. 

Stratigraphic zonation within the Vomacka Zone ore lenses is poorly developed, but 

generally massive barite ± disseminated sulphides overlie the massive sphalerite-galena-

pyrite ± barite-rich sulphides. In places, a mineralised, polymict breccia overlies the 

massive barite. 

Composition of the Ore Horizon in the Vomacka Zone 

Polymetallic massive sulphides:  Massive sphalerite-galena-pyrite-rich sulphides constitute 

<40 % of the total mineralised ore lens in the Vomacka Zone. These massive sulphides 

contain abundant interstitial barite, barite bands, and local carbonate bands, and variable 

amounts of chalcopyrite. 

Barite-rich sulphides:  The mineralised horizon in the Vomacka Zone contains abundant 

barite, both as massive barite and intergrown with massive to semi-massive sulphides. 

Coarsely bladed barite veins (up to 10 cm in thickness), containing minor honey-coloured 
sphalerite, galena and pyrite, are present in all variants of the ore lens (Fig. 6.9a). The 

sulphides are typically interstitial to, or occur along grain boundaries of the coarse barite 

crystals. Massive barite is commonly composed of coarse grained (<3 cm) acicular to tabular 

crystals of barite. Barite veins have cross-cut the massive sulphides in the basal parts of the 

ore lens, and in places, coarse barite veins have been cross-cut by pyrite stringers, which have 

been cross-cut by coarse-grained barite veins (e.g. diamond drill hole TH326 42-51 m; 

Appendix A). 

Mineralised breccia:  Rare barite ± quartz clasts occur in a poorly sorted rhyolite breccia at the 

stratigraphic top of the footwall, and in places this breccia has been overprinted by 

sphalerite-galena-pyrite ± barite and barite ± pyrite veins (Fig.6.9b,c). Quartz-magnetite 

clasts are present in places, and the clasts are supported in a barite-chlorite or sandy siltstone 

matrix. This mineralised polymict breccia is locally similar in composition and texture to the 

overlying HWF, suggesting that the base of the HWF may have been mineralised (diamond 

drill hole TH293, Appendix A). Where not mineralised, this rhyolite breccia has a 

gradational contact with the underlying footwall rhyolitic volcanics (e.g. diamond drill hole 

TH15; Appendix A). 



Figure 6.9 Composition of the ore lens in the Vomacka Zone and East Thalanga. 

(a) Textures of the barite-rich ore in the Vomacka Zone. Top: coarse barite crystals appear to 

have overprinted fine grained barite. Honey brown sphalerite, galena and minor 

chalcopyrite are interstitial to the coarse barite crystals. Minor pyrite is disseminated 

through the fine barite. Sample TH326-49.5. Bottom: massive barite intergrown with, or 

overprinted by, stringers of pyrite and rare sphalerite-galena-pyrite. Traces of 

chalcopyrite. Sample 'TH326-43.8. 

(b) Example of mineralised polymict breccia from the Vomacka Zone. Veins of 

barite>pyrite-chalcopyrite-chlorite, barite-sphalerite-galena, and sphalerite-

galena»pyrite-barite-chalcopyrite (with sphalerite-barite-rich margins) occur in the 

matrix of the breccia. Breccia contains quartz-feldspar phyric rhyolite, quartz-phyric 

rhyolite, feldspar-phyric dacite, and quartz-magnetite clasts, with quartz and feldspar 

crystals scattered in the matrix. Drill hole TH321-141.5 to 147.7. 

(c) Typical banded sphalerite-pyrite-rich sulphides in the footwall lens of East Thalanga. 

Sample TH254-272.. 

(d) Inclusions of flow-banded rhyolite (strongly silicified) and clasts of QFP within the 

footwall lens (banded pyrite-sphalerite>galena) in East Thalanga. East 796 (Left) 

Stope. 

(e) Pyrite-rich part of the hangingwall lens in East Thalanga. Silicified QFP and rhyolite 

clasts are present, as well as single blue quartz crystals. Chalcopyrite is interstitial to 

the pyrite. Sample TH275-122.5. 

(f) Mineralised upper rhyolite breccia in the hangingwall lens. Top: semi-massive 

sphalerite (honey), pyrite, minor galena and trace of chalcopyrite in quartz-chlorite 

(matrix of rhyolite breccia). Calcite occurs between the semi-massive sulphides and the 

non-mineralised chlorite-rich patches (arrow). Sample E3208SD05-61. Bottom: clasts of 

rhyolite and possibly barite (arrow) in matrix of chlorite and semi-massive sphalerite-

pyrite>galena>chalcopyrite. Sample E3208SD05-62.5. 
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Contact Relationships 

Contacts between ore types are parallel to bedding, and vary from sharp to gradational. The 

massive barite and polymetallic sulphides within the ore lens have sharp and planar 

contacts with the underlying footwall rhyolitic volcanics, and the overlying HWF. 

Gradational contacts are present between the mineralised polymict breccia and the 

underlying rhyolitic volcanics and overlying HWF. 

6.2.4 East Thalanga 

Geometry of the Ore Horizon 

East Thalanga consists of two ore lenses; the footwall lens, which directly overlies altered 

rhyolitic volcanics, and the hangingwall lens, which overlies the QEV breccia facies (Fig. 

6.10). Thinner QEV sandstone units stratigraphically overlie the hangingwall lens. QFP sills 

occur between the two ore lenses, although the hangingwall ore lens is typically poorly 

developed, or not present, where underlain by QFP. 

The footwall lens, and overlying QFP sill, appear to have been repeated along a fault in the 

up-dip parts of East Thalanga (e.g. above -850 mRL; Fig. 6.10). However, because the 

stratigraphically lowest sill has peperitic contacts with sandy siltstone, whereas the 

overlying QFP sill has blocky peperite at contacts with QEV breccia (Chapter 4), it is 

unlikely that a single QFP sill was structurally repeated. The preferred interpretation is 

that the present geometry is similar to the location of QFP sills, and therefore location of 

sulphide lenses, prior to deformation. 

Only one ore lens position is present in the western parts of East Thalanga, and due to its 

barite-rich composition, this lens is interpreted to be continuous with the hangingwall lens, 

and possibly the Vomacka Zone ore lens (Fig. 6.10; Fig. 6.11a; map M11). In this location, 

semi-massive chalcopyrite-pyrite-chlorite-quartz and massive sphalerite-galena-barite-

quartz are present at the stratigraphic top of the footwall rhyolitic volcanics, which are 

quartz-muscovite-phlogopite-chlorite-pyrite-rich and locally cross-cut by shallowly 

dipping chalcopyrite-pyrite-magnetite-barite veins (Fig. 6.11a). 

There is a vertical and lateral zonation in the composition of both the footwall and 

hangingwall ore lenses at East Thalanga. In up-dip and western parts, the footwall lens is 

composed of massive to semi-massive sphalerite-galena-pyrite-rich sulphides. Down-dip 

and towards the eastern parts of East Thalanga, the footwall lens is composed of massive to 

banded sphalerite-pyrite, with gradually increasing amounts of pyrite-chalcopyrite. The 

hangingwall lens varies from pyrite-rich massive to semi-massive sulphides hosted in QEV 
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Figure 6.11 Simplified graphic logs of drill holes from East Thalanga; (a) TH382A, (b) E3204SD04, and (c) E3212SD03. The holes are from sections 31 940 mE (TH382A), 
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sandstone units in up-dip parts, to barite-rich sulphides, then semi-massive to banded 

polymetallic sulphides hosted in the upper rhyolite breccia with depth. Locally, quartz-

magnetite clasts are present instead of the hangingwall ore lens (Fig. 6.11c). 

Composition of the Ore Lens 

Footwall Lens: The footwall lens is 1-12 m in thickness, and composed of massive to banded 

sphalerite-pyrite-galena ± chalcopyrite ± barite, or massive pyrite with discontinuous bands 

of sphalerite-galena ± chalcopyrite (Fig. 6.9d). The basal part of the footwall lens is 

typically strongly banded, whereas the upper parts are coarsely recrystallised and non-

banded (e.g. map M12, inset). Multiple, graded quartz-feldspar sandstone and siltstone and 

siltstone units directly overlie the intensely silicified rhyolitic footwall at localities where 

the footwall ore lens is absent, and are overlain and partly intruded by QFP sills (Fig. 6.11c). 

Rounded to sub-rounded siliceous rhyolite and QFP clasts (<50 cm) and blue quartz crystal 

fragments in the massive to banded sulphides are common, and are locally cross-cut by coarse-

grained chakopyrite-galena ± sphalerite ± pyrite veins (Fig. 6.9e). QFP clasts are only 

present in the massive sulphides where the footwall lens is directly overlain by QEV. In 

these parts of the footwall ore lens, sulphide bands and sulphide clasts are common between 

the QFP clasts at the base of the QEV. Rare domains of rhyolite breccia occur within the 

massive pyrite-sphalerite-rich sulphide lens, and contain quartz-phyric rhyolite clasts (<15 

cm diameter) and 3-10 mm quartz crystals. Irregular indusions composed of finely intergrown 

chlorite-tremolite or calcite are present in a few places in the footwall lens, with coarse 

grained sphalerite-galena ± chalcopyrite commonly associated with calcite rather than 

tremolite. 

Hangingwall Lens: The hangingwall lens is 55 m in thickness where composed of massive to 

semi-massive pyrite-rich sulphides in the coarse grained bases of QEV sandstone units. Single 

quartz crystals and altered feldspar crystals (now muscovite ± epidote ± quartz ± calcite), 

together with angular, siliceous QFP clasts (<5 cm), are present within the pyrite-rich 

sulphides (Fig. 6.9f). Minor chalcopyrite and traces of sphalerite are interstitial to the 

euhedral pyrite. In this part of the hangingwall lens, the base of the QEV sandstone units are 

commonly overprinted by pyrite ± chalcopyrite veins, and some of the overlying QEV 

sandstone units contain pyrite in their crystal-rich bases. 

The barite-rich part of the hangingwall lens is generally 1-3 m thick and is composed of 

massive sphalerite-galena-pyrite ± barite to massive barite with bands and blebs of pyrite-

sphalerite-galena-rich sulphides (e.g. Fig. 6.11b). This part of the hangingwall lens 

increases in thickness with depth and has gradational contacts with the mineralised upper 

rhyolite breccia, which is about 10 m in thickness. 



Ore Deposit Geology 	 188 

Sulphide bands and disseminations occur within a tremolite-chlorite-quartz-muscovite-rich 

matrix between the rhyolite clasts within the upper rhyolite breccia (Fig. 6.9g). In general, 

chalcopyrite-sphalerite-pyrite are associated with chlorite ± tremolite gangue, whereas 

sphalerite-galena-pyrite are associated with irregular veins of calcite. Irregular, 

shallowly-dipping calcite veins are also present in the pressure shadows of some rhyolite 

clasts (especially those clasts >5 m in size). Locally, barite and quartz-magnetite clasts occur 

within the mineralised upper rhyolite breccia (e.g. diamond drill hole E3204SEHOO; 

Appendix A). 

Contacts with Host Volcanics 

Footwall Lens:  The contact between the footwall ore lens and the underlying rhyolitic 

volcanics is typically sharp, but irregular, regardless of the textures of the rhyolite (Fig. 

6.12a-d), but has been overprinted by coarse grained chalcopyrite and galena. Rhyolite dasts 

within the massive sulphides are interpreted to be remnants of the footwall rhyolites, and to 

therefore indicate that the sulphide lens partly replaced the top of the footwall rhyolitic 

volcanics (Fig. 6.13a,b). In rare parts of the footwall lens, a monomict rhyolite breccia 

directly overlies the massive sulphides (Fig. 6.12c). There is a gradational decrease in 

sulphides from the massive sulphide lens to the overlying rhyolite breccia. 

At some localities, a QFP sill directly overlies the footwall ore lens, and has been 

overprinted by sulphide veins. However, typically in the up-dip parts of the footwall ore 

lens, a poorly sorted silty sandstone to polymict sandstone breccia directly overlies (with 

sharp contacts) the massive sulphides and is overlain and partly intruded by the QFP (Fig. 

6.12c,d). The sandstone breccia is usually matrix-supported and contains quartz-phyric 

rhyolite clasts, QFP peperite, and rare massive sulphide clasts (Fig. 6.13c). Disseminated 

pyrite, sphalerite and galena are common within the sandy siltstone matrix, and have 

overprinted the peperitic margins of the QFP in places (Fig. 6.13d). Most of the sulphides 

disseminated in the silty sandstone are coarsely recrystallised and have overprinted the 

dominant cleavage (Fig. 6.13c). Sulphide veins that are now subparallel to S2 (Fig. 6.13c), are 

interpreted to have been present prior to deformation. 

There is a sharp, but irregular contact between the footwall lens and the overlying QEV 

breccia units, with pyrite-sphalerite-galena ± chalcopyrite bands common between clasts in 

the base of the overlying QEV breccia (Fig. 6.13e). The presence of massive sulphide dasts 

within the QEV (Chapter 4) is consistent with massive sulphide bands recognised in drill 

core being massive sulphide clasts that were concentrated at the base of the QEV due to their 

high density during transportation and deposition by mass flow. However, some sphalerite-

pyrite ± chalcopyrite disseminations and bands are interpreted to be veins (Fig. 6.13f,g). 

Coarse-grained bands of chalcopyrite>sphalerite-galena-pyrite between QFP clasts are 
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Figure 6.13 Geometry of the contacts between the sulphide lenses and the volcanic units in 

East Thalanga. 

(a) Pyritetchalcopyrite veins in strongly silicified rhyolite in the immediate footwall of 

the footwall lens. East 765 Stope. Facing towards top. 

(b) Sharp contact between footwall ore lens and the overlying sandstone breccia (containing 

QFP peperite). Pyrite is disseminated through the sandstone and may also occur as dasts 

Coarse chakopyrite-sphalerite veins (shallowly dipping) cross cut the contact between • 

massive pyrite and sandstone. Sample E3204SI52-13.6. Arrow points to facing direction. 

(c) Sphalerite-pyrite-rich sulphides have overprinted QFP peperite at the stratigraphic 

base of a QFP sill. Late dialcopyrite-pyrite-sphalerite-galena veins have also cross-cut 

the QFP clasts. Sample E3212SI18-53. Arrow points to facing direction. 

(d) Coarse-grained chakopyrite-pyrite-chlorite vein between QFP clasts in the QEV 

overlying the footwall lens in East Thalanga. Chakopyrite, tremolite and margarite 

have partly replaced feldspar phenocrysts at the margins of the QFP clast. Sample 

TH263-171. 

(e) Contact between the banded sphalerite-pyrite-galena-rich footwall ore lens and the 

overlying QEV. Veins of pyrite-sphalerite (overprinted by S2) extend from the ore lens 

and have cross cut the QEV. East 830 Stope (Left). Facing to right. 
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interpreted to have been remobilised, and in places these have partly replaced the margins 

of QFP clasts (Fig. 13e). 

Hangingwall lens.  The stratigraphic base of the pyrite-rich hangingwall lens is typically 

sharp, parallel to bedding and has been locally cross-cut by coarse grained, shallowly-

dipping chalcopyrite ± sphalerite ± pyrite veins. A gradational decrease in the pyrite 

content (co-incident with decreasing crystal size) marks the stratigraphic top of the pyrite-

rich lens (Fig. 6.12c). 

Both stratigraphic top and basal contacts of the barite-rich hangingwall lens are typically 

parallel to compositional banding within the ore lens (Fig, 6.11b). In some drill holes, the ore 

lens has a gradational contact with an overlying polymict breccia (e.g. E3198SD06; Appendix 

A). This breccia is poorly sorted, clast-supported and contains irregular-shaped clasts of 

massive barite ± quartz, quartz-magnetite and siliceous rhyolite in a matrix of barite-

muscovite (similar-to parts of the ore horizon in the Vomacka Zone). Semi-massive to 

disseminated sphalerite-galena-pyrite ± chalcopyrite has overprinted the polymict breccia, 

which is interpreted to indicate that the polymict breccia was deposited prior to, or during, 

sulphide mineralisation. 

The basal contact of the mineralised upper rhyolite breccia is sharp, parallel to banding 

within the sulphides, and locally has been overprinted by coarse grained chalcopyrite. The 

QEV sandstone units overlie the mineralised upper rhyolite breccia, and in some locations, 

the crystal-rich base of the QEV sandstone contains pyrite ± chalcopyrite in the matrix. At 

other locations, a zone of pervasive chlorite alteration, with minor chalcopyrite-pyrite 

veins, has gradational contacts with the mineralised upper rhyolite breccia, and sharp 

contacts with the overlying QEV sandstone. 

6.3 Discussion 

63.1 Deposit Geometry 

The interpreted pre-deformation geometry of the Thalanga ore horizon, including the 

massive sulphide lenses, is summarised in Figure 6.14(a). Massive sulphides occur at the same 

stratigraphic location (the top of the Mount Windsor Vokanics) in West, Central and East 

Thalanga and in the Vomacka Zone and are interpreted to have been continuous between West 

and Central Thalanga, and also between the Vomacka Zone and East Thalanga. However, 

there is no evidence that the ore lens was continuous between Central Thalanga and the 

Vomacka Zone. The sulphide lenses in West, East and western parts of Central Thalanga 

occur above and below QEV units and QFP sills. The QEV units were deposited in local basins 
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Figure 6.14 Schematic diagram of the (a) interpreted pre-deformation (and pre-dacite deposition) spatial 

relationship between West, Central and East Thalanga and the Vomacka Zone, (b) evolution and movement of the 

mineralising solutions during formation of the massive sulphide lens in West and Central Thalanga, and (c) 

evolution and direction of fluid flow during sulphide deposition in East Thalanga, with the hangingwall ore lens 
continuous to the Vomacka Zone. 



Ore Deposit Geology 	 193 

at the stratigraphic top of the footwall rhyolite (Chapter 4), and the absence of these units 

in the Vornacka Zone and eastern parts of Central Thalanga is interpreted to indicate that 

these areas were topographic highs at the time of QEV deposition. 

The hangingwall lens in East Thalanga is interpreted to extend to the Vomacka Zone, where 

it is barite-rich (Fig. 6.14a). Discontinuous lenses of QEV within Central Thalanga are 

enclosed by massive sulphides. However, the presence of massive sulphides above and below 

the QFP mega-clasts in Central 'Thalanga is partly a result of structural repetition (Chapter 

3), but may also be depositional in origin, because the QFP contains altered feldspars and is 

muscovite-quartz-phlogopite-rich (Chapter 10). The QEV in West Thalanga is not overlain 

by massive sulphides. 

The barite-rich sulphides in the Vomacka Zone, parts of the hangingwall lens of East 

Thalanga, parts of Central Thalanga, and the western parts of West Thalanga, are 

interpreted to have formed at sites where lower temperature fluids (200° to 250°C; Large, 

1992) have discharged. In most of these localities, early-formed quartz-barite assemblages 

have been partly overprinted by sphalerite-pyrite-rich sulphides. Deposition of the barite-

rich lenses is therefore interpreted to have occurred at the margins of the hydrothermal 

system, with those localities closer to the fluid source being partly replaced by sulphides in a 

process similar to the zone refining processes described by Eldridge et a/. (1983) and Huston 

and Large (1988). Therefore, the Vomacka Zone and the western parts of West Thalanga are 

interpreted to be the margins of the East Thalanga and West/Central Thalanga 

hydrothermal systems respectively. Barite-rich sulphides that are repeated in the 

hangingwall of Central Thalanga may also have formed at the cooler temperature margin of 

the hydrothermal system; either at the eastern and down-dip margins of the Central 

Thalanga ore lens, or possibly the western limits of the Vomacka Zone, or alternatively a 

separate hydrothermal system. The absence of a mineralised ore position between Central 

Thalanga and the Vomacka Zone is interpreted to indicate either that West and Central 

Thalanga formed from a different hydrothermal system to the Vomacka Zone and East 

Thalanga, or that deformation and subsequent erosion have removed the connection between 

the Vomacka Zone and Central Thalanga. 

Zones of massive pyrite ± dialcopyrite commonly occur at the stratigraphic base of VHMS 

deposits and are believed to precipitate from high temperature hydrothermal solutions (270° 

to >350°C; Large, 1992). Massive pyrite ± chalcopyrite lenses are present in West, Central and 

East Thalanga between the rhyolitic footwall and the overlying polymetallic massive 

sulphides (Fig. 6.14a). In West Thalanga, massive pyrite at the eastern and down-dip part. 

of the ore lens may have been continuous with massive pyrite in Central Thalanga. The 

massive pyrite lenses are interpreted to have formed over the zones of discharge of high 

temperature hydrothermal solutions. 
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6.3.2 Deposition of Sulphides 

In parts of West and Central Thalanga, zones composed of pyrite bands and veins that have 

overprinted sphalerite-rich sulphides (e.g. Fig. 6.2d; Fig. 6.6c) overlie the massive pyrite 

lenses. These textures are interpreted to have been produced by the syn-mineralisation 

replacement of sphalerite-rich sulphides (formed earlier from mineralising solutions at 235°- 

270°C; Large, 1992) by pyrite (formed from higher temperature mineralising solutions; e.g. 

270°-350°C; Large, 1992), possibly along pre-existing compositional bands (Fig. 6.14b). Syn-

volcanic hydrothermal replacement of massive sulphides (zone-refining) is regarded as an 

important process in the growth of massive sulphide mounds (Eldridge et al., 1983; Huston 

and Large, 1988; Large, 1992). The gradational contact from banded sphalerite-pyrite-rich 

sulphides, to massive pyrite with discontinuous sphalerite-rich bands, to massive pyrite 

down-dip within the footwall lens in East Thalanga is consistent with formation by a similar 

process. The massive pyrite-chakopyrite in down-dip parts of the footwall lens is 

interpreted to have formed from high temperature hydrothermal solutions (e.g. 270*-350°C; 

Large, 1992) which replaced the pre-existing sphalerite-pyrite lens as the hydrothermal 

solutions ascended and moved laterally through the massive sulphides (Fig. 6.14c). The 

sphalerite-rich sulphides are interpreted to have been redeposited as the hangingwall lens 

(Fig. 6.14c). 

Barite veins that locally cross-cut the massive sulphide lenses in West Thalanga, are 

interpreted to have formed during the latest stage of mineralisation. Because the formation 

of barite requires cool hydrothermal solutions and mixing with seawater to provide sulphate, 

the presence of barite implies that the rhyolitic footwall had remained porous after 

deposition of the massive sulphides. 

Clasts of quartz-magnetite are present at the stratigraphic top of the ore lenses in parts of 

West and East Thalanga. Quartz magnetite lenses (interpreted to have formed from low 

temperature hydrothermal fluids on the seafloor; Duhig et al., 1992) outcrop at the Thalanga 

ore horizon position in the south eastern parts of the Thalartga Range (Chapter 4), and 

perhaps clasts from these locations may have been transported by mass-flows to Thalanga. It 

is possible that some quartz-magnetite lenses were formed in situ at Thalanga, from low 

temperature hydrothermal solutions, during the early stages of sulphide deposition. In most 

places, the quartz-magnetite dasts have been overprinted by sulphides or barite, and this is 

interpreted to have occurred during formation of the massive sulphide lenses. 

6.3.3 Seafloor Deposition vs Sub-seafloor Replacement 

The sulphide lenses at Thalanga vary from having sharp contacts with the enclosing rocks, to 

gradational upper and lower contacts and are therefore interpreted to be at least partly 
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replacive in origin. The best-preserved evidence that the massive sulphide lenses were 

exposed on the seafloor are the clasts of massive sulphides in the overlying QEV and HWF 

(Table 6.2). Although the mineralogy of the massive sulphide clasts is identical to that of 

the Thalartga massive sulphide deposit, the source of the sulphide clasts may have been 

other massive sulphide deposits within the Trooper Creek Formation. 

Table 62 Interpretation of mesoscopic features of the ore lenses relevant to the timing of volcanism and 
mechanism of sulphide formation 

Mesoscopic texture 
	 Interpretation 

Massive sulphide clasts in overlying QEV 

QFP clasts and/or blue quartz and feldspar 
(altered) crystals in massive sulphide lenses 

Rhyolite clasts in massive sulphides 

Gradational contacts between massive sulphides 
and overlying QEV (East Thalariga) 

Quartz-muscovite-pyrite-rich QEV between 
footwall and hangmgwall lenses (Fast Thalanga) 

Semi-massive to massive sulphides in matrix of 
upper rhyolite breccia (East Thalanga) 

Vein style sulphides in CTC units (West Thalariga) 

Massive barite ( ± sulphides) or quartz-magnetite 
between multiple QEV units (hangingwall lens, 
East 'Thalariga) 

Barite ± sulphide veins in polymict brecda and 
gradational contact with overlying HWF 
(Vomacka Zone) 

Erosion of massive sulphides exposed on seafloor 
and incorporation into QEV 

QEV partly replaced by sulphides, or 
QFP dasts accidentally deposited on growing 
massive sulphide lens on seafloor 

Top of rhyolitic vokanics partly replaced as 
coalescing feeder veins merged into massive 
sulphide lens 

Base of QEV partly replaced by sulphides 

Quartz-sericite-pyrite alteration when 
mineralising solutions moved through QEV to 
deposit sulphides in hangingwall lens position 

Matrix of rhyolite brecda was replaced by 
sulphides 

Sulphides replaced CTC units 

Exlialites at seafloor position 

Base of HWF partly mineralised 

The presence of sulphide veins and disseminations within the CTC assemblages in West and 

Central Thalanga are interpreted to indicate that the CTC units were replaced by sulphides 

in a sub-seafloor position (Table 6.2). The CTC assemblages are interpreted to have formed by 

alteration of the footwall rhyolitic volcanics prior to mineralisation (Chapter 11), and 

irregular to blocky clasts of massive carbonate and massive chlorite within the massive 

sulphides are interpreted to be remnants of the CTC assemblages. The seafloor in West 

Thalanga was probably either at the stratigraphic top of the CTC units, or at the top of the 

overlying QEV (which may have acted as an impermeable barrier; Chapter 10 & 11) during 

the formation of sulphides. Alternatively, the position of the seafloor may have migrated 

from the top of the CTC units to the top of the QEV during sulphide deposition. 

The textural characteristics of the stratigraphic top of the footwall rhyolitic volcanics are 

interpreted to have controlled the nature of the contact with the overlying ore lens. Monomict 

rhyolite breccia is present at the stratigraphic top of the footwall rhyolitic volcanics in most 

parts of Thalanga (Chapter 4), and the irregular contact with the overlying ore lens is 
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consistent with the partial replacement of the top of a rhyolite breccia (Table 6.2). However, 

sharp, conformable contacts between the massive sulphide lenses and the underlying footwall 

rhyolitic volcanics may have resulted from the deposition of sulphides onto the seafloor. 

Where the footwall lens in East Thalanga is overlain by a rhyolite breccia, the massive 

sulphides are interpreted to have replaced a rhyolite breccia in a subsea-floor position. The 

gradational decrease in sulphides up stratigraphy from the sulphide lens to the overlying 

rhyolite breccia supports this interpretation. 

The QEV that overlies the ore lens in West Thalanga generally has sharp contacts with the 

massive sulphides, but contains epidote-actinolite-rich assemblages, whereas in East 

Thalanga, QEV units overlie both the footwall and hangingwall lens with gradational 

contacts defined by decreasing sulphide content. The QEV breccia between the footwall and 

hangingwall lenses in East Thalanga, and the QEV units and QFP mega-clasts in Central 

Thalanga, are quartz-muscovite-pyrite-rich (inferred to be metamorphosed quartz-sericite-

pyrite alteration; Chapter 10). This variation in alteration type is interpreted to be the 

result of formation of sulphides at Central and East Thalanga following deposition of the 

QEV (Table 6.2). The presence of sulphide veins that are folded or are subparallel to S2 and 

cross cut peperitic QFP margins and the base of the QEV breccia in East 'Thalanga, supports 

the interpretation that the QFP peperite and QEV breccia were partly replaced by sulphides 

during mineralisation. Coarsely recrystallised sulphide veins that overprint S2 are 

interpreted to have been remobilised during deformation and metamorphism. 

The presence of two ore lens positions in East Thalanga is interpreted to indicate that QEV 

deposition interrupted the formation of sulphides in East Thalartga. Lack of abundant QFP 

and rhyolite clasts in all parts of the footwall lens suggests that locally massive sulphides 

formed on the seafloor, rather than by replacement of the QEV breccia. Given that the QEV 

units have normal grading (Chapter 4), and that the contact between the QEV breccia and 

overlying hangingwall lens is sharp and conformable, the top of the main QEV is interpreted 

to have been the seafloor during the deposition of the hangingwall lens. The hangingwall 

lens is interpreted to have been partially formed on the seafloor (quartz-magnetite lenses and 

the barite-rich sulphides) and partially formed by replacement of the upper rhyolite breccia 

and the coarse-grained base of overlying QEV sandstone units. 

6.3.4 Comparison with Other Deposits in the Mount Windsor Subprovince 

The mineralogies and stratigraphic locations of other massive sulphide deposits in the Mount 

Windsor subprovince are reviewed in Chapter 2. Most deposits are stratiform, with 

underlying sericite ± quartz ± chlorite ± sulphide alteration zones, except for the pipe-like 

Reward deposit, which is composed mainly of massive pyrite (Beams et al., 1990; Berry et 

al., 1992). Generally, other massive sulphide deposits in the Mount Windsor volcanic belt are 
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less coarsely recrystallised than Thalanga due to the lower metamorphic grade in most other 

parts of the volcanic belt (Berry et al., 1992). 

Sphalerite and pyrite are the dominant sulphide minerals in the other massive sulphide 

deposits and most contain abundant galena and chalcopyrite (Table 2 in Berry et al., 1992). 

Barite, quartz, carbonate and sericite are common gangue minerals and both the Liontown and 

Handcuff stratiform massive sulphide deposits are associated with barite and quartz-

carbonate assemblages (Berry et al., 1992; Beams, 1993; Miller, 1996). The Agincort and 

Waterloo deposits contain abundant pyrite, chalcopyrite, sphalerite and galena, with minor 

tennantite/tetrahedrite, traces of arsenopyrite and electrum, and barite, sericite, quartz, 

carbonate gangue, although the Waterloo prospect contains tennantite and galena as minor 

phases (Huston et a/., 1995a). 

Electrum has been reported from the Reward, Waterloo and Agincort deposits (Berry et a/., 

1992) and Au is associated with Zn and the Agincort deposit, whereas it is associated with Cu 

at the Waterloo prospect (Huston et a.  /.,1992a, 1995a). Au- and Ag-bearing tellurides 

(altaite, hessite, calaverite and petzite) are present within the massive sulphides at the 

Waterloo prospect (Huston et al., 1995a), but have not been reported from other deposits 

within the Mount Windsor subprovince (Berry et a/., 1992). The more gold-rich Agincort and 

Waterloo deposits are interpreted to have formed from more oxidised hydrothermal fluids 

than those that produced Thalanga (Huston et a/., 1995a). 

6.4 Summary 

1. Although the massive sulphide lenses at Thalanga are present at the same stratigraphic 

position in West, Central and East Thalanga and the Vomacka Zone, the nature and geometry 

of the massive sulphides varies in each lens. Polymetallic massive sulphides in most parts of 

the Thalanga deposit are composed of sphalerite-galena-pyrite-rich sulphides with 

variable amounts of chalcopyrite. In general, the polymetallic massive sulphides occur at the 

stratigraphic top of the ore lens. Massive pyrite ± chakopyrite ± chlorite lenses occur at the 

stratigraphic base of the West and Central Thalanga ore lenses, whereas massive pyrite-

sphalerite-rich sulphides, with local massive pyrite ± chalcopyrite, constitute the footwall 

lens at East Thalanga. Lenses of massive pyrite are absent from the Vomacka Zone. Massive 

barite and barite-rich sulphides occur in the Vomacka Zone, the hangingwall lens in East 

Thalanga, down-dip parts of Central Thalanga, and rarely, in West Thalanga (up-dip), are 

interpreted to have formed from cooler, more oxidised hydrothermal solutions than the 

underlying sulphides. 
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2.QEV deposition at East Thalanga and parts of Central Thalanga interrupted the formation 

of sulphide lenses, resulting in two ore positions at East Thalanga. Sulphide deposition 

occurred via sub-seafloor replacement and minor seafloor exhalation at East Thalanga. The 

stratigraphic top of the footwall has been locally replaced, the stratigraphic base of the 

QEV breccia and QEV sandstone units are replaced, and the matrix of the upper rhyolite 

breccia has also been replaced by sulphides. The timing of sulphide formation and QEV 

deposition in West Thalanga is unclear, but the sulphides are inferred to have replaced 

carbonate-chlorite alteration stratigraphically underlying the QEV. 

3. Zonation from pyrite ± chalcopyrite-rich sulphides to sphalerite-galena-pyrite ± barite-

rich sulphides, to barite-quartz lenses is interpreted to have formed by the zone-refining 

process during sub-seafloor replacement. 



CHAPTER 7. 

ORE DEPOSIT MINERALOGY AND TEXTURES 

7.1 Introduction 

All lenses at Thalanga have the same ore and gangue mineralogy, and therefore the 

description of the mineralogy and textures of the ore horizon is not separated into a discussion 

on each lens. The objectives of this chapter are to describe the textures and compositional 

variations (as determined by electron microprobe) of each of the main sulphide and gangue 

minerals, and to distinguish between primary and metamorphic sulphide textures. 

The massive to banded sulphides in the Thalanga deposit are typically strongly 

recrystallised and annealed (Fig. 7.1a). Finely intergrown sphalerite, galena and 

chalcopyrite (Fig. 7.1b) are rarely preserved, yet fine-grained intergrowths of fine grained 

chalcopyrite, galena, tetrahedrite-tennantite and arsenopyrite are common (Fig. 7.1c). In 

places, the morphology of the sulphides is controlled by the co-existing gangue minerals, 

with sphalerite, galena, and chalcopyrite common along chlorite or tremolite cleavages. 

Sphalerite is less abundant than chalcopyrite in the dilational sites at Thalanga. This is 

consistent with the results of experimental studies by Clark and Kelly (1973, 1978), Kelly and 

Clark (1975), Salmon et al. (1974), Atkinson (1974) and Roscoe (1975), who examined the 

behaviour of sulphides during metamorphism and deformation. Similarly, textural studies 

indicate that galena, chalcopyrite and pyrrhotite were deformed in a more ductile manner 

than sphalerite at the Broken Hill sediment-hosted massive sulphide deposit (Plimer, 

1980). The textures of remobilised and non-remobilised sphalerite and chalcopyrite are 

described in this chapter. 

7.2 Sphalerite 

7.2.1 Sphalerite Textures 

Sphalerite occurs as rounded grains typically enclosed by, or intergrown with galena or 

chalcopyrite in the massive to banded sphalerite-galena-pyrite lenses at Thalanga. The 

margins of rounded sphalerite grains locally contain galena inclusions (Fig. 7.1d,e). Equant 

grains within domains of massive sphalerite have 120° grain boundaries, and minute 

inclusions of galena and/or chalcopyrite are aligned along the grain boundaries or trapped at 



Figure 7.1 Photomicrographs of the sphalerite-rich parts of the massive sulphide ore lenses 

at Thalanga (under reflected light). 

(a) Typical coarsely recrystallised sphalerite-galena and chalcopyrite. Galena typically 

occurs interstitial to large sphalerite grains and occurs with chalcopyrite along 

boundaries between sphalerite grains. Sample E32045113-47.1. East Thalanga. 

(b) Fine grained sphalerite, chalcopyrite, galena and minor tetrahedrite at the contact 

between sphalerite grains and galena. Sample TH209-86.5a. Central Thalanga. 

(c) Fine grained intergrowths of chalcopyrite, arsenopyrite, tetrahedrite, minor sphalerite 

and trace of galena in a chalcopyrite-rich domain of polymetallic massive sulphides. 

Hexagonal pyrite is rare at Thalanga. The large electrum grain occurs in galena. Sample 

TH209-86.5b. Central Thalanga. 

(d) Rounded grains of sphalerite in galena. Small sphalerite>chalcopyrite grains are 

intergrown with galena at the contact between sphalerite and galena. Sample TH209- 

86.5a. Central Thalanga. 

(e) Intergrown sphalerite, galena and minor tetrahedrite at margin of sphalerite grains. 

Sample E3204SI13-39.1. East Thalanga. 

(f) Chalcopyrite "disease": chalcopyrite inclusions along grain boundaries and cleavage 

plains in sphalerite. Sample TH208-74.6. Central Thalanga. 

(g) Chalcopyrite in brittle fracture through sphalerite grains. Irregular arsenopyrite is 

intergrown with chalcopyrite in places along the fracture. Sample 11-129-294.8. Central 

Thalanga. 

(h) Growth twins in recrystallised sphalerite (sample etched by H2SO4 and KMnO4 

solution). Sample 'TH239-146.2, Central Thalanga. 
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the triple points. It appears that the effect of metamorphic recrystallisation has been to 

increase the grainsize of sphalerite, and to cause less abundant co-existing minerals trapped 

between the coarsened sphalerite to have migrated towards the enclosing, less competent 
sulphides or triple point junctions. 

Sphalerite at Thalanga typically contains abundant chalcopyrite inclusions (chalcopyrite 

disease of Barton and Bethke, 1987), particularly along cleavage planes and grain contacts 

(Fig. 7.10. Chalcopyrite inclusions are generally more abundant in darker coloured (Fe-rich) 

sphalerite than in pale coloured (Fe-poor) sphalerite. Huston (1991) suggested that the 

incidence of chalcopyrite disease in sphalerite at Thalanga should decrease with greater 

degrees of metamorphic recrystallisation. However, even the most coarsely recrystallised 
and remobilised sphalerite at Thalanga contains chalcopyrite inclusions. 

Experimental work and textural studies of Wiggins and Craig (1980), Barton and Bethke 
(1987), Eldridge et a/. (1983), Scott (1983) and Bortnikov et a/. (1991) have shown that fine-
grained inclusions of chalcopyrite within sphalerite are not exsolution textures, but are 
indicative of the replacement of sphalerite during recrystallisation, following reaction 

between sphalerite and Cu and Fe-bearing solutions. However, Bortnikov et al. (1991) also 
suggested that chalcopyrite disease could also form by the co-precipitation of chalcopyrite 

and sphalerite. High temperature (400-750 °C) synthetic production of chalcopyrite disease 

by Bente and Doering (1993) only occurred in Fe-rich sphalerite and not Fe-poor sphalerite, in 
contrast to the observations of Bortnikov et al. (1991) who reported natural chalcopyrite 
inclusions in Fe-rich and Fe-poor sphalerite. Bente and Doering (1993) concluded that 

chalcopyrite disease will form only in Fe-rich sphalerite if the Cu-bearing fluid has a 

higher sulphur fugacity than the solution that sphalerite was deposited from. Therefore at 

Thalanga, where chalcopyrite is inferred to have been remobilised and recrystallised with 

sphalerite, chalcopyrite is inferred to have precipitated from Cu-bearing solutions, with 

high sulphur fugacity, and partly replaced sphalerite along cleavage planes. 

Deformed sphalerite is rare at Thalanga, with recrystallised sphalerite typically 

concentrated in areas of extension within the mineralised horizon. Rare brittle fractures are 

filled with chalcopyrite (Fig. 7.1g). Etching of sphalerite with ICMn0 4  and H2SO4  (using the 
methods outlined in Raymond, 1992) has revealed equant grains with undeformed growth 

twins (Fig. 7.1h). Such textures are present in both remobilised and non-remobilised 

sphalerite at Thalanga, supporting the interpretation that sphalerite recrystallisation post-
dated deformation. 

Sphalerite in the banded sulphide lenses at Thalanga varies in colour from dark red-brown to 

pale yellowish- or tan-brown in plane light (Fig. 7.2a). Golden-yellow to colourless 

sphalerite is associated with massive pyrite at the base of the ore lens in Central Thalanga, 



Figure 7.2 Photomicrographs of deformed, metamorphosed and recrystallised sphalerite, 

galena and pyrite (under reflected light unless otherwise stated). 

(a) Straw yellow to orange-red sphalerite in a quartz-chalcopyrite-sphalerite vein. 

Chlorite gangue. Sample UG-12. Central Thalanga. Transmitted light. 

(b) Pale yellow to colourless sphalerite intergrown with pyrite, phlogopite and chlorite 

(after phlogopite). Sample 116-11.5. Central Thalanga. Transmitted light. 

(c) Fractures in anhedral pyrite grains filled (replaced?) with galena. Finely intergrown 

chalcopyrite>galena-sphalerite-tetrahedrite also present along fractures in pyrite 

grains. Sample E3204SI13-54.5. East Thalanga, footwall lens. 

(d) Folded cleavage pits in galena between pyrite grains. Sample TH258-132. Central 

Thalanga. 

(e) Folded cleavage pits in galena between pyrite grains. Sample TH209-86.5b. Central , 

Thalanga. 

(f) Annealed (or foam) texture in massive to semi-massive pyrite, with quartz and chlorite 

gangue. Minor chalcopyrite and galena is present along grain boundaries. Sample 

E3207SIO2-56. East Thalanga, hangingwall lens. 

(g) Massive pyrite with irregular to bulging grain boundaries and some 120 0  grain boundaries. 

Sample TH257-100.5. Central Thalanga. 

(h) Euhedral pyrite grains disseminated in intergrown chlorite and phlogopite. Sample 

TH21-292.5. Central Thalanga. 
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and with pyrite disseminated in the footwall (Fig. 7.2b). Sphalerite within the overlying 

massive to banded sulphides is typically honey brown coloured. Golden-tan sphalerite is 

associated with tremolite at the contact between calcite inclusions and massive sulphides 

that containing red to honey brown sphalerite. Remobilised sphalerite varies from orange to 

dark red-brown in colour (Fig. 7.2a), but is typically dark red-brown. Such variation in 

sphalerite colour has long been attributed to variation in Fe content, with the darker colours 

usually associated with Fe-rich sphalerite (Mookherjee, 1964; McDonald, 1967; Mookherjee, 

1976; Brooker et a/. 1987). 

7.2.2 Sphalerite Composition 

Fe Content of Sphalerite 

A total of 97 sphalerite grains from the Thalanga deposit were analysed by microprobe in 

order to determine the Fe content of the sphalerite. The results are tabulated in Appendix G. 

Close-spaced chalcopyrite inclusions were avoided during probing, and at most analysis sites, 

the total Cu recorded was less than the detection limit of Cu (165 ppm Cu at the 95 % 

confidence level). Despite this, all Cu in each analysis was assumed to be due to the presence 

of finely disseminated chalcopyrite, and the equivalent moles of Fe were deducted from the 

total Fe in order to remove the effect of chalcopyrite. 

The FeS content of all sphalerite grains analysed ranges from 1.3 to 16.1 mole % FeS (Fig. 

7.3a; Table 7.1). Sphalerite grains within the massive sulphide lenses in East Thalanga have 

a broad spread of FeS contents, with median FeS = 7.1 mole % (Table 7.1). This contrasts with 

the distribution of FeS content of sphalerite in West and Central Thalanga, where the 

compositional range is similar , but a weak bimodal distribution of FeS content is present (Fig. 

7.3b). The two populations (group I and group II; Table 7.1) have ranges of about 1-6 mole % 

and about 8-12 mole % FeS. Sphalerite with the highest FeS composition occurs as inclusions 

in pyrite, and therefore is interpreted to have re-equilibrated with pyrite during 

recrystallisation. Sphalerite with the lowest amount of Fe (<2 mol% FeS) is intergrown with 

chalcopyrite and barite that are interstitial to massive pyrite, but the analysis sites were not 

inunediately adjacent to pyrite. 

The FeS contents of sphalerite disseminated within the chlorite schist in West Thalanga and 

the chlorite-rich footwall alteration in East Thalanga fall into two similar populations (Fig. 

7.3c; Table 7.1). The FeS contents of sphalerite grains within the remobilised quartz-

chalcopyrite-sphalerite vein and the quartz-epidote-sulphide veins present in the 

hangingwall at the Thalanga deposit also have a bimodal distribution of compositions (Fig. 

7.3d). Golden yellow sphalerite grains in the remobilised quartz-chalcopyrite-sphalerite 

vein (no pyrite) have FeS contents ranging from 4.9 to 7.7 mole %, whereas dark red brown 
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sphalerite contains 12 to 15.3 mole % FeS (Table 7.1), thus supporting the association of 

higher Fe contents with darker coloured sphalerite. Pyrite is not intergrown with this 

remobilised Fe-rich sphalerite, but minor chalcopyrite, galena and Fe-rich chlorite are 

present. 

Table 7.1 Summary of the Fe content of sphalerite from the Thalanga deposit (data in Appendix G). 

Rock Type No. of 
Analyses 

Min. Max. Mean Median 

Massive sulphides: 
West Thalanga 10 2.4% 8.8% 3.6% 3.1% 

group I 9 2.4% 3.9% 3.1% 3.0% 
Central Thalanga 25 1.3% 11.7% 5.8% 5.5% 

group I 16 1.3% 5.8% 3.9% 4.8% 
group ll 9 8.6% 11.7% 9.2% 9.0% 

East Thalanga 18 3.4% 11.1% 7.0% 7.1% 

Sphalerite inclusions in pyrite 
(remobilised ore) 

5 10.7% 16.1% 13.9% ' 14.4% 

Chlorite-rich alteration: 
West Thalanga (chlorite schist) 4 4.4% 4.9% 4.6% 4.6% 
East Thalanga (footwall alteration) 9 2.3% 11.9% 5.4% 2.9% 

group I 5 2.3% 2.9% 2.6% 2.6% 
group ll 4 6.0% 11.9% 8.9% 8.9% 

Remobilised sulphides: 
West Thalanga (qz-ep-sp vein) 6 5.4% 13.3% 7.9% 7.3% 
Central Thalanga 

qz-ep-sp vein 4 6.9% 9.0% 8.1% 8.2% 
qz-cp-sp vein: group I 6 4.9% 7.7% 5.9% 5.7% 
qz-cp-sp vein: group II 10 12.0% 15.3% 13.2% 12.6% 

Abbreviations: cp = chalcopyrite, ep = epidote, mm. = minimum, max. = maximum, qz = quartz, sp = sphalerite 

These results demonstrate that the darkest coloured and most Fe-rich sphalerite (12 to 16 
mole % FeS) at Thalanga occurs with massive chalcopyrite and in the quartz-chalcopyrite 

veins that are interpreted to have been remobilised during deformation (Chapter 3). The 

remaining two populations approximately correspond to the two main colour variations of 

sphalerite within the massive sulphides at Thalanga: pale yellow sphalerite has Fe 

contents of about 1 to 6 mole % FeS, and honey sphalerite has FeS = 8 to 12 mole %. 

Bimodal distribution of FeS contents of sphalerite inclusions in pyrite has been reported from 

the Cherokee deposit, Tennessee, where sphalerite-only inclusions are composed of 

sphalerite with the highest FeS, whereas low FeS sphalerite is present with chalcopyrite or 

cross-cut by fractures (Brooker et a/., 1987). Sphalerite with high FeS contents is interpreted 

to have equilibrated at peak metamorphic temperatures and pressures, and the low FeS 

sphalerites are interpreted to have lost Fe during retrograde metamorphism due to re-

equilibration at lower temperatures (Brooker et a/., 1987). At Thalanga, the in situ FeS-rich 

sphalerite is interpreted to have re-equilibrated with pyrite at the peak of metamorphism. 

The population with the lowest FeS values (the palest sphalerite grains) could have 

retained the original, unmetamorphosed sphalerite compositions, or may be due to the 

distance of the analysis site from pyrite. Sphalerite with FeS values between the two peak 



Ore Mineralogy 	 206 

values could be the product of incomplete re-equilibration of the sphalerite during 

retrogression, as suggested by Brooker et al. (1987) for the Cherokee deposit. Given the 

difference in Fe contents between the in situ and remobilised sphalerite, the remobilised Fe-

rich sphalerite is likely to have gained Fe during remobilisation and re-equilibrated during 

peak metamorphism. 

Relationship Between Fe Content of Sphalerite and Au content of the Ore Lens 

Hannington and Scott (1987) suggested that the Au content of a massive sulphide deposit is 

related to the Fe content of co-existing sphalerite. At Thalanga, elevated Au contents are 

common in massive sulphide lenses that contain pale yellow, low Fe sphalerite, and Au-poor 

massive sulphides contain honey-coloured, Fe-rich sphalerite (Fig. 7.4). However, elevated 

Au is also present within ore lenses that contain Fe-poor sphalerite (cf. samples TH54 -189.6 

and T16-11.5, Fig. 7.4), and high grades of Au are present in some remobilised chalcopyrite-

rich sulphides that contain Fe-rich sphalerite (Fig. 7.4). Therefore there is no relationship 

between Fe content of sphalerite and the Au grade at Thalanga. Metamorphism may have 

destroyed any relationships, or perhaps the low total Au content of Thalanga (0.62g/t; 

Chapter 1) makes the relationship between Au and the Fe content of co-existing sphalerite 

difficult to predict. 

7.2.3 Sphalerite Geobarometry 

The FeS content of sphalerite varies with temperature, pressure and FeS activity, but at 

temperatures of 300-600 °C, and where buffered by pyrite and pyrrhotite, the FeS content of 

sphalerite decreases with increasing pressure (Barton and Toulmin, 1966; Scott and Barnes, 

1971; Scott, 1973, 1976; Scott et al., 1977; Hutchinson and Scott, 1981; Bryndzia et al., 1988, 

1990). This makes the FeS content of sphalerite a useful geobarometer where sphalerite co-

exists with pyrite and pyrrhotite (e.g. Sundblad et al., 1984; Brown, 1994; Cook et al., 1994). 

Using the recalculated sphalerite geobarometer of Toulmin et ai. (1991) at Thalanga, for FeS 

compositions of sphalerite-only inclusions in pyrite (which also contains pyrrhotite-only 

inclusions), indicates that at metamorphic temperatures of 400-450°C, the pressures were in 

the range 3-6.5 kbars. At temperatures of 450-500°C, the pressure estimate is 4-7 kbars. This 

estimate is higher than the pressure determined from a garnet-phlogopite-muscovite-

chlorite assemblage within the footwall rhyolitic volcanics (1-4 kbars; Chapter 3). 

Although Scott (1983) and Brooker et al. (1987) used the Fe content of sphalerite-only 

inclusions in pyrite to provide reasonable estimates of the pressure conditions of 

metamorphism at the Cherokee deposit, Tennessee, more recent work by Cook et al. (1994) has 

shown that only sphalerite that co-exists with both pyrite and pyrrhotite will provide 

geologically sensible pressure estimates. Therefore, the lack of co-existing sphalerite, pyrite, 



207 

(a) 

Au
  g

ra
de

  (
pp

m
)  

_ 

- 
• T16-11.5 

(pale yellow sp) 

• T17-2.5 
(dad( red-brown sp) 

  

   

• TH239-143 (honey 

• TH239-146.2 (honey sp) 
4 TH54-189.6 (pale yellow sp) 

I 	 I 

average FeS (mol%) 

Figure 7.4 Comparison of the FeS content of sphalerite with the Au content of the massive 
sulphides. FeS values represent averaged probe analyses of individual sphalerite grains, 
and metal grades represent whole rock assays of drill core intervals of 0.5 to 1 m in length. 
Samples are from the ore lenses in West and Central Thalanga, and each represents the 
average of 4 to 9 sphalerite analyses: 
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and pyrrhotite in the ore lenses at Thalanga explains the over-estimated metamorphic 

pressure conditions calculated from the FeS composition of sphalerite. 

7.3 Galena 

7.3.1 Galena Textures 

Galena has lobate contacts with sphalerite and c.halcopyrite, and occurs interstitial to 

rounded sphalerite grains and euhedral pyrite (Fig. 7.1a-e). Galena is typically less 

abundant in the massive sulphide lenses than sphalerite and constitutes about 5-15 To of most 

thin sections examined from the polymetallic ore lenses at Thalanga. Individual galena 

grains are anhedral, have 120 0  dihedral grain boundaries, and are typically urtdeformed. The 

presence of galena along fractures in pyrite grains (Fig. 7.2c), in pressure shadows around rigid 

clasts and crystals, and in necks of boudirts is interpreted to indicate that galena was 

remobilised during deformation, but prior to metamorphic recrystallisation. Evidence of 

deformation of galena grains has probably been mostly obliterated by the recrystallisation 

annealing. However, rare deformed galena is preserved between euhedral pyrite grains (Fig. 

7.2d,e). 

Tetrahedrite-tennantite inclusions are present in galena in many parts of the Thalanga 

deposit, and bismuth inclusions occur in coarsely recrystallised galena. This mineralogical 

association is responsible for the association between Pb and Ag (Chapter 8), and the strong 

correlation between Pb and Sb observed in whole-rock analyses (R.A. Sainty, writt. comm., 

1991). Tetrahedrite-tennantite may have exsolved from the galena during cooling, probably 

from peak metamorphism. 

73.2 Composition of Galena 

Several galena grains from West, Central, and East Thalanga were analysed by microprobe in 

order to determine their Ag, Sb and Bi content (Appendix G). The Ag content of galena at 

Thalanga varies from about 0.03 to 0.29 weight To, but is relatively uniform within 

individual grains on the scale of a thin section. In contrast, Plimer (1980) reported that the Ag 

content of galena from the Broken Hill deposit varied from 0.05 to 0.12 To Ag within single 

grains. The Sb content of galena varies from negligible to <0.17 weight °A) Sb, and Bi content 

varies in proportion to Ag content from 0.2 to 0.9 weight To (Appendix G). The uniform 

composition of galena at Thalanga is probably due to homogenisation during metamorphism. 
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7.4 Pyrite 

7.4.1 Pyrite Textures 

Anhedral, euhedral, and porphyroblastic (metablastic) pyrite are the most common textures 

of pyrite at Thalanga (Table 7.2). These textures are similar to pyrite from other 

metamorphosed and deformed massive deposits (e.g. the Balcooma deposit, Queensland, 

Huston et al., 1992b; the Vangorda deposit, Canada, Brown and McClay, 1993; the Matchless 

deposit, Namibia, Cook et al., 1994; the Mobrun deposit, Canada, Larocque and Hodgson, 

1995). Triple point grain boundaries that occur in regions of massive pyrite at Thalanga (Fig. 

7.2f) are indicative of metamorphic recrystallisation, although in some places, grain 

boundaries are irregular rather than planar (Fig. 7.2g). Such annealed pyrite textures are 

comparable to the "foam" texture of Stanton (1964, 1972). The preferred metamorphic pyrite 

texture at 'Thalanga depends on the percentage of associated sulphides or gangue (Table 7.2). 

Craig and Vokes (1993), in a review of the effects of metamorphism on pyritic ores, also found 

that euhedral pyrite is associated with abundant co-existing sulphides, whereas anhedral 

pyrite formed with small amounts of co-existing sulphides. 

Table 7.2 Typical textures of metamorphosed pyrite from the Thalanga deposit 

Pyrite Texture 	 Associated minerals 
• Euhedral pyrite 	 • abundant chlorite ± 
(Fig. 7.2h; but see Fig. 7.5a,b) 	phlogopite, 

• abundant muscovite ± quartz, 
Or 
• abundant chalcopyrite 

• Porphyroblasts (metablasts) 	• abundant sphalerite, galena, 
of pyrite (Fig. 7.5c) 	 chalcopyrite-rich sulphides 

Effect of Deformation  
grains are elongated parallel 

to cleavage, 
• quartz, chlorite, or 
chalcopyrite-filled pressure 
shadows 

• some cataclastic deformation 
fractures filled with 
chalcopyrite or galena 

• grains are elongated parallel 
to cleavage, 
• cataclastic deformation: 
fractures filled with 
chalcopyrite or galena 

• Annealed anhedral pyrite 	• few to no other minerals, 
(Fig. 7.20 	 • trace chalcopyrite, rare 

sphalerite or galena in 
interstices 

The morphology of rounded, subhedral to anhedral pyrite grains disseminated in regions of 

massive sphalerite may be partly due to the replacement of pyrite by sphalerite (Fig. 7.5a). 

Cuspate pyrite grains enveloped by sphalerite are also interpreted to be the result of 

replacement of pyrite by sphalerite (Fig. 7.5a). Rare examples of pre-existing pyrite with 

poikiloblastic margins (galena inclusions) that has been partly replaced by sphalerite are 

shown in Figure 7.5(a,b). In many parts of the polymetallic massive sulphides at Thalanga, 

pyrite has been enclosed by galena and chalcopyrite, and then by sphalerite (Fig. 7.5c,e), and 

in most places the pyrite is porphyroblastic to poikiloblastic (Fig. 7.5c,d). Rare examples of 

pyrite that has been partly replaced by chalcopyrite are preserved (Fig. 7.5e). Spheroidal 



Figure 7.5 Photomicrographs of pyrite from 'Thalanga (under reflected light). 

(a) Subhedral to anhedral pyrite disseminated in massive sphalerite. Note the angular to 

cuspate shape of the pyrite grain at left (arrow). Small inclusions of sphalerite are 

present in the core of the largest pyrite grain. Sample E3204SI13-37.4. East Thalanga, 

footwall lens. 

(b) Close-up of pyrite grain in centre of (a) showing galena inclusions at margin of pyrite that 

have been overprinted by sphalerite. Sample E32045113-37.4. East Thalanga, footwall 

lens. 

(c) Pyrite porphyroblast with large galena-filled inclusion and embayed margin. Sphalerite 

has partly replaced pyrite near the embayment. Sample TH239-146.2. Central Thalanga. 

(d) Poilciloblastic pyrite grain with sphalerite and galena inclusions and embayments at its 

margin. These phases are contained within a galena-rich band in massive sulphides. 

Sample TH209-86.5a. Central Thalanga. 

(e) Anhedral pyrite grain partly replaced by chalcopyrite and minor galena along fractures. 

Chalcopyrite and minor galena has engulfed the pyrite grain and are contained within 

coarse sphalerite grains and tremolite gangue. Sample W2011ND50-47.2. West 

Thalanga, massive sulphide clast in QEV. 

(f) Recrystallised pyrite framboids and euhedral pyrite, contained within anhedral 

chalcopyrite, from the pyrite-chalcopyrite rich parts of the ore lens. Sample TH230-110. 

Central Thalanga. 

(g) Close-up of recrystallised pyrite framboids in (f). 

(h) Spheroidal pyrite (recrystallised framboid?), with chalcopyrite and tetrahedrite along 

fractures in radiating pyrite rim. Calcite is present in the core. Sample TI-1230-110, 

Central Thalanga. 
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pyrite, interpreted to be recrystallised pyrite framboids (Fig. 7.5f-h), is uncommon, and occurs 

in pyrite-chalcopyrite-rich, basal parts of the ore lens. 

Most pyrite grains contain fine grained (s0.5 mm), wormy to spherical inclusions of 

sphalerite, galena, chalcopyrite ± cubanite and, rarely, pyrrhotite (Fig. 7.5a,b). The 

distribution of inclusions suggests that at least two stages of pyrite deposition may have 

occurred, because inclusion-rich cores have been encrusted by inclusion-free euhedral rims (Fig. 

7.5a). Sphalerite, galena, chalcopyrite and cubanite occur together within single 
polymetallic inclusions in places. Rare bismuth inclusions are present within coarsely 

recrystallised pyrite associated with remobilised chalcopyrite. Pyrrhotite inclusions in the 

recrystallised pyrite are aligned, and are interpreted to have been deposited along annealed 

fractures. Euhedral magnetite inclusions are also present in coarse pyrite crystals. Some 

pyrite metablasts have sphalerite-, galena- or chalcopyrite-filled embayments where 

intergrown with sphalerite, galena, and chalcopyrite (Fig. 7.5c). Rare marcasite has 

replaced pyrite along fractures. 

7.4.2 Textures of Deformed Pyrite 

In general, pyrite grains are undeformed. However, local brittle deformation textures occur in 

euhedral pyrite within the pyrite-rich parts of Thalanga, and either galena or chalcopyrite 

are present along fractures within the pyrite (Fig. 7.6a,b). Chalcopyrite-filled pressure 

shadows around pyrite euhedra disseminated in the QEV at Thalanga are interpreted to 

indicate that pyrite behaved rigidly during deformation (Fig. 3.21e). Rare plastic 

deformation textures are present where pyrite is disseminated in the footwall rhyolitic 
volcanics or chlorite schists: pyrite is elongated parallel to S2, and quartz or chlorite occupy 
the pressure shadows (Fig. 3.20d). 

In other deformed massive sulphide deposits, pyrite is typically cataclastically deformed 

due to the high temperatures and pressures required to reach the brittle-ductile 

transformation boundary for pyrite (450°C and 300 MPa; Atkinson, 1975; Cox et a/., 1981; 
Marshall and Gilligan, 1987; Cook et a/., 1994). Based on a review of experimental studies, 

Marshall and Gilligan (1987) found that temperatures in excess of 550 °C are required to 

recrystallise pyrite. Typically sulphides such as galena, chalcopyrite, and in some cases 

sphalerite, that have ductile deformation textures, fill fractures and extension sites in 

highly fractured pyrite (Vokes and Craig, 1993). 

McClay and Ellis (1984) concluded, by examination of natural pyritic ores, that pressure 

solution and cataclasis are the main mechanisms of pyrite deformation at temperatures 

<300°C. At higher temperatures, and under conditions of high fluid pressure, dislocation 

creep or solution-precipitation creep is considered to produce ductile deformation textures in 



Figure 7.6 Photomicrographs of chalcopyrite textures at Thalanga (under reflected light). 

(a) Chalcopyrite-filled fractures in anhedral pyrite form the base of a graded QEV 

sandstone. Sample E3208SI15-60. East Thalanga, hangingwall lens. 

(b) Chalcopyrite and finely intergrOwn chalcopyrite-sphalerite-galena-tetrahedrite 

within fractured pyrite. Sample E3204SI13-54.5. East Thalanga, footwall lens. 

(c) Euhedral pyrite intergrown with tremolite in massive to semi-massive sulphides. 

Stibnite is disseminated through the anhedral grains of chalcopyrite and sphalerite. 

Sample W2031ND07-66.9b. West Thalanga. 

(d) Fine-grained chalcopyrite and bornite present at the contact between sphalerite and 

galena. Sample TH239-146.2. Central Thalanga. 

(e) Contact between sphalerite and galena, with minor chalcopyrite and tetrahedrite. 

Sample E3204SI13-47.1. East Thalanga, footwall lens. 

(f) Chalcopyrite and trace of magnetite that have partly replaced euhedral pyrite (hosted 

in massive chlorite). Sample CT-91-28. Central Thalanga. 

(g) Growth twins in etched chalcopyrite grains from a quartz-chalcopyrite-sphalerite vein. 

Etching has revealed that arsenopyrite is present at the boundaries between chalcopyrite 

grains. Sample UG-12. Central Thalanga. 

(h) Cubanite exsolution lamellae in chalcopyrite. Sample TH260-206.2. Central Thalanga. 
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pyrite (Cox et al., 1981; Cox, 1987). In particular, pyrite disseminated through silicate host 

rocks is predicted to deform via solution-precipitation creep (Cox, 1987; Marshall and 

Gilligan, 1987), and therefore, pyrite elongated parallel to S2 in the footwall at Thalanga is 

interpreted to have recrystalhsed during D2 deformation by this mechanism (ie. syn-tectonic 

recrystallisation). Intergrowths of pyrite and tremolite porphyroblasts at Thalanga indicate 

contemporaneous (re)crystallisation during metamorphism (Fig. 7.6c). 

7.5 Chalcopyrite 

Chalcopyrite is present as irregular bands subparallel to sphalerite-pyrite bands within the 

massive sulphides, and in veins that overprint massive pyrite at the stratigraphic base of 

the ore lens in Central and West Thalanga. Massive chalcopyrite is associated with 

sphalerite and buck quartz at the contact between the massive sulphides and the overlying 

dacite in Central Thalanga and parts of West Thalanga. Chakopyrite has typically infilled 

extension sites within the mineralised horizon, including tension gashes, boudins necks, and 

pressure shadows. The chakopyrite is commonly annealed and brittle fractures are rare. 

Chalcopyrite is interstitial to pyrite grains in regions of massive pyrite, and occurs as 

irregular grains intergrown with fined grained (<0.5 mm), myrmelcitic galena, arsenopyrite 

and tetrahedrite-tennantite (Fig. 7.1c). Small grains of chalcopyrite are common at the 

boundaries between sphalerite and galena (Fig. 7.6d), locally in association with 

tetrahedrite-terunantite (Fig. 7.6e). In rare places, chalcopyrite ± magnetite ± calcite has 

replaced pyrite euhedra (Fig. 7.60. Irregular grains of arsenopyrite occur at the margins of 

chalcopyrite grains within domains of remobilised chalcopyrite (Fig.7.6g). 

Irregular blebs and exsolution lamellae of cubanite are common within remobilised 

chalcopyrite at Thalanga (Fig. 7.6h). Cubanite is thought to exsolve from chalcopyrite 

during cooling due to of high Fe contents in the chalcopyrite structure (Deer et al., 1966). At 

Thalanga, excess Fe may have been incorporated into chalcopyrite during sulphide 

remobilisation, and cubanite is interpreted to have exsolved during post-peak metamorphic 

cooling. 

The low temperatures required to remobilise chalcopyrite (200°C; Kelly and Clark, 1975) 

mean that the distribution of chalcopyrite in metamorphosed and deformed massive 

sulphide deposits is typically structurally controlled. For example, chalcopyrite is present in 

fold hinges and piercement structures at the hangingwall-ore lens boundary in the Matchless 

Cu deposit, Namibia, whereas the pyrite lens is stratiform (Adamson and Teichmann, 1986; 

Maiden et al., 1986). Chalcopyrite that has infilled pressure shadows around pyrite grains at 

Mount Lyell, Tasmania, is interpreted to have been mobilised (from a distance of several 
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grain diameters) into extension sites via solution-precipitation creep (Cox, 1987). These 

textures are similar to the location of chalcopyrite at Thalanga. 

7.6 Magnetite 

Euhedral magnetite grains are present at the margins of chalcopyrite, sphalerite and rarely 

galena grains, particularly where the sulphides are in contact with calcite or other gangue 

minerals (Fig. 7.7a). This texture could have formed via the partial replacement of 

chalcopyrite and sphalerite by magnetite. Locally, magnetite has also replaced pyrite (Fig. 

7.60. Magnetite also occurs as disseminations, and as bands, in massive (remobilised) 

chalcopyrite, where it is associated with calcite and chlorite gangue. Coarse pyrite grains 

within remobilised chalcopyrite contain euhedral magnetite inclusions. Gregory et al. (1990) 

suggested that the euhedral magnetite at Thalanga was originally colloform. However, 

there is no textural evidence preserved to support this interpretation. The euhedral shape of 

the magnetite grains at Thalanga is interpreted here to indicate that magnetite post-dated 

deformation. 

Primary magnetite and deformed! metamorphic magnetite textures have been documented 

from other VHMS deposits in Australia. Magnetite pseudomorphs of colloform hematite-
goethite within the massive sulphides at the Golden Grove deposit (lower to middle 

greenschist fades) are interpreted to pre-date deformation and metamorphism (Frater, 

1985a). In contrast, elongate magnetite crystals that are parallel to phyllosilicate minerals 

are interpreted to have recrystallised during deformation and metamorphism (Frater, 1985b). 

Both primary (deformed magnetite stringers, with magnetite recrystallised parallel to S2) 
and retrograde magnetite (magnetite after pyrite porphyroblasts and hematite laths) are 

reported to occur in the Balcooma deposit (Huston et al., 1992b). 

7.7 Arsenopyrite 

7.7.1 Arsenopyrite Textures 

Diamond-shaped euhedral to poikiloblastic arsenopyrite is typically intergrown with 

chalcopyrite, tetrahedrite-tennantite, minor sphalerite and traces of galena (Fig. 7.7b). The 

fine-grained intergrowths are confined to rectangular domains, suggesting that the sulphides 

have replaced a pre-existing mineral. Wills (1985) suggested that the chalcopyrite-

arsenopyrite-tetrahedrite/tennantite assemblage had replaced tetrahedrite. 



Figure 7.7 Photomicrographs of less common ore minerals in the massive sulphide lenses at 

Thalanga (under reflected light). 

(a) Euhedral magnetite at the contact between calcite and sphalerite, chalcopyrite and 

galena. Sample TH230-110. Central Thalanga. 

(b) Euhedral to poikiloblastic arsenopyrite intergrown with chalcopyrite, tetrahedrite, 

minor sphalerite and traces of galena. Sample APH-106, West 690 Stope. West Thalanga. 

(c) Arsenopyrite and marcasite at the contact between calcite and chalcopyrite. Sample 

TH239-141.4. Central Thalanga. 

(d) Spherical arsenopyrite inclusions in chalcopyrite. The core of the arsenopyrite spheroid 

has been plucked from the spheroid during sample preparation. Sample TH230-110. 

Central Thalanga. 

(e) Spherical pyrrhotite inclusions in chalcopyrite. Arsenopyrite inclusions are aligned 

radially within the pyrrhotite. Sample TH239-141.4. Central Thalanga. 

(0 Chalcopyrite occurs in fractures (or along grain boundaries) in tetrahedrite at the margins 

of anhedral chalcopyrite grains. Sample TH230-110. Central Thalanga. 

(g) Rectangular-shaped, finely intergrown chalcopyrite-arsenopyrite-tetrahedrite, with 

tennantite rim. Larger grains of arsenopyrite are arranged radially at the contact between 

tennantite and the intergrowth of chalcopyrite-arsenopyrite-tetrahedrite. Sample 

TH209-86.5b. Central Thalanga. 

(h) Finely intergrown chalcopyrite, arsenopyrite, tetrahedrite, galena and minor 

sphalerite. Electrum is present in coarse arsenopyrite grains. Sample TH209-86.5b, 

Central Thalanga. 
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Arsenopyrite porphyroblasts occur at the contact between massive chalcopyrite and gangue 

minerals (Fig. 7.7c), where the are interpreted to have recrystallised earlier than 

chalcopyrite. Spheroidal aggregates of arsenopyrite are common in coarse-grained anhedral 

chalcopyrite within the pyrite-chalcopyrite-rich parts of the ore lenses. The arsenopyrite 

spheroids have weakly defined radial fractures (Fig. 7.7d), and have been locally replaced 
by pyrrhotite, with remnant arsenopyrite defining the radial structure of the spheroids (Fig. 

7.7e). The spheroidal textures could be the result of point-source nucleation of arsenopyrite. 

7.7.2 Arsenopyrite Geothermometry 

The proportion of As in arsenopyrite that co-exists with sphalerite, pyrite and/or pyrrhotite 

can be used to calculate temperatures of metamorphism using the graphical techniques of 

Kretschmar and Scott (1976) and Scott (1983). However, the sulphides must be in equilibrium, 

and sphalerite that occurs in association with arsenopyrite and pyrite must contain >10 % 

FeS (Scott, 1983). At Thalanga, arsenopyrite is commonly associated with pyrite, but is in 

contact with sphalerite at only a few locations. The arsenopyrite at Thalanga contains about 

30 atomic % As (determined by microprobe and presented in Appendix G), and this indicates 

metamorphic temperatures of about 350°C. However, the co-existing sphalerite contains 2.4 

-3.9 mole % FeS and therefore this temperature estimate should be treated with caution. 

Furthermore, this estimate is significantly less than that determined from the metamorphic 

assemblages in the host stratigraphy (485 ± 23°C; Chapter 3). 

7.8 Tetrahedrite-Tennantite 

Irregular grains of tetrahedrite-tennantite (or fahlore) are commonly associated with galena 

in the massive sulphides at Thalanga. Tetrahedrite grains are typically enclosed by galena 

at contacts between sphalerite and galena grains in most parts of the massive sulphide lenses. 

Inclusions of galena or chalcopyrite at the margins of poikiloblastic tetrahedrite grains are 

rare, and in places tetrahedrite appears to have formed later than the associated 

chalcopyrite (Fig. 7.70. The presence of tetrahedrite/ tennantite inclusions in galena is 

similar to other massive sulphide deposits, and it has been documented as occurring either 

near galena-chalcopyrite contacts, as at Broken Hill (Plimer, 1980), or at sphalerite-galena 

boundaries (e.g. the Woodlawn deposit; McKay and Hazeldene, 1987). Tetrahedrite is an 

important sources of Ag in many massive sulphide deposits (e.g. Van Hook, 1960; Amcoff, 

1976; Jeppsson, 1987; McKay and Hazeldene, 1987), and at Thalartga, tetrahedrite contains 

about 17 weight % Ag (Appendix G). 

Tennantite (confirmed by microprobe) encloses the rectangular domains of fine grained 

intergrowths of chalcopyrite, arsenopyrite, tetrahedrite-tennantite, and sphalerite that 
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occur sporadically through the massive sulphide lenses (Fig. 7.7g). Coarse, subhedral grains 

of arsenopyrite occur between the interlocking chalcopyrite, arsenopyrite, tetrahedrite-

tennantite and sphalerite grains and the surrounding tennantite. Similar fine-grained or 

eutectoid textures of intergrown tetrahedrite-tennantite, arsenopyrite, chalcopyrite and 

sphalerite surrounded by tetrahedrite-tennantite, have been documented at the Rajpura-

Dariba massive sulphide, India (Mookherjee and Mishra, 1984) and at the Kedabek Cu 

deposit in Azerbaijan (Bortnikov et a/.,1993). The fine-grained sulphides are interpreted to 

have formed by the decomposition of a precursor tetrahedrite-tennaritite due to change in the 

activity of S and Sb or As in the residual mineralising fluids (Mookherjee and Mishra, 1984; 

Bortnikov et a/.,1993). Earlier workers suggested that such intergrowths formed from 

tetrahedrite-tennarttite in response to pressure changes (Ramdohr, 1980) or cooling (Tarantov 

and Garvilina, 1969). The enveloping tetrahedrite-tennantite is reported to be undecomposed 

parent fahlore (Mookherjee and Mishra, 1984). Bortnikov et al. (1993) suggested that the 

decomposition of tennantite was initiated along fractures in tennantite, and that the end-

product comprised intergrown chalcopyrite, arsenopyrite, sphalerite and tetrahedrite, 

rimmed by tennantite. 

The decomposition of tennantite at Thalanga could have proceeded during metamorphism 

according to the reaction: 

[(Cu, Ag)(Fe, Zu)112As4S13 = CuFeS2  + FeAsS + ZnS 	[(Cu, Ag)(Fe,Zr)]12Sb4Si  3 

tennantite 	= cp 	+ asp 	+sp 	 tetrahedrite 

in the presence of excess Fe, Zn, As, Ag, Sb and S (d. Bortnikov et al., 1993). 

7.9 Electrum 

Gold at Thalanga is present mainly as electrum, and most electrum grains have a fineness 

between 690 and 850 (Huston et al., 1992a). Five occurrences of electrum in the massive 

sulphides of the Thalanga deposit were recognised by Huston et al. (1992a): 

i) within fine-grained chalcopyrite-arsenopyrite-tetrahedrite-tennantite intergrowths, 

where the coarsest electrum grains are typically present within galena, euhedral to 

poikiloblastic arsenopyrite, or in chalcopyrite-filled veins in tetrahedrite-tennantite 

(Fig. 7.8a,b). 

ii) with chalcopyrite, 

iii) within chalcopyrite-sphalerite ± galena intergrowths, 

iv) in cracks or as inclusions in pyrite, and 

v) intergrown with remobilised tetrahedrite-tennantite. 

No further mineralogical associations of electrum have been identified during this study. 



Figure 7.8 Photomicrographs of electrum and trace minerals in the massive sulphides at 

Thalanga (under reflected light, unless otherwise indicated). 

(a) Coarse electrum grain in chalcopyrite, is associated with intergrown chalcopyrite-

arsenopyrite-tetrahedrite-sphalerite-galena and adjacent to poikiloblastic pyrite. 

Sample TH209-86.5b. Central Thalanga. 

(b) Stibnite grains at contact between chalcopyrite and sphalerite. Tremolite and calcite 

gangue. Sample W2031ND07-66.9, West 'Thalanga. 

(c) Galena-boulangerite-argentite-tetrahedrite inclusion in pyrite. Sample TH239-144. 

Central Thalanga. 

(d) Irregular to lamellar bismuth inclusions in galena. Sample TH21-292.5. Central 

Thalanga. 

(e) Bismuth-galena-chalcopyrite-sphalerite inclusion in coarsely recrystallised pyrite 

(associated with remobilised chalcopyrite). Pyrite is strongly fractured and also contains 

abundant chalcopyrite- and magnetite-only inclusions. Sample T17-2.5. Central 

Thalanga. 

(f) Boulangerite needles (intergrown with pyrite and barite) that have been partly replaced 

by secondary covellite and digenite. Sample UG-13. Central Thalanga. 

(g) Coarse, euhedral barite crystals intergrown with sphalerite, galena and pyrite. Sample 

UG-2. Central Thalanga. Transmitted light. 

(h) Barite, quartz, phlogopite and chlorite gangue to pyrite disseminated in quartz 

sandstone. Sample E3207SIO2-56. East Thalanga, hangingwall lens. Transmitted light. 
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7.10 Other Ore Minerals 

Other sulphide and sulphosalts within the ore lenses at Thalanga include traces of stibnite, 

boulangerite, argentite, pyrrhotite, cubanite, bornite and bismuth (Table 6.1). Elongate 

stibnite grains are present in intergrown sphalerite and chalcopyrite that are disseminated in 

chlorite-altered wall rocks (Fig. 7.6c). Traces of boulangerite, argentite and tetrahedrite are 

present in galena inclusions in subhedral pyrite grains (Fig. 7.8c), and pyrite grains typically 

contain chakopyrite and intergrown bornite inclusions. Bornite is present in some myrmekitic 

chalcopyrite-arsenopyrite-tetrahedrite-tennantite-sphalerite intergrowths, and is 

intergrown with covellite around arsenopyrite grains. Inclusions of bismuth are also present in 

coarsely recrystallised galena and pyrite (Fig. 7.8d,e). No tellurides minerals have been 

identified within the ore lenses at Thalanga. 

Secondary (supergene) minerals include chalcocite, covellite and digenite. These typically 

occur along grain boundaries and fractures in chalcopyrite, sphalerite, boulangerite (Fig. 7.80 

and magnetite. The occurrence of the supergene minerals is restricted to within 50 m of the 

present-day erosion surface at Thalanga. 

7.11 Gangue Mineralogy and Textures 

Gangue minerals within the ore lenses at Thalanga are listed in Table 6.1 (Chapter 6). Many 

of these minerals are also common in skarn deposits (e.g. epidote, tremolite, diopside, 

spessartine-rich garnet), and are interpreted to have formed during metamorphism of the 

carbonate-rich parts of the ore horizon. The most common gangue minerals within the massive 

or semi-massive sulphides at Thalanga are quartz, barite, biotite, calcite, chlorite, dolomite, 

phlogopite, muscovite and tremolite. Gregory et al. (1990) and Huston (1991) reported traces 

of anthophyllite, siderite and wagerite; however, these minerals were not identified in this 

study. Quartz is ubiquitous, and is typically present as rounded, anhedral grains intergrown 

with barite, biotite, phlogopite, chlorite and/or sulphides. The textural variations of barite, 

biotite, phlogopite, chlorite and muscovite gangue are discussed below. The textures and 

compositional variations of the dolomite, calcite, chlorite and chlorite in the CTC 

assemblages are discussed in Chapter 11. 

7.11.1 Barite 

Barite is a common component of the sphalerite-galena-pyrite-rich parts of ore lenses in all 

parts of the Thalanga deposit, where it is present as coarse (0.1 to >6 mm), anhedral rounded, 

to subhedral elongate grains that have sharp, triple point grain boundaries with co-existing 

quartz (Fig. 7.8g,h). Euhedral barite crystals up to 3 cm in length are present in the barite- 
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rich parts of the hangingwall lens in East Thalanga and in veins in the Vomacka Zone ore 

horizon. The pyrite-chalcopyrite-rich lenses in the ore horizon generally do not contain 

barite. However, barite is present with quartz and biotite in the pyrite ± chalcopyrite-rich 

bases of QEV sandstone units that form the hangingwall lens in parts of East Thalanga (Fig. 

7.8h). Minor barite is also present in mineralised parts of the carbonate-dilorite-tremolite 

lenses in West Thalanga. 

7.11.2 Phlogopite and Biotite 

Phlogopite and minor biotite are sporadically disseminated through the barite-sphalerite-

galena- and pyrite-rich parts of the massive sulphides at Thalanga. Phlogopite and biotite 

are both present in some thin sections, but they generally do not occur in contact with each 

other. Biotite (or chlorite after biotite) typically occurs at the margins of rhyolite or QFP 

clasts within the massive sulphides, where it defines the S2 cleavage and is overgrown by 

phlogopite and chlorite porphyroblasts. Irregularly scattered phlogopite and chlorite are 

intergrown with remobilised chalcopyrite and non-remobilised sphalerite-pyrite (Fig. 7.2b). 

The colourless to pale green or brown phlogopite grains are parallel to S2 in places, but 

generally have random orientations, which is interpreted to indicate recrystallisation of 

phlogopite and the enclosing sulphides after deformation. Weakly coloured phlogopite can 

be distinguished optically from muscovite by its weak pleochroism and lack of birds-eye 

extinction. 

7.11.3 Chlorite 

Chlorite is present within the ore lenses at Thalanga as bands of chlorite ± phlogopite (..5 cm 

in thickness) parallel to bedding, as discontinuous lenses (<1 cm in thickness) within the 

massive sulphides, and as grains of chlorite disseminated within massive sulphides. 

Colourless chlorite is a common gangue mineral in the pyrite ± chalcopyrite-rich parts of 

West and Central Thalanga, where it typically occurs parallel to S2. Colourless chlorite is 

also intergrown with carbonate and tremolite in West and Central Thalanga. In contrast, 

green, Fe-rich chlorite is intergrown with massive pyrite-chalcopyrite in the footwall lens at 

East Thalanga. Chlorites within the sphalerite-galena-pyrite-rich massive sulphides at 

Thalanga vary from brown to green in colour, generally have good crystal shapes, and are 

interpreted to have replaced biotite, based on the presence of remnant brown cores and 

pleochroic haloes around sub-microscopic inclusions. Chlorite is not present in barite-rich 

sulphides in Central Thalanga. 
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7.11.4 Muscovite 

Coarse grained muscovite is irregularly disseminated in the massive sulphides at Thalanga, 

where it is commonly associated with quartz and barite gangue in sphalerite-galena-pyrite-

rich parts of the ore lenses (Fig. 6.23c). Muscovite is less common than phlogopite within the 

massive sulphides, and the two minerals generally do not co-exist. Thin, discontinuous bands 

of muscovite within massive to semi-massive sulphides define the S2 cleavage in parts of the 

ore lenses (e.g. TH1-183.1rn). Locally, however, coarse muscovite crystals within the massive 

sulphides have no preferred orientation. Fine grained muscovite has partly replaced feldspar 

gangue. 

7.11.5 Tremolite 

Irregular, poikiloblastic tremolite crystals are intergrown with massive and semi-massive 

sulphides at many localities within the Thalanga deposit. Tremolite is intergrown with 

chlorite in the mineralised matrix of the upper rhyolite breccia in the East Thalanga 

hangingwall lens. The tremolite has no preferred orientation and typically has a radiating 

or sheaf-like habit. Calcite is commonly associated with tremolite and it partly replaces 

tremolite crystals along cleavage planes. Sulphides are intergrown with the tremolite, as 

inclusions and filling cleavage planes, and are interpreted to have recrystallised after 

tremolite formation. 

7.12 Discussion 

7.12.1 Origin of Sulphide Banding 

There are four main explanations for the origin of the fine mineralogical banding reported 

from many massive sulphide deposits: 

i) Sedimentary banding: The conformable nature of massive sulphide deposits, and the 

similar orientation of sulphide bands and bedding, together with the interpretation that the 

sulphides precipitated as chemical sediments, has lead to the proposal that the banding 

formed by primary sedimentation (e.g. Brathwaite, 1974; McKay and Hazeldene, 1987). 

Alternating bands of fine grained sphalerite and granular to nodular pyrite are interpreted to 

be ,a primary sulphide facies at the Mobrun deposit in Quebec (Larocque et al., 1993; Larocque 

and Hodgson, 1995). Graded sulphide beds, with possible cross-bedding in the Woodlawn 

deposit have been reported by McKay and Hazeldene (1987), and a graded sulphide breccia 

overlying the Mount Chalmers deposit has been reported by Large and Both (1980). The 

pulsatory venting of negatively buoyant plumes has been proposed to explain the alternation 

of pyrite-rich and sphalerite-rich bands (Solomon, 1981; Solomon et al., 1990). Yui (1983) and 
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Yui and Ishitoya (1983) interpreted bands of alternating sulphides to be caused by changes in 

physio-chemical conditions in the hydrothermal fluids and bands of graded sulphides to 

have been deposited by intermittent venting of hydrothermal fluids at the seafloor. 

Spontaneous compositional layering of sulphides from a gel: Bubela and McDonald (1969) 

demonstrated experimentally that fine sulphide bands can form from a gel containing 

sulphide ions when interacted with solutions containing metal ions, and postulated that the 

small-scale sulphide banding at the McArthur River deposit may have formed by similar 

mechanisms. 

Tectonic banding: Fine galena bands overprint the massive sulphides and folded pyrite 

bands at Que River, Tasmania. Their orientation parallel to the axial planar cleavage is 

evidence that the galena bands formed tectonically (Large et al., 1988). Laminated galena 

and sphalerite bands parallel to the cleavage at Que River are interpreted to be mylonite 

zones, whereas the folded pyrite bands could be deformed primary banding (Large et al., 

1988). Alternating bands of pyrite and pyrrhotite, and rare sphalerite and galena, in the 

Bousquet 2 deposit, Quebec, are parallel to the cleavage, are well-developed in zones of high 

strain, and are therefore interpreted to be metamorphic banding formed during prograde 

metamorphism and regional deformation (Tourigrty et al., 1993). 

iv) Replacement and preservation of pre-existing rock structures: Aerden (1991, 1994a,b) has 

argued that the banding in the massive sulphides at Rosebery could have formed by the 

successive replacement of adjacent cleavage bands by ore minerals. Bodon and Valenta (1995) 

have suggested that graded and banded sulphides at the Currawong massive sulphide 

deposit formed by the replacement of host turbidites and epiclastic rocks while they were 

unconsolidated and permeable. 

Comparison with bedding and cleavage orientations at Thalanga shows that the 

compositional banding in the massive sulphides is parallel to S2, but also locally to So  and S3 

(Chapter 3). Banding in several locations is folded into D3 shear zones along the base of the 

ore lens (map M7), which indicates that sulphide banding must predate D3. Where sulphide 

bands are parallel to footwall contacts, adjacent subparallel shear zones may have controlled 

the orientation of the sulphide bands. The similarity between the orientation of sulphide 

banding and S2 is interpreted to indicate that the sulphide bands at Thalanga are tectonic 

(D2) in origin. Furthermore, banding in sulphides in vein-style lenses in West Thalanga and 

partly replacive lenses in East Thalanga cannot have formed by sedimentary deposition of 

sulphides. 

It is unclear whether the compositional banding at Thalanga is a recrystallised mylonite, or 

formed by diffusive mass transfer as suggested by Tourigny et al. (1993), or if primary 
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sulphide bands were isoclinally folded. The lack of abundant galena- or chalcopyrite-rich 

bands within the alternating sphalerite-and pyrite-rich bands, where mylonites would 

readily develop (Large et al., 1988; Large, 1992), does not preclude shearing as a possible 

origin of banding in the sulphide lenses at Thalanga. For example, chemical etching of pyrite 

grains from the Renstrom deposit in Sweden revealed pressure solution textures and C and S 

fabrics that are interpreted to have formed via shearing within the sulphide deposit during 

retrograde greenschist facies metamorphism (Duckworth and Rickard, 1993). Since layer-

parallel shearing within the Thalanga ore horizon is likely to have occurred during D2 

(Chapter 3), then it is reasonable to assume that the massive sulphide lenses (which would 

probably have been less competent than the enveloping siliceous volcanic units) would also 

have been sheared, and that the banding in the sulphide lenses could have initially formed 

as mylonites. Subsequent recrystallisation during contact metamorphism could have then 

destroyed the mylonitic fabric. 

Tight to isoclinal folding of primary sulphide layers during D2 may also have produced 

banding parallel to S2. However, there is no evidence of isoclinal folds within the sulphide 

lenses at Thalanga, although apparent folds are interpreted to have formed by partial 

replacement of sphalerite-rich sulphides by pyrite (section 6.2.2). The distribution of the 

pyrite-rich layers and sphalerite-rich layers in these locations may have been controlled by 

pre-existing banding in the sphalerite-rich sulphides. Alternatively, irregular pyrite veins 

may have replaced sphalerite-rich sulphides. 

Metamorphic segregation of the sulphides by diffusive mass transfer (remobilisation) is 

another process that could explain the compositional banding in the massive sulphides. 

Segregation probably occurred during prograde metamorphism associated with regional 

deformation, resulting in banding parallel to S2• There is no conclusive evidence that any of 

the above three mechanisms produced the alternating pyrite-rich and sphalerite-rich bands 

in the ore lenses at Thalanga, and similar difficulties in determining the origin of sulphide 

banding are reported from other deformed and metamorphosed massive sulphide deposits 

(e.g. banding is tectonic in origin at Grevet, Quebec, but may also have been primary; Lacroix 

et a/.,1993). 

The preferred interpretation at Thalanga is that compositional banding is tectonic in origin. 

Compositional banding may have formed during primary sulphide deposition and was partly 

replaced by successive pulses of syn-volcanic hotter mineralising fluids that were 

undersaturated in Zn and Pb. This resulted in the local dissolution of sphalerite and galena, 

replacement by pyrite, and re-precipitation of sphalerite and galena at the top of the 

massive sulphide lens (cf. Knuckey et al., 1982; Eldridge et al., 1983; Huston and Large, 1988). 

Redistribution of the sulphides during prograde metamorphism and shearing of the ore lenses 

during D2 may have produced compositional banding, but the recrystallisation of sulphides 
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during subsequent contact metamorphism overprinted and obscured any mylonite textures in 

the sulphide lenses. 

7.12.2 Primary vs Metamorphic Sulphide Micro textures 

In most parts of the Thalanga deposit, the polymetallic sulphides are coarsely recrystallised 

and equant, with sharp grain boundaries and triple point grain contacts. Recrystallised pyrite 

framboids are the best evidence of sulphide textures prior to metamorphism. The 

poikiloblastic and granuloblastic sulphide textures at Thalanga are typical of many other 

metamorphosed massive sulphide deposits (e.g. Pesquera and Velasco, 1993; Vokes and Craig, 

1993). The metamorphic texture of pyrite at Thalanga appears to have depended on the co-

existing mineral assemblage, with granuloblastic pyrite common in regions of massive pyrite, 

poildloblastic or metablastic pyrite intergrown with abundant sphalerite-galena and/or 

chalcopyrite, and euhedral pyrite disseminated through massive chalcopyrite or chlorite 

schists (Table 7.2). Primary sphalerite textures are absent from the Thalanga ore horizon, 

and the texture of recrystallised sphalerite and galena depends on the amount of galena 

associated with the sphalerite. Rounded grains of sphalerite ( ± poikiloblastic grain 

boundaries) occur in galena-rich zones. Where the galena content is low, sphalerite has 120 0  

dihedral grain boundaries, and small grains of galena are trapped in the triple point 

junctions. 

Sphalerite, galena and chalcopyrite in the ore lenses at Thalanga have preserved rare 

textural evidence of deformation, and only some pyrite crystals intergrown with these 

sulphides have cataclastic deformation textures. In contrast, coarsely recrystallised pyrite 

grains in lenses of massive pyrite have brittle deformation fractures, and replacement by 

chalcopyrite and galena has occurred along the fractures. This different response of 

individual sulphide minerals to deformation has been reported from other massive sulphide 

deposits, and is a result of the difference in strength and ductility of the sulphides. Galena 

the weakest and most ductile sulphide, followed by chalcopyrite, sphalerite, then 

pyrrhotite. Those sulphides reach their brittle-ductile transition boundaries at lower 

temperatures and pressures (and in that order) than pyrite (Clark and Kelly, 1973, 1978; 

Kelly and Clark, 1975; Atkinson, 1974, 1975; Salmon et al., 1974; Cox et al., 1981; Marshall 

and Gilligan, 1987). The galena, chalcopyrite and sphalerite in the ore lenses at Thalanga 

could therefore have taken up increasing strain during prograde metamorphism, but pyrite 

intergrown with the sulphides would have remained undeformed. Recrystallisation during 

contact metamorphism would have then obliterated any ductile deformation textures in the 

'softer' sulphides. 
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7.123 Sulphide Paragenesis and Metamorphic Reactions 

Thermal annealing of the sulphides at Thalanga is interpreted to have overprinted and 

destroyed primary textures. Therefore, it is impossible to determine the primary sulphide 

paragenesis. Furthermore, the recrystallisation of sulphides during metamorphism has 

overprinted earlier deformation (D2) textures within the sulphides, making the 

metamorphic paragenesis of the massive sulphides, cdifficult to resolve. The possible 

evolution of the Thalartga deposit, as interpreted from textural evidence, is illustrated in 

Table 7.3. 

Table 7.3 Textures of sulphide formation, deformation and metamorphism at Thalanga. 

Event 
	

Response 	 Resulting texture 
Sulphide deposition 

1)2 deformation and associated 
metamorphism (biotite grade) 

D3 deformation and post S3 
metamorphism (biotite grade) 

• Polymetallic massive sulphides 
overlying massive pyrite, ± 
synvolcanic replacement of 
sphalerite-rich sulphides 

• Ductile sulphide minerals 
deformed, intergrown pyrite is 
undeformed 
• Remobilisation of sulphides 
into zones of extension 

• Thermal annealing of sulphides 
• Local sulphide remobilisation 
• Local brittle deformation of 
pyrite 

• Banding parallel bedding? 
• Local overprinting of 
sphalerite-rich sulphides by 
pyrite-rich sulphides, along 
primary banding? 
• Pyrite framboicls 

• Banded polymetallic sulphides 
...mylonite? 
...metamorphic banding 
• Coarsening of sulphides 
• Recrystalltsation of framboids 

• Coarsening of sulphides 
• Durchbewegung texture along 
faults 
• Sulphides intergrown with 
metamorphic silicates 

It is evident from the intergrowth of tremolite and sphalerite, galena, chalcopyrite and 

pyrite, that sulphide recrystallisation post-dates the initiation of metamorphism and 

tremolite formation at Thalanga. The presence of electrum and the more ductile sulphides 

such as galena and chalcopyrite along fractures in pyrite are interpreted to indicate that 

brittle deformation and remobilisation occurred after the recrystallisation of pyrite. 

Chalcopyrite remobilisation at all scales has been an important process in the generation of 

the sulphide textures now preserved at Thalanga, and there is no evidence of primary 

chalcopyrite textures. Chalcopyrite is the most abundant sulphide in dilational sites 

associated with vertical extension of the ore horizon, including cusps and piercement veins at 

the hangingwall contacts, tension gashes and boudin necks (Chapter 3). Dark red-brown, Fe-

rich sphalerite is associated with chalcopyrite at such sites. On the microscopic scale, 

remobilised chalcopyrite and galena have filled pressure shadows around euhedral pyrite 

and quartz grains. Chalcopyrite that occurs along fractures in sphalerite grains indicates that 

at Thalanga, chalcopyrite remained ductile after sphalerite entered the brittle field during 

post-peak metamorphic cooling. 
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There is sparse evidence for replacement reactions between sulphide minerals at Thalartga, 

which is interpreted to be due to the re-equilibration of sulphide textures during 

metamorphic recrystallisation. Replacement of sulphides by chalcopyrite and/or magnetite 

is interpreted to have occurred during contact metamorphism. Chalcopyrite has replaced 

pyrite along fractures, and replaced sphalerite along cleavage planes. In places, 

chalcopyrite, sphalerite and pyrite have been replaced by magnetite along grain margins and 

along contacts with calcite. This indicates that magnetite formed towards the final stages of 

contact metamorphism. However, it is uncertain whether magnetite originated from within 

the ore lenses, or whether magnetite formed via metasomatisin. 

The microtextural evidence that sphalerite has replaced pyrite is not reflected within the 

massive sulphide lenses at Thalanga. Instead, pyrite is interpreted to have replaced the 

sphalerite-rich lenses during formation of the massive sulphides by zone refining processes 

(Chapter 6). The partial replacement of pyrite by sphalerite is therefore interpreted to have 

occurred during metamorphism and sulphide remobilisation. The elevated Fe content of 

remobilised sphalerite may have been due to this pyrite dissolution. 

The breakdown of tennantite to myrmekitic intergrowths of chalcopyrite, arsenopyrite, 

tetrahedrite-tennantite and sphalerite is interpreted to have also occurred during contact 

metamorphism. Tetrahedrite is interpreted to have exsolved from galena during cooling from 

peak metamorphic temperatures. This contrasts with tetrahedrite and other Ag sulphosalt 

inclusions in galena from less metamorphosed deposits, where exsolution is considered to have 

occurred during cooling after sulphide deposition (e.g. Amcoff, 1984). 

7.13 Summary 

1.Primary textures in the massive sulphides are rarely preserved at 'Thalanga. Most of the 

sulphides have been recrystallised and annealed. Only rare evidence of deformed sulphides 

is preserved due to sulphide recrystallisation during contact metamorphism. Banding within 

the ore lenses is defined by alternating pyrite-rich and sphalerite-rich bands. These bands 

are parallel to the S2 cleavage and are therefore interpreted to have formed during prograde 

metamorphism associated with D2 deformation. 

2.Pyrite has annealed and has triple point grain boundaries in lenses of massive pyrite, but is 

typically etthedral or porphyroblastic where intergrown with galena, chalcopyrite, 

sphalerite or gangue minerals. Both elongate pyrite grains and cataclastic textures occur in 

pyrite at Thalanga. Sphalerite, galena and chalcopyrite were ductile during deformation. 
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3. Remobilised sphalerite is more Fe-rich than non-remobilised sphalerite at Thalanga. 

Pressure estimates based on the Fe content of sphalerite inclusions in pyrite, yielded pressures 

of deformation and metamorphism in the range 3-7 kbars, which is higher than the estimate 

based on metamorphic silicate assemblages (Chapter 3). Temperature estimates based on the 

composition of arsenopyrite yielded unreasonable results. 

1 



CHAPTER 8. 

METAL ZONATION 

8.1 Introduction 

Vertical and lateral zonation in base metal contents of VHMS deposits have been well 

documented by Stanton (1965), Sangster (1972), Large (1977), Franklin et al. (1981), Eldridge 

et al. (1983) and Ohmoto et al. (1983). These workers have shown that typical massive 

sulphide deposits exhibit a zonation in metal content from Fe and Fe-Cu-rich bases, through 

to Cu-Zn-Pb-rich ore, then to Pb-Zn-Ba-rich sulphides at the top and distal regions. 

Commonly, the zonation in mineralogy and metal contents of sulphide chimneys on the 

modem seafloor is comparable to that of ancient massive sulphide deposits (e.g. Graham et 

al., 1988; Paradis et al., 1988; Peter and Scott, 1988). The mineralogical and metal zonation of 

Australian Archaean to Palaeozoic VHMS deposits has been reviewed by Large (1992) and 

studies of the metal zonation within individual deposits include Golden Grove (Frater, 1983), 

Mount Chalmers (Large and Both, 1980; Huston and Large, 1989), Que River (Large et al., 

1988), Rosebery (Brathwaite, 1974; Green et al., 1981; Huston and Large, 1988; Huston and 

Large, 1989) and Scuddles (Ashley et al., 1988). 

The zonation of metals within VHMS deposits has been used to understand the mechanisms of 

sulphide deposition (e.g. Large, 1977; Knuckey et al., 1982) and in unravelling the structural 

history of deposits (e.g. at Rosebery, Green et al., 1981; and Que River, Large et al., 1988). 

Variation in the Zn ratio [100 Zn/(Zn-i-Pb)] and Cu ratio [100 Cu/(Cu+Zn)] is similarly useful 

in studies of the genesis of VHMS deposits (Huston and Large, 1987). For example, the 

coincidence of the lowest Zn ratios, highest Cu ratios and most abundant pyrite within the 

massive sulphides at the Hellyer deposit has been interpreted to define the locations of high 

temperature feeder zones (Gemmell and Large, 1990). 

The distribution of base metals and metal ratios in the Thalanga deposit are contoured here 

on both long section and several cross sections in order to: (1) determine whether the 

distribution of metals corresponds to the gross mineralogical zonation of the deposit; (2) to 

locate possible feeder zones; and (3) to determine whether deformation and metamorphism 

have influenced the metal zonation. 
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8.2 Zinc Ratio 

Huston and Large (1987) demonstrated that the Zn ratio of all VHMS deposits is between 60 

and 90. They interpreted differences in the average Zn ratio between deposits, and lenses 

within a single deposit, to reflect variations in depositional temperatures and salinity. For 

example, the barite lens in the Rosebery deposit has an average Zn ratio = 68.9, compared to 

the sphalerite-galena-rich massive sulphides with Zn ratio = 74.5 (Huston and Large, 1987). 

Zn ratios were calculated for the main ore types and altered rocks in West, Central and East 

Thalanga in order to compare Thalanga with other massive sulphide deposits and to identify 

any variation in the Zn ratio, and therefore possible variation in the physicochemical 

conditions of deposition, between each lens and each ore type. 

8.2.1 Source of Samples 

The analyses represent assays of split drill core, 0.3 to 1.0 m in length, sampled during 

exploration and production drilling. Samples were selected from drill holes widely spaced 

across the deposit; the drill holes used are listed in Appendix H. The drill holes used from 

West Thalanga are located from 19 550 mE to 20 310 mE. In order to eliminate spurious results 

from supergene mineralisation, most samples from Central Thalanga are from production drill 

holes located in the western part of this lens below about 900 mRL. Only two drill holes from 

the eastern part of Central Thalanga were used. Selected drill holes from between 32 000 mE 

and 32 450 mE in East Thalanga were used and samples from the Vomacka Zone were excluded 

due to the large number of ore intersections at depths above 900 mRL. 

8.2.2 Results 

The Zn ratios of the Thalanga deposit (Fig. 8.1a-c) are consistent with those of other 

Phanerozoic VHMS deposits reported by Huston and Large (1987). Central Thalanga has the 

highest mean and median Zn ratio (79.1 and 81.1 respectively), followed by West Thalanga, 

then East Thalanga, which exhibits the most variable Zn ratio (standard deviation = 15.9). 

This pattern could indicate that on average, mineralising solutions in East Thalanga were of 

a lower temperature than those in West and Central 'Thalanga. The samples with Zn ratio 

<40 are located mainly in the altered QEV breccia between the ore lenses in East Thalanga, 

and are interpreted to be due to the abundance of non-remobilised sphalerite-pyrite veins, 

sulphide clasts in the QEV, and remobilised chalcopyrite-sphalerite veins in this location 

(Chapter 6). The zinc ratios of the remobilised chalcopyrite-rich sulphides are comparable 

to those of the non-remobilised ore lenses at Thalanga (Fig. 8.1d). 

The results from each lens were also separated on the basis of rock type and stratigraphic 

location (Appendix El) and this shows that the altered rhyolitic volcanics in the footwall 
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have a mean Zn ratio less than their associated sulphide lenses, and standard deviations 

greater than the sphalerite-galena-pyrite-rich sulphides. This relationship is compatible 

with the expected increase in mean Zn ratio of the sulphides with stratigraphic height 

(Huston and Large, 1987). However, there is no consistent trends in variation of the mean Zn 

ratio of the ore types with stratigraphy. In East Thalanga, the Zn ratio of the massive 

sulphides in the footwall lens is greater than that of both hangingwall lenses. Similarly, the 

mean Zn ratio of the massive pyrite in Central Thalanga is higher than the mean Zn ratio of 

the sphalerite-galena-pyrite-rich massive sulphides, whereas in West Thalanga massive 

pyrite has a lower mean Zn ratio than massive sphalerite-galena-pyrite, which conforms to 

similar trends reported by Huston and Large (1987). 

8.3 Metal Contours 

8.3.1 Methods 

Contour diagrams depicting the metal distribution at Thalanga were generated using Minex 

software from the block model of the Thalartga deposit. The block model is based on 1.0 m 

drill hole composites and individual blocks, 5*2*2 m in dimension, were calculated using the 

inverse distance squared method (C.J. Kendall, pers. comm., 1995). The long section contour 

diagrams were generated by bulking together the samples from within the mineralised 

horizon (between the top of the rhyolitic vokanics and the base of the HVVF). At Thalanga 

mine, the block model of the West and Central ore lenses is separate from that of East 

Thalanga and the Vomacka Zone. Due to circumstances beyond my control, the long sections of 

metal distribution at West and Central Thalanga were calculated separately and with 

slightly different contour intervals to those for East Thalanga and the Vomacka Zone. This 

means that the distribution of metals on long section in West and Central Thalanga are not 

directly comparable to that of East Thalanga and the Vornacka Zone. 

Until recently, samples from underground production drill holes were not consistently 

analysed for Au, therefore pulps from drill holes on the 20 250 mE, 20290 mE and 20430 mE 

sections were re-assayed for Au and Ba by Australian Laboratory Services Pty Ltd in Charters 

Towers and Brisbane (see Appendix F for the methods of analysis). Only these samples, 

together with those from the older exploration drill holes on the same cross section, were used 

in the scattergrams depicting metal associations (304 samples; section 8.4). 

83.2 Long Sections 

Deposit-scale variations in metal distribution at Thalanga, together with lateral variations 

in metal content, are best illustrated on long sections (Fig. 8.2a-g). In general, the distribution 
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of Zn, Pb and Ag in long section are closely correlated (Fig. 8.2a,b,d). Regions of highest Zn, Pb 

and Ag values correspond to the thickest regions of sulphide mineralisation and are present 

at:  

i) the eastern end of West Thalanga between 20 000 mE and 20 350 mE, and about 550 mRL to 

800 inRL, 

the western end of Central Thalanga between 20 300 mE and 20 550 mE and generally above 

750 mRL, 

the Vomacka Zone, and 

iv) East Thalanga between about 31 800 mE and 32 200 mE. 

Minor outlying areas with elevated Zn, Pb and Ag may represent satellite hydrothermal 

systems (e.g. the disseminated sphalerite intersected by diamond drill hole TH45 west of the 

West Thalanga ore lens, and the Orient ore lens to the east of East Thalanga). 

The long section contours demonstrate that Cu and Au are present at higher concentrations (up 

to 20 % Cu and 6 ppm Au) and in larger areas, in West and Central Thalanga compared to East 

Thalanga. The latter contains a maximum of 13 % Cu and 3 ppm Au (Fig. 8.2c,e). Areas in 

Central Thalanga and the Vomacka Zone above about 930 mRL that contain elevated Cu and 

Au and low Zn, probably represent concentration of Cu and Au and depletion of Zn, by leaching 

during supergene alteration. This zonation supports Huston (1991) who reported that Cu is 

depleted and Au enriched in the gossan at Thalanga and Cu has been concentrated and Au 

slightly enriched in the supergene zone of Central Thalanga. 

West and Central Thalanga 

The main patterns of metal distribution at West and Central Thalanga are: 

i) elevated Zn (>5 %), Pb (>3 %) and Ag (>75 ppm) occur in an elongate zone extending from 

about 20 000 mE, 600 mRL to about 20 350 mE, 800 mRL, where this zone overlaps with Central 

Thalanga (but has been offset along a normal fault; Chapter 3). This region of high Zn, Pb and 

Ag represents the thickest and most economic part of the West Thalanga ore lens, and is 

subparallel to the eastern limits of West Thalanga (Fig. 8.2a,b,d). 

high Zn, Pb and Ag occur together in most parts of Central Thalanga. A subvertical zone of 

low base and precious metal grades separates the large western part of Central Thalanga 

from the smaller zone of elevated Zn, Pb, Ag and Au at about 20 700 mE, 900 mRL (Fig. 8.2a-e). 

iii) there is a subvertical pattern to Zn and Pb distribution within the zone of high Zn, Pb and 

Ag, and a similar grain to the distribution of Cu and Au in Central Thalanga and the western 

parts of West Thalanga (Fig. 8.2a-e). This steeply-plunging pattern of high metal grades 

occurs within the thickest and most economic parts of the ore lenses, and is subparallel to the 

mineral stretching lineation which is steep- to moderately NE-plunging (Chapter 3). 
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iv) in general, the location of Cu >1 % in West and Central Thalanga is coincident with the 

regions of Zn >5 %. There is a bulls-eye area of elevated Cu and Au at about 600 mRL between 

19 700 mE and 19 800 mE (Fig. 8.2c,e), and up-dip is a zone of elevated Zn, Pb and Ag (19 500- 

19600 mE, 700 mRL; Fig. 8.2a,b,d). 

v) the steeply-plunging zones of Zn ratio >75 within the main part of the West Thalanga 

(Fig. 7.20 are similar in orientation to the zones of elevated Zn, Pb and Cu in the same region 

(Fig. 7.2a-c), but are not evident on the long section of Cu ratios (Fig. 7.2g). There is a large 

area with Zn ratio >75 trending parallel to, but at shallower depths than, the main part of 

the ore lens in West Thalanga (Fig. 7.2f,g). 

vi) steeply-plunging zones of Zn ratio >75 are coincident with zones of Cu ratio >45 in the 

western half of Central Thalanga. 

The pattern of metal distribution at West and Central Thalanga is interpreted to suggest 

that: 

i) there is a prominent structural control on location of elevated metal grades in the thickest 

part of the ore lenses. The steeply-plunging pattern of Zn, Pb, Cu and Au grades within the 

main part of the ore lenses is interpreted to be subparallel to the L2 mineral stretching 

lineation (steep- to moderate NE-plunge; Chapter 3). 

the bulls-eye area of elevated Cu and Au in western parts of West Thalanga is coincident 

with high Cu ratios and low Zn ratios and therefore may have formed over a local feeder 

zone. Elevated Zn, Pb and Ag is present up-dip from the Cu-rich bulls-eye, and is likely to be 

distal mineralisation related to the adjacent Cu- and Au-rich feeder zone. 

the area with Zn ratio >75 trending parallel to, but at shallower depths than, the main 

part of the ore lens in West Thalanga (Fig. 7.2f,g) is coincident with semi-massive 

sphalerite-galena-rich sulphides (Chapter 6), and may indicate lower temperatures of 

sulphide deposition. 

Vomacka Zone and East Thalanga 

The main patterns of metal distribution at the Vomacka Zone and East Thalanga are: 

i) areas of elevated Zn, Pb and Ag in the Vomacka Zone have similar locations and all, 

except for some Zn, occur within the zone of >1 % Cu. 

the Vomacka Zone contains larger areas of high Au (1-3 ppm) than present in East 

Thalanga and generally these Au-rich areas are coincident with elevated Zn, Pb, Ag and 

rarely Cu. 
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Zn, Pb and Ag in East Thalartga have similar distribution patterns and the largest regions 

of abundant Zn, Pb and Ag are concentrated adjacent to the sharp western and deepest margins 

of the ore lens (Fig. 8.2a,b,d). Smaller and more discontinuous areas containing elevated Zrt, 

Pb and Ag are present to the east and at shallower depths above the main high grade zone in 

East Thalanga. There is one area of elevated Zn (>8 %) at about 32 400 mE and 600 mRL, but 

this is not associated with high Pb, Ag, Cu or Au. 

iv) in general, the location of >1 % Cu in East Thalartga has a reasonable match with the 

location of Zn >8 %. There is a weak association between >1 % Cu and the rare, small areas of 

elevated Au (<3 ppm) in East Thalanga, although the deepest area of high Au is coincident 

with elevated Zn rather than Cu (cf. Fig. 8.2a,c,e). 

v) areas with Zn >8 %, Pb >3 %, Cu >1 %, Ag >75 ppm and Au >0.5 % at the western part of 

East Thalanga are aligned (Fig. 8.2a-e). This line has a similar pitch to the steep- to 

moderately-plunging mineral elongation lineation (L 2; Chapter 3). Zones of elevated Cu and 

Au are aligned along the trace of the ENE-trending normal fault (subvertical dashed line). 

vi) at shallow depths and between 32 100 and 32 300 there is only low values of Zn, Pb, Cu and 

Ag and Au (Fig. 8.2a-e). This zone is coincident with the location of thick QFP (Fig. 4.8a; 

Chapter 4). The region of 1 % Cu and 1 ppm Au in East Thalanga defines an arc around the 

thickest region of QFP. 

vii) there is only one area with Zn ratio <60 in East Thalanga, and this occurs below about 700 

mRL and centred on 32 000 mE (Fig. 8.20. This area is coincident with corresponds to small 

areas of elevated Cu, Ag, Au and Cu ratios (Fig. 8.2c-g). The Zn ratios increase to >80 on both 

the eastern and western sides of this low Zn ratio zone. 

The main interpretations of the pattern of metal distribution at the Vomacka Zone and East 

Thalanga are: 

i) the moderate plunge of the line of high grade zones in East Thalanga is interpreted to 

indicate a strong structural control (parallel to L2) on the distribution of metals. The ENE-

trending normal faults are interpreted to have post-dated L.2 (Chapter 3), and therefore the 

presence of elevated Cu and Au, but not Zn, Pb or Ag, along the trace of the ENE-trending 

normal fault may be due to later remobilisation of chalcopyrite-rich sulphides. 

ii) the lack of elevated metal grades at the location of thick QFP at shallow depths in East 

Thalanga is interpreted to indicate that the location of QFP sills or domes may partly control 

the distribution of massive sulphide lenses. 
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iii) the area of Zn ratio <60 and elevated Cu, Ag, Au and Cu ratios at depth in East Thalanga 

may represent sulphide lenses proximal to a high temperature feeder zone. The Zn ratios 

increase to >80 on both the eastern and western sides of this low Zn ratio zone, and this is 

interpreted to represent mineralisation further from the feeder zone. 

833 Cross Sections 

Metal grades on cross sections from West, Central and East Thalanga were contoured in order 

to investigate the distribution of metals within the mineralised horizon, in particular to 

document variation in metal distribution with stratigraphy. Only one section from each part 

of the Thalanga deposit is presented in this section; metal zonation contours from a second 

cross section in both West (20 290 mE) and Central (20 390 mE) Thalanga are submitted in 

Appendix I. 

West Thalanga 

The main patterns of metal distribution on the 20 250 inE section (Fig. 8.3a-f) in West 

Thalanga are: 

i) elevated metals occur in two zones parallel to bedding. These zones correspond to lenses of 

massive polymetallic sulphides and massive pyrite (Fig. 6.1). Semi-massive to vein-style 

sphalerite-galena-pyrite-rich sulphides hosted in carbonate-chlorite-rich assemblages 

overlie the massive pyrite (Fig. 6.1). The locations of the highest grades of Zn on the 20 250 

mE section have a similar distribution to that of elevated Pb, Ag, Au and some Cu (Fig. 8.3a-

e). The margins of the polymetallic massive sulphide lens is coincident with >5 % Zn (Fig. 

8.3a). Similar grades of Zn occur in the zone of semi-massive sulphides overlying the massive 

pyrite (Fig. 8.3a). The highest Zn and Pb grades are present within the down-dip parts of the 

massive sulphide lens (Fig. 8.3a,b). There is little Pb in the massive pyrite. The highest Ag 

values are not associated with the highest Zn and Pb in the massive sulphides, but are 

located in the underlying semi-massive sulphides (Fig. 8.3c). 

the distribution of Cu >1 c1/0 is coincident with the massive and semi-massive sulphides 

and the massive pyrite (Fig. 8.3d). The Cu content of the massive pyrite decreases up-dip. 

High levels of Cu (5 to >10 °/0) at the stratigraphic top of the mineralised horizon are 

associated with remobilised chalcopyrite-rich sulphides. High Au (>1 ppm) also occurs with 

these remobilised sulphides (Fig. 8.3e). 

there is a prominent enrichment in Ba (>5 %) in the up-dip parts of the mineralised 

horizon on this section (particularly in association with the QEV), and the Ba content of the 

massive sulphide lens gradually decreases in the down-dip direction (Fig. 8.3f). There are 

traces of Ba >1 % in the massive pyrite. The apparent down-dip increase in Ba within the 
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I 



241 

20
 2

50
 m

N 

2
0

 30
0 

IT
IN

 

— 700 mRL 
> 500ppm 
200 - 200ppm 
100- 200ppm 
50- 100ppm 
20 - 5Oppm 

— 850 mRL 

SCALE 1: 750 

Figure 8.3 (c) Distribution of Ag along 20 250 mE section in West 'Thalanga 

1 	 I  



> 10% 
5 - 10% 
2  -  5% 
1  -  2% 
0.5  -  1% 
0.2  -  0.5% 

- 700 mRL 

- 800 mRL 

- 750 mRL 

SCALE 1: 750 

20
  2

50
 m

N
 -
 

20
 3

0
0
 m

N
 -
 

242 

- 850 mRL 

Figure 8.3 (d) Distribution of Cu along 20 250 mE section in West Thalanga 
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massive pyrite lens reflects the amalgamation of the massive pyrite with polymetallic 

sulphides in this location (Fig. 6.1). 

The main interpretations of the metal zonation on the 20 250 mE section in West Thalanga 

are: 

i) the location of elevated Zn and Pb grades in the areas overlying massive pyrite is similar 

to the metal zonation described from less metamorphosed massive sulphide deposits (e.g. 

Eldridge et al., 1983), which is interpreted to indicate a decrease in temperature of sulphide 

deposition from a hotter pyrite-rich core, to lower temperature sphalerite-galena-barite-

rich outer zone. 

the pattern of Ba zonation, combined with the zonation in Zn distribution, is consistent 

with the up-dip parts of the polymetallic sulphides representing distal sulphides that 

formed from cooler, more oxidised mineralising solutions. The decreasing intensity of 

hydrothermal alteration in the footwall in the up-dip direction (Chapter 10) supports this 

interpretation. 

Central Thalanga 

Due to the modification of primary metal distribution by supergene leaching processes in most 

parts of Central Thalanga (Huston, 1991), the distribution of base metals on the 20430 mE 

section were contoured because on this section the zone of structurally thickened sulphides 

(Chapter 3) is below the supergene boundary. Figure 8.4 (a-f) shows that patterns of metal 

distribution in Central Thalanga are: 

i) there are two main subvertical zones of elevated Zn values within the mineralised horizon 

and in most places elevated Pb and Ag are associated with the high Zn (Fig. 8.4a-c). In 

general, the highest grades of these metals occur in the thickest parts of the ore lens. 

multiple zones of elevated Zn, Pb and Ag occur within the zone of thick sulphides. The 

amount of Zn, Pb and Ag gradually decreases in the down-dip direction, corresponding to the 

decrease in thickness of the massive sulphides and presence of semi massive sulphides hosted 

in the footwall rhyolitic volcanics. 

elevated Cu (>5 %) is present as multiple elongate zones parallel to the ore lens, with 

four zones of elevated Cu in the thickest region of massive sulphides (Fig. 8.4d). The region of 

>15 % Cu at the stratigraphic top of the ore lens (at about 900 mRL) corresponds to 

remobilised chalcopyrite-rich sulphides at the contact between massive sphalerite-galena-

pyrite and coherent dacite. Lenses of high grade Cu (2 -10 °/0) at the stratigraphic base of the 

ore lens occur in massive pyrite and are partly associated with high Zn, Pb and Ag. 
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iv) the 20 2430 mE section is incompletely sampled for Au, but clearly shows the low grades of 

Au at Thalanga (Fig. 8.4e). The only sites of Au >2 ppm are within the zone of supergene 

weathering and as small areas associated with high Cu within the region of thickest 

massive sulphides. There is a consistent pattern of Ba zonation on this section, despite the 

limited Ba analyses, with high grades of Ba present towards the stratigraphic top of the 

massive sulphides (Fig. 8.40. Elevated Ba within the mineralised horizon is also present at 

depth. 

Important interpretations of the metal distribution at Central Thalanga are that: 

i) the apparent cyclicity of the distribution of elevated Zn, Pb, Cu and Ag within the zone of 

thick sulphides are consistent with the structural interpretation of repetition of the ore lenses 

along steeply dipping, ENE-striking normal faults (Chapter 3). Prior to deformation the ore 

lens is interpreted to have comprised a Cu-rich base overlain by Zn- and Pb-rich sulphides. 

Remobilisation of chalcopyrite-rich sulphides along the normal faults and other sites of 

extension (Chapter 3) may also explain parts of the multiple zones of elevated Cu. 

despite attempting to avoid the influence of supergene processes and weathering, the low 

Zn grades, together with high Pb and Ag, all at shallow depths (>980 m) on this section are 

consistent with the leaching of Zn and concentration of Pb and Ag during weathering. 

East Thalanga 

The main patterns of metal distribution on the 32 080 mE section (Fig. 8.5a-e) in East 

Thalanga are: 

i) the massive to semi massive sulphide lenses are best defined by the Zn >5 `)/0 and Pb >2 % 

contour lines (Fig. 8.5a,b; see Fig. 6.10 for geology). The distribution of elevated Ag correlates 

well with the distribution of Zn and Pb, although the highest Ag does not always occur with 

the highest Zn grades (Fig. 8.5a-c). 

the abundance of Zn, Pb and Ag within the footwall lens gradually decreases down-dip, 

whereas the number of areas with elevated Zn, Pb and Ag in the hangingwall lens increase 

but become more patchy in the down-dip direction. 

Zrt, Pb and Ag are elevated with the footwall ore lens at both up-dip and down-dip 

margins of the lozenge-shaped zone of intensely silicified rhyolitic volcanics (cf. Fig. 8.5a-c 

with Fig. 6.10). 

iv) the sulphide lenses in East 'Thalanga are poorly defined by Cu and Au contour diagrams, 

due the low amounts of these metals in this part of Thalanga (Fig. 8.5d,e). There are patchy 

areas of >2 % Cu within the footwall lens and generally the hangingwall lens contains <0.5 
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% Cu. Conversely, the highest Au grades are present in the hangingwall lens rather than the 

footwall lens. 

The main conclusions based on the metal distribution contours in Figure 8.5(a-e) are: 

i) the location of elevated Zrt, Pb, Cu and Ag within the down-dip parts of the footwall lens 

matches the distribution of thick lenses of massive sphalerite-pyrite-rich sulphides. The 

patchy distribution of elevated Zn, Pb, Cu and Ag at East Thalanga is consistent with the 

semi-massive characteristics of the hangingwall and locally_the footwall lens. There is no 

clear zonation from a Cu-rich base to Zn- and Pb-rich top within East Thalanga. 

the concentration of elevated Zn, Pb and Ag in the footwall lens is consistent with 

remobilisation of sulphides into pressure shadows at the up- and down-dip extent of the 

intensely silicified rhyolite during deformation. The presence of remobilised galena-

chalcopyrite ± sphalerite in pressure shadows ore lenses at Thalanga supports this 

mechanism of base metal concentration (Chapter 3). Alternatively, the increase in grade in 

these areas could be due to high primary fluid flow at the margins of the intensely silicified 

rhyolite. This second explanation is consistent with the lack of continuous massive sulphide 

directly overlying the intensely silicified rhyolite in East Thalanga. It is highly likely that - 

a combination of both mechanisms resulted in the concentration of metals in this location. 

8.4 Metal Associations 

Metal contour diagrams display the spatial variation in metal concentrations within the ore 

lenses and can show gross metal correlations, but scattergrams are useful in illustrating the 

degree of correlation between the various metals. Huston and Large (1988) recognised a 

distinction between the massive barite lenses, the sphalerite-galena-pyrite-rich ore and the 

pyrite-chalcopyrite-rich ore at the Rosebery deposit based on Cu, Pb, Zn, Ag and Au contents, 

and used log-normal scattergrams to demonstrate the metal associations. Similar comparisons 

of the metal associations between ore lenses were conducted by Huston et al. (1992a) for the 

Balcooma and Dry River South prospects in northern Queensland. Scattergrams were 

generated from selected drill holes in East, Central and West Thalanga, and are combined on 

the basis of rock type in Figure 8.6(a-g) and 8.7(a-g). There is no correlation between Ba and 

Cu, Pb, Zn, Ag or Au in any of the West, Central or East Thalanga ore lenses. 

There are two main occurrences of Au in VHMS deposits, a Pb-Zn-Ag-Au association in 

sphalerite-galena-rich sulphides and a Cu-Au association in pyrite-chalcopyrite-rich 

sulphides and stringer zones (e.g. Hannington et al., 1986; Ashley et al., 1988; Huston and 

Large, 1989; Larocque et al., 1993). Generally, only one type of Au association is present 

within a deposit. For example, there is a prominent Zn-Au association at the Rosebery 
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deposit, yet in both the sphalerite-galena-pyrite-rich sulphides and the pyrite-

chalcopyrite-rich sulphides there is a good correlation between Au, Ag and Zn (Huston and 

Large, 1989). Au also has a good correlation to both Zn and Cu in the massive barite lens at 

Rosebery (Huston and Large, 1988). 

8.4.1 Gold 

Au has a moderate correlation with Cu in both the pyrite-rich sulphides and the sphalerite-

galena-pyrite-rich sulphides at Thalanga (cf. Fig. 8.6a and 8.7a). Elevated Au is also 

associated with elevated Cu values in the remobilised sulphides (Fig. 8.6a). The Au-Cu 

association is most pronounced in the pyrite-chalcopyrite-rich sulphides in West and Central 

Thalanga (Fig. 8.7a), where lenses of massive pyrite ± chalcopyrite underlying sphalerite-

galena-pyrite-rich sulphides are more common than in East Thalanga (Chapter 6). In the 

sphalerite-galena-pyrite-rich sulphides, the most prominent Au-Cu association is present in 

West Thalanga (Fig. 8.6a). 

Au is weakly correlated with Zn and Pb in semi-massive sulphides hosted by carbonate-

chlorite-rich assemblages in West Thalanga (Fig. 8.6b,c), but there is no correlation between 

Au and either Zn or Pb in the massive pyrite lenses in all of Thalanga. Similarly, there are no 

clear associations between Au and Zn or Pb in the remobilised sulphides. Therefore, the 

Thalanga deposit can be classified as having a Cu-Au association, as proposed by Huston et 

al. (1992b). 

8.4.2 Silver 

The contours of Ag distribution in long section and cross sections (Figs 8.2-8.5) show that 

elevated Ag is coincident with elevated Zn and Pb and also high Au in places at Thalanga. 

This metal association is supported by the scattergrams in Figure 8.6(d-g) and 8.7(d-g) that 

show a positive linear relationship between Ag and Zn, Pb and Au in both the sphalerite-

galena-pyrite-rich sulphides, the pyrite-chalcopyrite-rich sulphides, and the remobilised 

chalcopyrite-rich sulphides. The correlation between Ag and Au is particularly prominent in 

the semi-massive sulphides from West Thalanga (Fig. 8.6d) and the massive pyrite lenses 

(Fig. 8.7d), but in other lenses this association is moderate. Ag and Pb have the strongest 

association in all ore-types and in all lenses at Thalanga (Fig. 8.6f and Fig. 8.70. There is a 

moderate correlation between Zn and Ag grades in Central and West Thalanga, but the 

sphalerite-galena-pyrite lenses in East Thalanga exhibit variable Ag content with consistent 

Zn contents (Fig. 8.6g). 

There is a weak correlation between Ag and Cu in the sphalerite-galena-pyrite ore in West 

Thalanga and the remobilised chalcopyrite-rich sulphides, but there is no relationship 
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between Ag and Cu in the other ore lenses (cf. Fig. 8.6e and 8.7e). The association of Ag with 

Cu in the remobilised chalcopyrite-rich lenses probably reflects the residence of Ag in 

chalcopyrite when galena is unavailable. 

The distribution of Ag in the Thalanga ore lenses is similar to other massive sulphide 

deposits where Ag displays a strong correlation with Pb and rarely with Cu (Amcoff, 1984). 

However, Ag is associated with Cu in the pyrite-chalcopyrite-rich sulphides and also has a 

good correlation with Pb in the sphalerite-galena-pyrite-rich sulphides at Balcooma 

(Huston et al., 1992a). 

8.5 Discussion 

8.5.1 Location of Feeder Zones 

The mineralogical and metal zonation at Thalanga provides the best guide to the formation 

and growth of the massive sulphide deposit. The gross mineralogical zonation at Thalanga, 

from footwall to hangingwall, is 1) massive to semi massive pyrite ± chalcopyrite, with Mg-

rich chlorite gangue, overlain by 2) massive sphalerite-galena-pyrite ± chalcopyrite-rich 

sulphides, containing quartz, barite, chlorite, phlogopite and muscovite gangue (Chapter 6). 

Barite-rich sulphides are present in the uppermost and more distal parts of the ore lenses 

(e.g. the Vomacka Zone) and quartz magnetite lenses along the Thalanga Range are the 

distal equivalent of the massive sulphides (Duhig et al., 1992). Such a mineralogical 

zonation is comparable to the mineralogical zonation reported from other ancient less 

metamorphosed VHMS deposits (e.g. Franklin et al., 1981; Large, 1992) and from the Kuroko 

deposits of Japan (e.g. Eldridge et al., 1983), where Fe-rich sulphides overlie the 

hydrothermal vent or feeder zone and are overlain by Fe-Cu ± Au-rich sulphides, followed by 

Zn-Pb-Ag-rich sulphides, and then a Ba or quartz-enriched cap (e.g. the Hellyer deposit, 

McArthur and Dronseika, 1990). 

This distribution of sulphides at Thalartga is broadly reflected in the metal zonation, 

whereby Zn, Pb, Ag and Ba are enriched at the stratigraphic top of the ore lenses, 

particularly in West and part of Central Thalanga. The distribution of elevated Cu is partly 

controlled by stratigraphy (regions of high Cu are associated with massive pyrite at the base 

of the ore lenses) and partly structurally controlled. High grades of Cu typically coincide 

with late faults or zones of extension (especially at the hangingwall contact). This makes the 

distribution of elevated Cu within the ore lenses (particularly in the intensely faulted 

Central Thalanga ore lens) a poor indicator of possible feeder zones. Zn and Cu ratios are more 

useful at Thalanga and the location of regions of Zn ratio <60 and Cu ratio >30 is interpreted 

to indicate hydrothermal feeder zones. In West and Central Thalanga, areas of Zn ratio <60 
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associated with massive pyrite lenses is inferred to indicate zones of high temperature fluid 

discharge. 

The coincidence of high Cu grades, massive pyrite and low Zn ratios in several locations 

suggests that the thickest parts of the massive sulphides (particularly in West and Central 

Thalanga) may overlie multiple hydrothermal vents (Fig. 8.8a). A crude restoration to 

possible depositional geometries (Fig. 8.8b) shows that the inferred feeder zones are aligned 

parallel to the margin of the massive sulphides. This orientation, together with the possible 

elongate shape of the massive sulphide lenses, may have been the result of focussed venting 

of hydrothermal solutions along a pre-existing structure. However, no evidence of such a pre-

deformational structure was identified in this study. 

Barite-rich sulphide zones typically occur at the margins and tops of massive sulphide 

deposits, and are interpreted to form during the waning of the hydrothermal system (cf. 

Eldridge et al., 1983; McArthur and Dronseika, 1990; Large, 1992). Massive barite and barite-

rich sulphides iii the ore lenses at Thalanga are therefore interpreted to have formed from 

lower temperature (and oxidised) hydrothermal solutions either at the top or side margins of 

the deposit. Thus the barite-rich Vomacka Zone may be the western margin of the East 

Thalanga ore lens (Fig. 8.8b). The lack of continuity of ore lenses from the Vomacka Zone to 

Central Thalanga (as determined from available drill holes) supports the interpretation 

that the East Thalanga ore lens was fed from a separate hydrothermal vent to West and 

Central Thalanga. 

The inferred asymmetry of the undeformed West and Central orebody may be similar to the 

pre-deformational morphology of East Thalanga. The main focus of hydrothermal discharge 

is interpreted to have been the eastern end of each orebody, where syn-volcanic structures 

may have controlled the location of the main feeder zone. However, the fault that now 

truncates the eastern end of Central Thalanga is D3 in age (Chapter 3). 

8.5.2 Effect of Deformation on Metal Distribution 

The apparent cyclicity of the distribution of base metals within the ore lenses, particularly 

at Central Thalanga, is interpreted to be due to repetition of the ore lens along ENE-striking 

normal faults during 1)3  (Chapter 3). The alternating Cu- to Zn-Pb-rich zones subparallel to 

bedding are interpreted to be repeated, normally zoned massive sulphide lenses. Cu-rich 

zones probably also mark the location of the normal faults. 

The steeply- to moderately-plunging zones of elevated metals recognised in long section are 

interpreted to have been caused by the internal remobilisation of sulphides during 

deformation. The pitch of the high grade zones is similar to that of the L2 mineral elongation 
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lineation (Chapter 3), and therefore remobilisation is interpreted to have occurred (on a grain 

scale) during D2. Remobilisation during D2 may also explain the Zn, Pb and Ag enrichment in 

macro-pressure shadows at the up- and down-dip margins of the intensely silicified rhyolitic 

volcanics at East Thalanga. However, high primary fluid flow at the margin of the intensely 

silicified rhyolitic volcanics may have increased the metal content (section 8.3.3). 

8.5.3 Location of Au 

There is a good association between Au and Cu in the massive pyrite lenses of West and 

Central Thalanga, where the electrum is present as inclusions and in fractures with 

chalcopyrite (Chapter 7). Au may also be present in pyrite as colloid-size Au or as 

structurally bound Au (e.g. Larocque et al., 1995). The location of electrum with chalcopyrite 

in fractures in pyrite at Thalanga is consistent with brittle deformation of pyrite in lenses of 

massive pyrite and the coincident remobilisation of Au and chalcopyrite (cf. Larocque et al., 
1993; Tourigny et al., 1993). Visible electrum was not observed in the remobilised 

chakopyrite-filled piercement veins in the hangingwall, but elevated Au is consistently 

present within zones of remobilised sulphides (e.g. the zone of dilation at the possible fold 

hinge in Central Thalanga). The relationship may support the proposal, of Huston et al. 
(1993) and Larocque et al. (1993), that Au is released from pyrite during metamorphic 

recrystallisation and redeposited as electrum and in solid solution within chalcopyrite. 

Larocque et al. (1993) further suggested that greater degrees of metamorphic recrystallisation 

and deformation of pyrite will result in greater degrees of Au enrichment. 

Electrum also occurs with chalcopyrite in fractures in tetrahedrite-tennantite, with 

arsenopyrite in myrmekitic chalcopyrite-arsenopyrite-tetrahedrite-tennantite intergrowths 

and sporadically intergrown with chalcopyrite-sphalerite ± galena (Chapter 7). These 

mineralogical associations are reflected in the Cu-Au and the Ag-Au association in the 

polymetallic massive sulphide lenses at Thalartga. 

8.6 Summary 

1.Coincidence of low Zn/(Zn+Pb) values, Cu/(Cu+Zrt) values and massive pyrite lenses 

suggests that feeder zones are located down dip in the central part of East Thalanga, and 

along the eastern and down-dip margin of West and Central Thalanga. The overall higher 

Cu-grades in West and Central Thalanga are interpreted to indicate higher temperatures of 

mineralisation these lenses, compared to the Vomacka Zone and East Thalanga. 

2.Multiple, alternating Cu- to Zn-Pb-rich zones subparallel to bedding within the Central 

Thalanga ore lens are interpreted to have resulted from the repetition of the ore horizon 
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along steep normal faults. The Cu-rich zones probably mark the location of the faults as well 

as the base of repeated normally zoned massive sulphide lenses. 

3.The effect of deformation on the distribution of base and precious metals at Thalanga is 

also manifest as moderate- to steep-plunging elongate zones of elevated metal grades within 

each ore lens. The pitch of the high grade zones is similar to the mineral elongation lineation 

(L2) and is therefore interpreted to have resulted from internal remobilisation during D2. 

4.Despite the overall low Au grades, the Thalanga deposit is dassified as having a Cu - Au 

association, and this association is prominent in the massive pyrite ± chalcopyrite zones at 

the base of the ore lens in West and Central Thalanga. Elevated Au is also coincident with 

the remobilised chalcopyrite-rich sulphides located at the stratigraphic top of the ore 

horizon in Central Thalanga. 



CHAPTER 9. 

SULPHUR ISOTOPE GEOCHEMISTRY 

9.1 Introduction 

Sulphur isotopes are important to the study of massive sulphide deposits, particularly in 

constraining the source of sulphur and estimating temperatures and other physico-chemical 

conditions of sulphide deposition (Ohmoto and Rye, 1979). Seawater, magmatic and biogenic 

sulphur are the main potential sources of sulphur in hydrothermal fluids responsible for 

VHMS deposition, with magmatic sulphur either directly contributed to the fluids or 

leached from the host rocks (Shanks et al., 1981; Ohmoto, 1986, Solomon et al., 1988). 

Sulphur isotope ratios were determined for pyrite, sphalerite, chalcopyrite, galena and 

barite from the Thalanga deposit in order to determine the source of sulphur, and to evaluate 

any spatial variation in sulphur isotopic composition. The spatial distribution of 5 34S values 

has yielded valuable information about the source of sulphur and the evolution of 

hydrothermal solutions (Ohmoto et al., 1983; Olunoto, 1986; Gemmell and Large, 1992 & 

1993). Sulphur isotope ratios were also determined for two pyritic quartz magnetite samples 

from Central Thalanga and a sample of massive barite from the Thalanga Range. 

Methods 

Sulphur and sulphate isotopes were determined on a VG Micromass 602D mass spectrometer in 

the Central Science Laboratory at the University of Tasmania. Sulphide and barite mineral 

separates were drilled from hand specimens, sulphides were combusted with excess Cu 20 and 

sulphates were combusted twice with excess Cu 20 and Si02  in order to produce SO 2  (Coleman 

and Moore, 1978; Fritz et al., 1974 ; Robinson and Kusakabe, 1975). Minor contamination from 

fine grained intergrowths of other sulphides or gangue (muscovite, chlorite or barite) was 

present in most sulphide separates. The barite specimens were uniformly coarse grained and 

the mineral separates consequently pure. 

The results are presented as standard notation relative the Cation Diablo Troilite (CDT). 

Replicate analyses of internal standards showed that reproducibility of results was ±0.2 

and that precision was to the 1o.  level. These results are combined with unpublished data 

from D.L. Huston (pers. comm., 1990) and N.C. Duhig (pers. comm., 1990), and analyses 

determined for Penarroya Australia Pty Ltd by the Department of Scientific and Industrial 
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Research (DSIR), New Zealand (B.W. Robinson, writt. comm. to Penarroya Australia Pty 
Ltd, 1981). The data from the DSIR also have reproducibility of ±0.2 700. 

9.2 Results 

The 634S values of pyrite from the Thalanga deposit (Appendix J) range from +5.6 to +17.3 70.9, 

with a median of +14.0 700 (Fig. 9.1a). Chalcopyrite, sphalerite and galena display more 

restricted ranges and slightly lower median values, with the mean 6 34S value of chalcopyrite 

> the mean 634S value of sphalerite > the mean 634S value of galena (see Appendix J). 

However, the 634S values of co-existing sulphide mineral pairs at Thalanga generally follow 

the pattern of 634C -pyrite > OuSsphalerite > 834Schalcopyrite > 634S galena  as documented by 

Ohmoto (1972) and Rye and Ohmoto (1974). Local isotopic disequilibrium conditions is 

indicated as some sulphide samples do not exhibit this fractionation in 6 34S values. The 634S 
values of barite from the Thalanga deposit and the Thalanga Range vary between 27.7 and 

32.4 700 (Fig. 9.1a), with median 6 345 = 30.5 700. 

Figure 9.2 illustrates the variation of 6 34S values of sulphides with respect to stratigraphic 

location and mineralogical associations. There is little variation between the average 634S 
values of sulphides (disseminated and stringer pyrite) within the altered footwall rhyolitic 

volcanics, sulphides within the mineralised horizon, and pyrite disseminated in the 

hangingwall rocks, except for one 634S value of 5.6 700 from pyrite disseminated in the HWF. 

Remobilised sulphides, and sulphides associated with quartz veins, have similar or lower 

634S values compared to the non-remobilised sulphides within the ore lenses. Pyrite 

disseminated in a dolerite dyke has the same 6 34S as the pyrite in the enclosing altered 

rhyolitic volcanics. 

The 6345 values of pyrite associated with quartz magnetite clasts from within the ore horizon 

vary from 2.8 to 15.6 70.9 (Fig. 9.2), and this variation reflects the stratigraphic location of 

each sample. Sample UG-1 overlies the barite-rich sulphides at the stratigraphic top of 

fault-repeated rhyolitic volcanics in Central Thalanga, and sample 955-27 is a lithic clast 

within the quartz 'eye' volcaniclastic unit (QEV) in Central Thalanga and is overprinted by a 

sphalerite-rich vein. These samples have 6 34S values of 15.0 and 15.6 700 respectively. Pyrite 
with the lowest 634S is disseminated in a quartz magnetite clast within the hangingwall 

fragmental (HWF). 

9.3 Spatial Distribution of 634S values 

The 6345 values of sulphides from West, Central, and East Thalanga, and the Vomacka Zone 

have similar 6345 values of 12 to 16 %o (Fig. 9.1b-e). However, there is significant variation 
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in the 6348 values of pyrite within the rhyolitic volcanics underlying the massive sulphide 

lenses. The following trends in 634S values at Thalanga are apparent: 

i) Typically, there is a gradual increase in the 6 34S values of pyrite within the rhyolitic 
volcanics towards the ore horizon, particularly in the longer drill holes (e.g. TH2, TH54, 

TH85A, and 11-1245; Fig. 9.3 a-c). In shorter drill holes, with fewer samples, there is no 

systematic variation in 6 34S values of pyrite (e.g. TH4, TH11; Fig. 9.3b). This suggests that 

the decrease in 6348 values of pyrite within the footwall rhyolitic volcanics is over 50-100's 

of metres, whereas local fluctuations occur over distances of less than 10 m. Where massive 
sulphide lenses are not present at the stratigraphic top of the footwall, there is no systematic 

increase in 6345 values of pyrite in the rhyolitic volcanics (e.g. TH15; Fig. 9.3d). 

ii) Pyrite associated with lenses of chlorite schist or massive pyrite, either in the footwall 

rhyolitic volcanics or near the base of the ore lenses, commonly has lower 634S values than 
adjacent pyrite associated with quartz-muscovite-rich assemblages. For example, a massive 

to semi massive pyrite vein in TH2 has 6 34S = 12.2 %co, compared to the enveloping quartz-

muscovite-rich rhyolitic volcanics that have 634S = 13.5 and 14.4 700 (Fig. 9.3b). Pyrite 

disseminated in chlorite-rich footwall rhyolitic volcanics in TH270 has 6 34S = 11.5 700, 

compared to the underlying quartz-muscovite-rich assemblages which have 634S = 17.3 %,9 

(Fig. 9.3c). This relationship indicates that the distribution of the 634S values of pyrite at 
Thalanga may be better elucidated with a more detailed comparison between alteration 

types and 634S values of pyrite. 

iii) The 634S values of pyrite within the ore horizon varies from higher than the footwall 

pyrite, particularly near the base of the ore lens (e.g. TH269; Fig. 9.3c), to lower than pyrite 

in the footwall (e.g. TH270; Fig. 9.3c). Close-spaced samples within the ore horizon of TH24 

(Fig. 9.3a) exhibit small variation (<1 709) in 6 34S regardless of stratigraphic position within 

the massive sulphide lens, but 6 34S decreases at the stratigraphic top of the overlying QEV. 

Pyrite intergrown with barite at the stratigraphic top of the ore lenses typically has lower 

634S than the underlying massive sulphides, and in East 'Thalanga, 6 348 value of pyrite 

within the hangingwall lens is lower than pyrite in the footwall lens (e.g. TH269: 

834Sfootwall lens = 14.3 700, and 634Shangingwall lens = 11.4 700; Fig. 9.3C). In Central Thalanga, 

the 634S values of pyrite within the massive sulphides gradually decrease towards the 

stratigraphic top of the ore lens (e.g. TH4; Fig. 9.3b). 

iv) The 634S value of pyrite disseminated in the HWF or dacite is commonly less than the 

6348 values of pyrite within the underlying ore lenses (e.g. TH4, TH 54, TH85A, TH245; Fig. 

9.3a-c). In TH85A (Fig. 9.3c), the 634S values of pyrite within the footwall rhyolitic 

volcanics gradually increase towards the ore horizon, and reach.a maximum of 17.2 70.9 at the 
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stratigraphic top of the footwall. The 8 34S values of pyrite within the QEV and overlying 

HWF are lower at 10.5 700 and 5.6 700 respectively. 

9.4Discussion 

9.4.1 Source of Sulphur 

The 634S values of the Thalanga massive sulphide deposit support the observations of 

Sangster (1968), Stanton (1972), and Franklin et a/. (1981) that the •534S values of sulphides in 

Phanerozoic VHMS deposits fall between 0 %o and the •534S value of the coeval seawater 

sulphate (about 30 700 in Cambrian to Ordovician times; Claypool et al., 1980), and that the 

634S value of barite is similar to that of the contemporaneous seawater sulphate (Olunoto, 

1986). The favoured interpretation of such results is that the sulphur was sourced from a 

mixture of Cambro-Ordovician seawater sulphate, inorganically reduced during convection, 

and dissolved igneous (or rock) sulphur (e.g. Ohmoto et al., 1983; Green et a/., 1981; Solomon e t 

al., 1988). The amount contributed from these sources of sulphur to the hydrothermal fluids, 

and subsequent 634S value of the sulphide mineralisation, depends on the thermal history of 

the hydrothermal system and the chemistry of the host rocks (Ohmoto, 1986). 

Sulphides 

The variation in 634S values of sulphides around massive sulphide deposits can provide 

evidence of the evolution of hydrothermal system in terms of variation of the source of 

sulphur with time (e.g. Green et a/., 1981; Solomon et al., 1988; Gemmell and Large, 1992 & 

1993). Gemmel' and Large (1992, 1993) reported that the 634S values of sulphides within the 

stringer zone underlying the Hellyer deposit are lower than the 8 34S values of sulphides 

within the stringer envelope zone and in the host volcanic units outside the stringer zone. 

Gemmell and Large (1993) also showed that in general 6 34S values increase from footwall to 

hangingwall within the massive sulphide deposit, and pyrite in the baritic cap at the 

Hellyer deposit has higher 634S than pyrite in the underlying massive sulphides (Sharpe, 

1991). The decrease in 634S values towards the centre of the feeder zone is interpreted to have 

been produced by the early circulation of hydrothermal solutions that contained high 

proportions of partly reduced seawater sulphate, which mixed with solutions, sourced from 

deeper in the convection cell and containing high proportions of dissolved igneous sulphur, in 

the feeder zone (Gemrnell and Large, 1992 & 1993). 

Rye and Olunoto (1974) reported that the •5 34S values of pyrite at the kuroko deposits of 

Japan decrease upwards from the pyrite alteration in the footwall to the upper parts of the 

ore deposit. Similarly, cagatay and Eastoe (1995) reported that the massive sulphides at 
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Madenkoy in Turkey, have lower 634S than the sulphides in underlying stringer veins. This 

change in 634S values is interpreted to be due to a change in pH and f0 2  conditions in the 

hydrothermal solutions (due to increased seawater in the hydrothermal solutions which 

would change the proportion of oxidised to reduced sulphur in solution), rather than a change 

in the source of sulphur, towards the later stages of alteration and sulphide deposition 

(Kajiwara, 1971; Rye and Ohmoto, 1974). Similarly, the low 6 34S values of barren lenses of 

pyrite-barite in the Mount Read Volcanics are thought to have resulted from highly oxidised 

hydrothermal solutions (Solomon et al., 1988). 

Conversely, at Rosebery in Tasmania the 634S values of the sulphides increases upwards 

through the footwall to the ore deposit (Green et al., 1981). This trend is considered to 

indicate progressive mixing of the hydrothermal solutions with reduced seawater sulphate 

(Green et al., 1981), and a decrease in the igneous sulphur content of the hydrothermal fluid 

with time (Solomon et al., 1988). Similarly, sulphur isotopes were interpreted to suggest that 

cold seawater circulated through the footwall rhyolite autobreccias and mixed with hot 
hydrothermal fluids at depths of up to 100 m at the Uwamuki deposits in Japan (Bryndzia e t 

al., 1983). 

Increasing 634S values of sulphides upwards through stratigraphy is a common pattern of 

biogenic pyrite in sedimentary rocks (Ohmoto, 1986). However, a biogenic origin for sulphur 

at Thalanga is ruled out for the same reasons as Green et al. (1981) discounted this model for 

the Rosebery deposit: 

i) there is a similar range of 634S values of pyrite in the footwall and the ore lenses, and 

therefore sulphides were probably transported in the same hydrothermal solutions, and 

ii) the range of 634S is much smaller than that reported from ancient and modern sedimentary 

rocks (Schwarcz and Burnie, 1973). 

The average 634S value of the sulphides at Thalanga (average = 14 70.9) is higher than the 

Cambrian deposits in Tasmania (average = 10 700; Large, 1992), although the Tasmanian 

deposits have variable 634S, with the massive sulphides at Hellyer having 6 34S 5.3 to 9.4 700 

(Gemmell and Large, 1993), Mt Lye11 having 634S =5 to 10 70,9 (Solomon et al., 1988), but 

Rosebery having 634S = 7.8 to 19.8 700 (Green et al., 1981). The difference between Thalanga 

and the Tasmanian deposits could be caused by a slightly greater contribution of reduced 

sulphate from contemporaneous seawater to the hydrothermal solutions, via mixing within 

the footwall (composed of altered perlitic rhyolite lavas and rhyolite breccia units; Chapter 

4) at Thalanga. The increase in 634S values of pyrite towards the stratigraphic top of the 

footwall at Thalanga is interpreted to have been produced by an increased degree of mixing 

between ascending hydrothermal solutions (containing evolved seawater sulphur and 

dissolved igneous sulphur) and cold Cambro-Ordovician seawater within the porous footwall 

rhyolitic volcanics. The lower 634S values of massive pyrite veins (>1 m in thickness) 
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relative to surrounding quartz-muscovite-pyrite-rich rhyolitic volcanics is interpreted to 
reflect the reduced ability of cold seawater to mix with hydrothermal solutions ascending 

along major fluid conduits. 

Decreased mixing between cold Cambro-Ordovician seawater and ascending hydrothermal 

solutions may also explain the sharp decrease in 634S values of pyrite in some massive 

sulphide lenses at the stratigraphic top of the ore horizon, and pyrite disseminated in the 

hangingwall rocks at Thalanga. Perhaps deposition of the overlying HWF units, near the end 

of the hydrothermal system's life, may have reduced the infiltration of seawater into the 

footwall units. This may have increased the contribution of sulphur from the hydrothermal 

solutions (containing evolved seawater sulphur and leached igneous sulphur) and thus 

decreased the 634S values of depositing sulphides. 

Alternatively, if the solutions from which the sulphides were deposited became 

progressively more oxidised towards the end of the life of the hydrothermal system, then the 

634S values of the sulphides at the stratigraphic top of the ore horizon and disseminated in 

the overlying volcanic units would decrease (as argued by Rye and Ohinoto, 1974). 

Incorporation of incompletely reduced cold seawater into the hydrothermal solutions could 

increase the f02  of the mineralising solutions and thus form sulphides with 634S values lower 

than sulphides deposited from earlier solutions. This interpretation is preferred because it is 
consistent with the presence of barite in the massive sulphides at the stratigraphic top of the 

ore lenses at Thalanga (Chapter 6). The mixing of reduced S (in the hydrothermal solutions) 

and seawater sulphate must have occured at temperatures above 200°C in order for 

equilibrium to have been attained (cf. Ohmoto and Lasaga, 1982; Ohmoto et al., 1983). 

The 634S values of sulphides at Thalanga are significantly higher than those reported from 

the Waterloo (-6 to 7 700) and Agincort (4 to 9 700) deposits located within the Mount Windsor 

volcanic belt to the east of Thalanga (Huston et a/., 1995a). The low isotopic signature of 

sulphides at the Waterloo and Agincort deposits is interpreted to be the result of highly 

oxidised mineralising solutions (bornite and barite are present; Huston et al., 1995a). Both 

Waterloo and Agincort have patterns, similar to Thalanga, of increasing 6 34S of pyrite 

upwards through the footwall to the ore position (Huston et al., 1995a). 

Barite 

The heavy 634S values of barite (27.6 to 32.4 700) from the Thalanga deposit and the 

Thalanga Range are probably due to the source of sulphur being Cambro-Ordovician seawater 

(634S —30 %.9). The similar 6 34S values of barite in barite-pyrite and barite-sphalerite veins 

within the footwall at 'Thalanga is also probably due to a seawater source of sulphur, which 
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therefore requires circulation of the overlying seawater through the rhyolitic volcanics 

during sulphide mineralisation. 

Barite from the 'Thalanga deposit has significantly lower •534S values than the barite lens in 

the Rosebery deposit (34.6 to 41.2 700, Green et al., 1981) and the barite cap in the Heflyer 

deposit (40.4 to 42.9 %0, Jack, 1989; and 26.0 to 44.9 700, Sharpe, 1991). Solomon et al. (1988) 

and Genunell and Large (1992) argued that incomplete reduction of Cambrian seawater 

sulphate would explain the heavy isotopic ratios of the barite cap at Rosebery and Hellyer. 

9.4.2 •534S of Pyrite in Quartz-Magnetite Clasts 

Pyrite associated with quartz-magnetite lenses in the Thalanga Range area, along strike 

from the 'Thalanga deposit, has negative •534S values that are interpreted to indicate a 

biogenic reduction of seawater sulphate (Duhig et a/., 1992). 834S values of pyrite in quartz-

magnetite decrease with distance from the massive sulphide lenses at Thalanga, and this is 

interpreted to have been caused by an increase in biogenic activity away from sulphide 

mineralisation (Duhig et al., 1992). The quartz-magnetite clasts within the HWF (with 6 34S 

= 2.8 %o) could have been eroded from quartz-magnetite lenses along strike from the Thalanga 

deposit. 

The similarity between the sulphur isotopic ratios of pyrite disseminated in quartz-

magnetite clasts present within the ore horizon (6 34S = 15.0 700 and 15.6 %90; clasts typically 

contain remobilised sulphides, Chapter 6) and those of the majority of sulphides from the ore 
lenses at Thalanga suggests a similar source of sulphur. If the quartz-magnetite clasts at 

Thalanga were eroded from distal quartz-magnetite lenses prior to sulphide mineralisation 

at Thalanga, then perhaps the original biogenic signature was modified or overprinted by 

the hydrothermal pyrite. Quartz-magnetite clasts present within the HWF have not 

overprinted by polymetallic sulphides, and consequently have 8 34S values that differ from 

the massive sulphide lenses. 

9.4.3 Geothermometry 

The difference between the 6 34S values of sulphide-sulphide pairs (commonly sphalerite-

galena and pyrite-galena) can be used to estimate temperatures of sulphide formation, if the 
co-existing sulphides were deposited in equilibrium and that no isotopic exchange between 

the sulphides occurred after deposition (Ohmoto and Rye, 1979). It is recommended that the 

results from such calculations are compared to temperatures determined from fluid inclusions 

within the sulphides so that the degree of isotopic exchange can be evaluated (Olunoto and 

Rye, 1979). Large-scale pre-metamorphic 6 34S variations are considered to be preserved 

during metamorphism, and re-equilibration of sulphur isotopes is thought to go to completion 
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only at metamorphic grades above upper amphibolite fades (Ohmoto and Rye, 1979). 

However, Lusk and Crockett (1969) argued that re-equilibration of the sulphur isotopes of co-

existing sulphides occurred during metamorphism of the Heath-Steele massive sulphide 

deposit, and that the temperatures calculated from sulphide pairs were consistent with 

metamorphic temperatures (350-450 °C). 

The effect of metamorphic recrystallisation of the sulphides at the Thalanga deposit is to 

produce textural equilibrium that disguises original paragenetic relationships (Chapter 7). 

Some isotopic exchange between co-existing sulphides may have occurred during 

metamorphism at Thalanga. Comparison of the 834S values of co-existing sulphides shows 

that there is evidence of isotopic disequilibrium amongst both remobilised and non-

remobilised sulphides at Thalanga, with 6 34S of sphalerite and chalcopyrite higher than 

the 634S of co-existing pyrite in some samples (Appendix J). Therefore temperatures were not 

estimated for these samples. Sphalerite-galena pairs are regarded as the most useful in 

sulphur isotope geothermometry (Ohmoto, 1986), and equations from Ohmoto and Rye (1979) 

were used to estimate temperatures from sphalerite-galena and also pyrite-galena pairs. 

Green et al. (1981) used barite-sulphide mineral pairs to estimate temperatures of 

mineralisation at the Rosebery deposit. Temperatures were calculated from barite-pyrite, 

barite-sphalerite and barite-galena pairs from Thalanga for comparison, although Ohmoto 

(1986) considered that sulphide-sulphate pairs yield unreliable estimates of the temperature 

of mineralisation. 

Figure 9.4(a,b) depicts the wide variation in temperatures determined using these 

calculations. The most frequent results are between 350°C and 550 °C, and these are probably 
more realistic metamorphic temperatures than temperatures of sulphide formation. Results 

above 550 °C are probably due to disequilibrium conditions between the co-existing sulphides. 

Calculated temperatures greater than 900 °C correspond to small differences in the $5 34S 

values of the sulphides and these differences are within the error range in most cases 

(Appendix J). Temperatures calculated from pyrite-chalcopyrite pairs vary from 100 °C to 

1800 °C and thus are unrealistic temperatures of either mineralisation or metamorphism, and 

reflect the isotopic disequilibrium of remobilised chalcopyrite and the sulphides that co-

exist with it. Barite-sulphide pairs yield temperatures between 340 °C and 480°C (Fig. 9.4b), 

which are interpreted to be consistent with the metamorphic grade at Thalanga. 

9.5 Conclusions and Sulphur Isotope Model 

1. The massive sulphides and pyrite in the footwall at the Thalanga deposit have 8 34S 

between 6 and 18 %0, which is consistent with formation from hydrothermal fluids containing 

dissolved igneous (or rock) sulphur and Cambro-Ordovician seawater sulphate that had been 
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Figure 9.4 Frequency histograms depicting temperatures calculated from (a) sulphide-sulphide 
and (b) barite-sulphide pairs from the Thalanga deposit. Mineral pairs used in temperature 
calculations are indicated in Appendix J. 
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inorganically reduced during hydrothermal convection. The increase in 6345 values of 

disseminated and stringer pyrite in the footwall rhyolitic volcanics towards the massive 

sulphide deposit is a consequence of hot hydrothermal fluids containing reduced seawater 

sulphate and abundant igneous sulphur (possibly leached from the underlying rhyolite), 

mixing with cold seawater near the top of the footwall, and depositing massive sulphides on 

the seafloor or in a sub-seafloor position (Fig. 9.5a). As the hydrothermal system waned, the 

volume of partly reduced seawater increased, resulting in more oxidised hydrothermal 

solutions and therefore lower 6 345 values of sulphides towards the stratigraphic top of the 

ore lens (Fig. 9.5b). Barite is deposited (overprinting the sulphides) during the final stages of 
mineralisation when the hot hydrothermal solutions mix with cold seawater after venting at 

the seafloor, with the overlying seawater providing sulphate for barite formation. 

2. Temperatures of sulphide mineralisation at Thalanga are not able to be constrained using 

the sulphur isotope data, because most of the sulphide mineral pairs are in isotopic 

disequilibrium. Temperatures calculated from sphalerite-galena and pyrite-galena pairs 

that do exhibit equilibrium isotope patterns vary from 200 °C to 1000 °C, confirming that 

disequilibrium amongst co-existing sulphides is widespread at Thalanga. The most frequent 

calculated temperatures (350 °C to 550 °C) partly correspond to temperatures predicted for 

chalcopyrite mineralisation (200-350 °C; Large, 1992), but are more comparable to the 

temperature of metamorphism estimated from host rock mineralogies (Chapter 3). 

3. The 6345 values of pyrite disseminated in quartz-magnetite clasts located within the 

massive sulphide ore lenses are identical to that of the enveloping massive sulphides. This 

contrasts with the 634S values of pyrite in quartz-magnetite lenses along strike from the 

deposit, and higher in the stratigraphy at Thalanga, where the 6345 is significantly lower. 

Duhig et al. (1992) interpreted this pyrite with low 6 345 to have formed via biological 

reduction of seawater sulphate. The quartz-magnetite lenses may have been eroded and 

redeposited at Thalanga prior to sulphide mineralisation. Overprinting sulphide 

mineralisation may have modified the 6 345 values of pyrite disseminated in the quartz 

magnetite clasts, resulting in similar 6345 values to the enveloping massive sulphides. 
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Figure 9.5 Schematic depiction of the evolution of mineralising solutions and sulphur sources at 

the Thalartga deposit. The 834S values are for pyrite, except where noted for barite. (a) Igneous 

sulphur was leached from volcanics beneath the deposit by convecting hydrothermal solutions that 
contain reduced seawater sulphate. Ascending hydrothermal solutions mixed with reduced 
Cambro-Ordovician seawater near the top of the footwall. Sulphides were deposited at the seafloor 
or partly replace suitable volcanics or alteration in a sub-seafloor position. (b) As the hydrothermal 
system waned, increased amount of incompletely reduced wawater mixed with the hydrothermal 

solutions, and deposited sulphides with lower & 34S values. Barite was deposited at seafloor, with 

sulphate sourced directly from overlying seawater. 



CHAPTER 10. 

TEXTURAL AND MINERALOGICAL CHARACTERISTICS OF 
HYDROTHERMAL ALTERATION 

10.1 Introduction 

In modern and ancient seafloor hydrothermal systems, the ascent of mineralising fluids to the 

seafloor, and possible mixing with seawater en route, results in distinctive alteration in the 

rocks comprising the seafloor. The most common mass changes to the footwall rocks involve 

the addition of significant Fe, Mg, K and S, and the loss of Na, Ca and Si (Barrett and 

MacLean, 1994; Lianghat and MacLean, 1995). These mass changes are reflected in the 

mineralogy of the altered seafloor rocks, with many VI -LMS deposits in felsic volcanic units 

associated with intense footwall quartz-sericite-chlorite-pyrite alteration (e.g. Green et al., 
1981; Date et al., 1983; MacLean and Hoy, 1991; Large, 1992). 

The distribution of minerals interpreted to have formed as the result of hydrothermal 

alteration of the volcanic units that host massive sulphide deposits may reflect the 

composition and permeability of the footwall at the time of mineralisation (e.g Morton and 

Franklin, 1987; Large, 1992). Significant volumes of hydrothermal fluids can only flow 

through impermeable volcanic units, such as lavas, domes and sills, if suitable structures or 

zones of weakness are available to focus the fluids. Distinct alteration pipes may form in 

these circumstances, with sulphide deposition immediately above the structure or fluid 

pathway (e.g. Millenbach, Riverin and Hodgson, 1980; Knuckey et al., 1982; HeByer; 

Gerrunell and Large, 1992). Fluid flow is less focussed in permeable volcanic breccia or 

sandstone units, resulting in extensive, stratabound alteration of the footwall with little 

evidence of mineralogical zonation (e.g. Rosebery, Green et al., 1981; Que River, Offler and 

Whitford, 1992; the Lau basin, Fouquet et al., 1991). Large (1992) noted that the resulting 

sulphide deposit is thinner and more extensive in this situation than those developed over a 

more focussed discharge zone. Permeability of the volcanic units associated with VHMS 

deposits is directly related to the compositions of the volcanic units, with siliceous and more 

viscous magmas commonly producing volcaniclastic deposits, whereas more impermeable 

lavas or sills are commonly produced from less siliceous parent material, the exceptions 

including highly vesicular lavas or glassy products with perlitic fractures that may form in 

either mafic or felsic magmas. 

Similarly, the patterns and compositions of alteration in rocks overlying massive sulphide 

deposits may provide evidence of the timing of sulphide deposition and the evolution in the 
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composition of hydrothermal fluids. Hangingwall alteration is typically more subtle than 

footwall alteration and can vary from diffuse, blanket-style alteration (e.g. at Mt Chalmers, 

Large and Both, 1980; and Scuddles, Ashley et a/., 1988), to more pipe-like (e.g. Hellyer, 

Jack, 1989). 

Despite textural and mineral modification due to metamorphism, the whole-rock 

compositions of alteration zones associated with VHMS deposits are generally inferred to 

have been inherited from the protolith (e.g. McLeod and Stanton, 1984; Ashley et al., 1988). 

Although Huston (1993) has suggested that parts of the footwall alteration zones at 

Balcooma are metasomatic in origin. However, sharp compositional changes in 

metamorphosed alteration zones underlying other metamorphosed massive sulphide deposits 

are interpreted to have been present prior to metamorphism (Riverin and Hodgson, 1980; 

Schmidt, 1988). 

The objectives of this chapter are to document the mineralogy and textures of footwall 

hydrothermal alteration at Thalanga and also to describe the distribution of the 

hydrothermal minerals in the footwall. The composition, textural variations and 

distribution of alteration within the ore horizon and the hangingwall volcanics are also 

described in this chapter and compared with the style and relative timing of footwall 

alteration. Herrmann (1994) calculated mass changes in the composition of variously altered 

rhyolitic vokanics in the footwall at Thalanga and therefore similar calculations are not 

presented here. 

10.2 Footwall Alteration 

10.2.1 Types and Distribution of Footwall Alteration 

Quartz-muscovite ± chlorite ± pyrite-rich assemblages are confined to the rhyolitic volcanics 

and parts of the quartz 'eye volcaniclastic unit (QEV) within the ore horizon at Thalanga. 

Variation in the relative proportions of these minerals has resulted in five main styles of 

metamorphosed footwall alteration at Thalanga, and these are: 

(i) quartz-muscovite ± chlorite ± phlogopite ± <5 % pyrite, 

(ii) quartz-muscovite ± phlogopite alteration with >5 % pyrite veins, 

(iii) intense silicification, 

(iv) chlorite schist ± pyrite, and 

(v) clinozoisite-chlorite-tremolite assemblages. 

Quartz-muscovite ± chlorite ± phlogopite ± pyrite-rich assemblages are widespread and 

have overprinted the footwall rhyolitic volcanics for the entire strike length, and up- and 



Hydrothermal Alteration 	 283 

down-dip extent, of the massive sulphide lenses at Thalanga. Generally, the intensity of 

alteration decreases with distance from the massive sulphide lenses, and the quartz-

muscovite ± chlorite ± phlogopite ± pyrite assemblage extends up to 200 m stratigraphically 

below the mineralised horizon. The presence of partly to weakly altered feldspar crystals in 

the rhyolitic volcanics corresponds with a decreasing intensity of metamorphosed footwall 

alteration. 

Variations in the content of chlorite, phlogopite and pyrite are typically manifest as 

subvertical zones of quartz-muscovite ± phlogopite-rich assemblages (with pyrite veins in 

places) or chlorite-phlogopite > quartz-muscovite-rich assemblages that intersect the ore 

horizon at a low angle (Fig. 10.1a-c). In places, zones of chlorite-quartz-muscovite grade into 

zones of chlorite schist. Typically, the zones of chlorite schist ± pyrite and clinozoisite-

chlorite-tremolite-rich assemblages are more abundant towards the stratigraphic top of the 

footwall rhyolitic volcanics. Lenses of chlorite schist are present at the stratigraphic top of 

the rhyolitic volcartics in West and Central Thalanga (Chapter 11). Clinozoisite-chlorite-

tremolite assemblages are also more common in West and Central Thalanga, particularly 

underlying areas of carbonate-chlorite-tremolite (CTC) alteration within the ore horizon 

(e.g. diamond drill hole TH243A; Appendix A). 

An abrupt change in the abundance of pyrite marks the contact between quartz-muscovite ± 

chlorite ± phlogopite-rich assemblages and the subvertical zones of quartz-muscovite and 

pyrite veins (referred to as stringer zones) in the footwall rhyolitic volcanics. Stringer zones 

range from 5-70 m in thickness (Herrmann, 1994) and contain irregular to subvertical pyrite 

veins that are folded with axial planes parallel to S2 (Chapter 3). In East Thalartga and the 

Vomacka Zone, multiple stringer zones are present in the footwall rhyolitic vokanics and the 

thickest lenses of massive sulphides are typically present where these stringers zones 

intersect the ore horizon (Fig. 6.10). 

In the footwall rhyolitic vokanics at West and Central Thalanga, there is one main zone 

composed of abundant quartz-muscovite with numerous pyrite veins (Fig. 10.1a-c). The 

maximum thickness of this stringer zone directly underlies the thickest part of the ore 

horizon and extends down-dip, where it is truncated by a steep, N-dipping normal fault (Fig. 

10.1a-c). This stringer zone decreases in thickness up dip (as do the massive sulphide lenses) 

and generally does not extend up-dip of the massive sulphides. A second subvertical quartz-

muscovite-rich assemblage, with minor pyrite and traces of chlorite, is present 

approximately 50 m north of the main stringer zone in West Thalanga (Fig. 10.1a). 

Zones of intense silicification are located at the stratigraphic top of the footwall rhyolitic 

volcanics and locally up to 200 m stratigraphically below the ore horizon. In East Thalanga, 

a lozenge-shape zone of intensely silicified rhyolite is present at the stratigraphic top of the 
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is a visual estimation. Heavy dashed lines are faults. Abbreviations: chl = chlorite, fspr = feldspar, musc = muscovite, phlog = phlogopite, py = pyrite, qz = quartz, 
sp = sphalerite. 
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Figure 10.1 Cross sections along the (b) 20 310 mE at the eastern end of West Thalanga, and 
(c) 20 390 rnE section in Central Thalanga. See Fig. 10.1a for legend. 
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footwall (Fig. 6.10). Quartz-muscovite-pyrite-rich assemblages (including pyrite veins) 

underlie and are present at up-and down-dip of this intensely silicified zone. In West 

'Thalanga and western parts of Central Thalanga, the rhyolitic volcanics that have been 

moved upwards on the southern side of a normal fault (Fig. 10.1b,c) are locally strongly 

silicified (varying from light grey to pink in hand specimen) to weakly altered, with minor 

phlogopite and muscovite. The rhyolitic volcanics in this part of West and Central Thalanga 

are not overlain by massive sulphide lenses and are therefore interpreted to be located at the 

margins of the zone of hydrothermal alteration. 

10.2.2 Petrology and Microtextures of Footwall Alteration 

Quartz-Muscovite ± Chlorite ± Phlogopite ± Pyrite Assemblage 

Most volcanic textures have not been preserved in zones of quartz-muscovite-rich assemblages 

(e.g. Fig. 10.2a) within the footwall at Thalanga. Typically only quartz crystals have been 

preserved and feldspars are not present. However, there are a few locations where 

pseudomorphed feldspar crystals (white in hand specimen) are present within the rhyolitic 

volcanics immediately underlying massive sulphides. In thin section, the feldspars have been 

replaced by fine grained muscovite, calcite, epidote, quartz and locally chlorite (Fig. 10.2b,c), 

and are associated with a matrix of abundant fine grained muscovite, with chlorite and 

quartz. In some of the least altered rhyolitic volcanics, feldspar crystals have been albitised 

and partly replaced by quartz. 

The quartz-muscovite-rich assemblages are characterised by extensive mosaics of fine grained 

(<0.1 mm) equant quartz, with triple point grain boundaries, and variable amounts of fine 

grained (<0.05 mm) muscovite. These assemblages are interpreted to be the metamorphosed 

equivalent of a quartz-sericite hydrothermal alteration assemblage. The quartz and 

muscovite vary from evenly distributed and intergrown, to circular domains of intergrown 

quartz enveloped by muscovite (Fig. 10.2d-g). Variable proportions of phlogopite, chlorite, 

calcite and pyrite are typically disseminated through the intergrown quartz and muscovite. 

Coarse grained (0.5-1.0 mm) muscovite (confirmed by microprobe analysis), chlorite and 

phlogopite, are commonly present in pressure shadows around quartz or altered feldspar 

crystals and intergrown with euhedral pyrite. 

Increased abundance of chlorite and phlogopite is commonly at the expense of quartz or 

muscovite. Chlorite and phlogopite are typically intergrown with muscovite, and 

pseudofiamme textures are common. In places, domains of fine grained phlogopite ± chlorite 

may be altered pumice (Fig. 10.3a,b). Phlogopite is interpreted to have been metamorphosed 

from a chlorite-sericite hydrothermal alteration assemblage. Locally, chlorite and 

phlogopite porphyroblasts have overgrown the cleavage defined by fine grained muscovite 



Figure 10.2 Textures of quartz-muscovite ± phlogopite-rich footwall rhyolitic volcanics. 

(a) Silicified rhyolite clasts in a quartz-muscovite-rich matrix that also contains minor 

pyrite and traces of phlogopite. Sample TH255-135.5, West Thalanga. 

(b) Photomicrograph strongly altered feldspar crystal, now composed of fine grained 

muscovite, zoisite, quartz and phlogopite, within quartz-phlogopite-muscovite-rich 

rhyolitic volcanics in immediate footwall to massive sulphides. E765 Stope, 30 450 mN, 

31 910 mE. Plane light. 

(c) Same as (b) under crossed nicols. 

(d) Photomicrograph of quartz-muscovite-rich rhyolitic volcanics (possibly a breccia) with 

vague circular texture. Quartz has been strongly recrystallised, including embayed quartz 

phenocrysts (arrow). Sample C2037NI15-67.8, Central Thalanga. Plane light. 

(e) Same as (d) under crossed nicols. 

(f) Photomicrograph of typical strongly recrystallised quartz-muscovite-phlogopite-rich 

rhyolitic volcanics. Sample E3208SD36-40.8, East Thalanga. Plane light. 

(g) Same as (e) under crossed nicols. 
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Figure 10.3 Variations in the composition and textures of altered footwall rhyolitic 

volcanics. 

(a) Typical quartz-phlogopite-muscovite-pyrite-rich rhyolite breccia. Clasts have diffuse 

margins (arrow) and are more siliceous that matrix, which is mostly composed of blue 

quartz crystals and fine grained phlogopite. Sample TH35-201, East Thalanga. 

(b) Quartz-chlorite-phlogopite-rich rhyolitic vokanics. Rare blue quartz crystals are 

present in both the chlorite-phlogopite domains and quartz-rich domains. Vague arcuate 

textures may be the result of alteration of perlitic rhyolite or perlitic rhyolite breccia. 

Sample C2037NI15-81.4, Central Thalanga. 

(c) Samples of the footwall pyrite stringer zone. Top: strongly pyritic quartz-muscovite-rich 

assemblage. Sample TH238-114.5, Central Thalanga. Bottom: quartz-muscovite-pyrite-

rich assemblages with stringer pyrite. Sample E3208SD36-40.8, East Thalanga. 

(d) Pyrite stringers, and traces of chakopyrite, within quartz-muscovite-phlogopite-rich 

rhyolitic volcanics. Sample TH137A-185.2, West Thalanga. 

(e) Massive pyrite vein from within stringer zone. S2 cross cuts vein boundary. Sample TH230- 

138.6, Central Thalanga. 

(f) Strongly siliceous stringer zone containing fine grained sphalerite disseminations and 

veins around altered pumice clasts. Sample E3198SI12-19.8, East Thalanga. 

(g) Strongly silicified rhyolific vokanics (type A) from East Thalanga. Top: intensely 

silicified quartz-phyric rhyolite, containing trace of muscovite (concentrated in veins 

subparallel to, but cross cut by deavage). Sample TH359-160.5. Bottom: strong-intensely 

silicified rhyolitic volcanics, with muscovite parallel to cleavage. Sample E3204SI31- 

4.5. 

(h) Strongly silicified rhyolitic vokanics (type B) from West and Central Thalanga. Top: 

strongly silicified quartz sandstone (blue quartz grains). Pink colour due to disseminated 

fine grained hematite. Sample C2037NI15-33.5. Bottom: strongly silicified quartz 

sandstone with rare pyrite veins cross cut by quartz veins. Sample W2031ND46-29.5. 
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and elongate microcrystalline quartz (Chapter 3). Chlorite blotches (up to 2 cm in diameter) 

appear to have overprinted quartz-muscovite assemblages in parts of the footwall. In thin 

section, these blotches are composed of fine grained muscovite, minor phlogopite and chlorite. 

Quartz-Muscovite ± Phlogopite Assemblage with Pyrite Veins (Stringer Zones) 

Stringers zones are typically composed of 5-50 % pyrite veins that are intergrown with 

quartz- or quartz-muscovite-rich assemblages (up to 35 % muscovite) (Fig. 10.3c,d). However, 

pyrite veins are also present within zones of quartz-muscovite-phlogopite assemblages and 

strong chlorite alteration. It is therefore interpreted that pyrite stringer veins were present in 

quartz ± sericite, quartz-sericite-chlorite and chlorite alteration zones prior to 

metamorphism. Stringer zones close to the massive sulphide lenses contain more pyrite and 

chalcopyrite (50 % pyrite veins, 52 % chalcopyrite) than stringer zones further from the ore 

horizon (e.g. Fig. 6.10) 

Pyrite stringer zones have similar microtextures to quartz-muscovite-rich assemblages, with 

abundant equant, fine grained quartz, minor domains of fine grained muscovite and 

disseminated euhedral pyrite. Pyrite veins vary from <5 mm to 2 m in thickness (Fig. 10.3d,e) 

and comprise intergrown subhedral to anhedral pyrite grains, with rare interstitial 

chalcopyrite, or euhedral pyrite disseminated in either muscovite or colourless chlorite. In a 

few locations in Central and East Thalartga, sphalerite and sphalerite-pyrite veins are 

present within the footwall rhyolitic volcanics (Fig. 10.30. Phlogopite and quartz gangue is 

present in some sphalerite-pyrite veins. Pyrite-barite veins cross cut the pyrite stringer veins 

in the immediate footwall to the massive sulphides in Central Thalanga and locally in East 

Thalanga (Chapter 3). 

Intense Silicification 

Intensely silicified rhyolitic volcanics at Thalanga appear coherent in hand specimen, but 

the presence of rare non-volcanic lithic clasts (evident in thin section) indicates that some 

intensely silicified rhyolitic volcanics were originally dastic (Chapter 4). Most intensely 

silicified rhyolitic volcanics at Thalanga are grey to white and rarely pinkish in hand 

specimen with small (<2 mm) colourless or rarely blue quartz crystals (Fig. 10.3g,h). 

Microtextures indicate that there are at least two types (here named types A and B) of 

intensely silicified rhyolitic volcanics at Thalanga. 

Type A silicification: The intensely silicified (type A) rhyolitic volcanics are white to grey 

in hand specimen (e.g. Fig. 10.3g, top) and are composed of a mosaic of fine grained (0.01-0.2 

mm) quartz and minor muscovite. Rare irregular albite grains are present and may have 
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formerly been feldspar phenocrysts (Fig. 10.4a). Evenly distributed, subhedral, partly 

embayed quartz crystals are also present in intensely silicified rhyolitic volcanics. 

Type B silicification:  Type B silicified rhyolitic volcanics are grey to pink in hand specimen 

(e.g. Fig. 10.3h). The matrix of type B is composed of two populations of quartz; (i) 

cryptocrystallhie (<0.01 mm in size) quartz and possible feldspar, and (ii) irregular quartz 

grains that are 0.05-0.1 mm in size (Fig. 10.4b), and is therefore inferred to be a silicified 

rhyolitic sandstone. Subhedral quartz and feldspar crystals are 0.5-2 mm in diameter, and the 

feldspars have been albitised and partly replaced by quartz. 

Traces of phlogopite and pyrite are disseminated through both styles of silicification, 

resulting in weakly developed cleavage. Pyrite stringers sub-parallel to S2 are common at the 

margins of the intensely silicified rhyolitic volcanics (type A) at the stratigraphic top of the 

footwall in East Thalanga, but are generally absent from other intensely silicified rhyolitic 

volcanics elsewhere at Thalanga. 

Chlorite Schist ± Pyrite 

Massive, fine grained chlorite is present as discrete domains within the footwall and chlorite 

is also disseminated in parts of quartz-muscovite-pyrite-rich assemblages. Zones of massive, 

fine grained chlorite within footwall are typically strongly foliated (now chlorite schist) 

and have a mottled texture due to disseminated phlogopite (Fig. 10.4 c). The chlorite is Mg-

rich (Chapter 3) and colourless in thin section. Pyrite is present as either disseminated, 

euhedral grains, or as irregular veins subparallel to cleavage. Volcanic textures are typically 

not preserved in the zones of chlorite schist, except for rare quartz crystals and clinozoisite 

grains that may be after feldspar crystals. 

Clinozoisite-Chlorite-Tremolite Assemblage 

Clinozoisite is pink to white in hand specimen and is present as both pervasive anhedral 

intergrowths with chlorite and tremolite (or actinolite in places) (Fig. 10.4d), and as 

irregular zones of clinozoisite blebs within chlorite ± phlogopite ± muscovite alteration, that 

may be pseudomorphs of feldspar crystals (Fig. 10.4e, top). In thin section, clinozoisite rims 

irregular grains of zoisite, both of which are intergrown with tremolite. The chlorite is Mg-

rich (Chapter 3) and colourless in thin section, with grey green birefringence. Fine grained 

(<0.1 mm) muscovite and rare subhedral grains of sphene are present in some samples. Zones of 

clinozoisite-chlorite-tremolite have diffuse contacts with the quartz-muscovite ± 

phlogopite-rich assemblages (Fig. 10.4e, bottom). 



Figure 10.4 Further examples of footwall alteration at Thalanga. 

(a) Photomicrograph of type A silicified rhyolitic volcanics with irregular albite grain and 

minor fine grained muscovite in a mosaic of recrystallised, equigranular quartz. Sample 

E3216SD48-29.3, East Thalanga. Crossed nicols. 

(b) Photomicrograph of type B strongly silicified rhyolitic volcanics (feldspar- and quartz-

bearing sandstone) comprising quartz crystals, fine grained quartz matrix, and 

intermediate-sized quartz grains. Sample C2039ND20-40, Central Thalanga. Crossed 

nicols. 

(c) Hand specimen of chlorite schist, with minor phlogopite and veins of pyrite and dark red-

brown sphalerite. Located between intensely silicified (type A) rhyolite and quartz-

muscovite-pyrite-rich rhyolitic volcanics. Sample TH265-181.3, East Thalanga. 

(d) Pervasive clinozoisite-tremolite-chlorite alteration, with irregular patches of pink 

clinozoisite intergrown with tremolite and chlorite. Sample TH243A-334, West 

Thalanga. 

(e) Examples of less pervasive clinozoisite-tremolite-chlorite alteration. Top: subhedral 

clinozoisite grains in chlorite (and minor phlogopite) -rich matrix cross cut by pyrite 

veins. Sample TH245482.3, West Thalanga. Bottom: diffuse, irregular contact between 

pervasive clinozoisite-tremolite-chlorite alteration and quartz-phlogopite altered 

rhyolitic volcanics. Sample C2037NI15-62, Central Thalanga. 

(f) Pervasively altered rhyolitic volcanics: beige domain is composed of diopside intergrown 

with clinozoisite, which has overprinted the green domain of tremofite. Sample 

E3160SD30-59.1, Vomacka Zone. 

(g) Pseudoclastic texture produced by phyllosilicate-rich domains (fine grained phlogopite) 

between interconnected domains of quartz-rich alteration. Bipyramidal blue quartz 

phenocrysts (total = 5 %) are present in both areas. Minor disseminated pyrite is 

concentrated in phlogopite-rich domains. Sample TH252-51, East Thalanga. 

(h) Phlogopite-rich quartz-feldspar-phyric rhyolite, with relic perlite and patchy, 

irregular quartz-rich domains. Sample 955-4, Central 'Thalanga. 
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Subhedral quartz crystals are present in zones of weak clinozoisite-chlorite-tremolite 

alteration, but are typically absent in areas of intense clinozoisite-chlorite-tremolite 

alteration. This indicates that clinozoisite may have formed by reaction between chlorite, 

calcite and quartz during metamorphism (producing clinozoisite and tremolite; Chapter 3), 

and therefore chlorite and calcite are the likely precursor phase produced during the 

hydrothermal alteration. Quartz may have been both hydrothermal in origin and also 

present as volcanic crystals. 

In some places, diopside is also present in this alteration assemblage (Fig. 10.40. In these 

locations, diopside is intergrown with clinozoisite and calcite and appears to overprint 

domains of randomly oriented tremolite. This suggests that diopside is a metamorphic phase 

produced by the reaction between tremolite, calcite and excess quartz according to the 

reaction: 

Ca2Mg5Si8022(OH)2 + 3CaCO3  + 2Si02  = 5CaMgSi206  + 3CO2  + H20 

tremolite 	+ calcite + quartz = diopside. 

10.2.3 Mesotextures of Footwall Alteration 

Pseudoclastic Textures 

Pseudoclastic textures are common in the footwall rhyolitic vokanics and are present in both 

primary volcaniclastic and coherent rhyolite facies. As described in Chapter 4, distribution 

and abundance of quartz (and feldspar where present) crystals may indicate whether 

alteration has overprinted coherent or clastic facies. Evenly distributed crystals in both the 

apparent clasts and the 'matrix' are interpreted to indicate that the precursor was uniformly 

porphyritic. The most common pseudoclastic texture in the footwall at Thalanga comprises 

wispy phyllosilicate-rich patches that resemble flattened pumice clasts. These are referred 

to as pseudofiamme (Fig. 10.4g). 

Most pseudofiamrne are composed of chlorite-, phlogopite- or muscovite-rich domains 

enveloped by quartz-rich domains. Where present, fine grained euhedral pyrite is 

preferentially disseminated in the chlorite or phlogopite, rather than the quartz-rich, 

domains. Crystal composition and distribution does not vary between the phyllosilicate-rich 

patches and the matrix, and together with unbroken crystals overlapping the margins of 

phyllosilicate-rich areas, this indicates that two-stage hydrothermal alteration (involving 

initial phyllosilicate alteration, followed by quartz alteration) had overprinted a possibly 

coherent, glassy or partly devitrified precursor (cf. Allen, 1988). 
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Altered Perlite 

Perlite is present in the least altered, formerly glassy, coherent feldspar-quartz-phyric 

rhyolites at Thalanga, where it is accentuated by phlogopite in the kernels and quartz along 

the arcuate fractures (Fig. 4.4). Figure 10.4h shows incipient pseudoclastic texture in a perlitic 

rhyolite, whereby irregular domains (pseudoclasts) of quartz are enclosed by phlogopite 

(metamorphosed from chlorite-sericite alteration). In thin section, the phlogopite and 

perlitic fractures have been overprinted by quartz and fine grained muscovite (Fig. 10.5a,b), 

resulting in phlogopite-rich pseudoclasts in a "matrix" of quartz-muscovite in more altered 

rhyolites (Fig. 10.5c). Elsewhere, fine grained muscovite occurs along the perlitic fractures, 

producing a network of muscovite enveloping circular quartz kernels (Fig. 10.5d). Convincing 

perlitic textures are destroyed with increased abundance of muscovite (increased sericite 

alteration), although isolated kernels of recrystallised quartz in abundant fine grained 

muscovite hints at a possible perlitic precursor (Fig. 10.5e,f). The presence of partly 

recrystallised spherulites in Figure 10.5 (e,f) supports the interpretation that this sample 

was formerly a glassy rhyolite. Comparison with perlitic dacite, where biotite has 

overprinted the perlitic fractures, shows that there are domains containing abundant 

fractures that now appear as a polygonal network of biotite (Fig. 10.5g,h), similar to some 

altered rhyolitic volcanics. 

Altered Pumice Breccia 

In some samples, domains of elongate quartz separated by fine grained muscovite and 

anhedral calcite are interpreted to be altered tube pumice clasts (Fig. 10.6a,b). The muscovite 

and calcite may define tube walls and the quartz is inferred to have filled tubes. The pumice 

clasts are inferred to have been uncollapsed prior to alteration because quartz was able to fill 
the tubes, thus indicating that the alteration must have predated burial compaction and 

deformation. Fine grained sphalerite stringer veins occur around the silicified pumice clasts 

(Fig. 10.30, further indicating that silicification pre-dated mineralisation. Phyllosilicate 

alteration of pumice clasts in the footwall rhyolitic volcanics must also predate deformation, 
as they are flattened parallel to S2 (Chapter 4). However, it is unclear whether 
phyllosilicate alteration predated or post-dated diagenetic compaction. 

10.3 Alteration within the Ore Horizon 

10.3.1 Alteration of the QEV 

There are two main types of metamorphosed alteration assemblages within the QEV units at 

Thalanga; (i) quartz-muscovite-rich assemblages, and (ii) epidote-actinolite-rich 



Figure 10.5 Textural evidence of the alteration of formerly glassy rhyolitic volcanics at 

Thalanga. 

(a) Photomicrograph of recrystallised fine grained quartz that has overprinted the partly 

altered perlitic textures (defined by phlogopite-chlorite) within a quartz-feldspar-

phyric rhyolite. Sample 955-4, Central Thalanga. Plane light. 

(b) Same as (a) under crossed nicols. 

(c) Quartz-muscovite-phlogopite-pyrite-rich rhyolite, with arcuate textures that are 

interpreted to be altered perlitic fractures. Irregular phlogopite-rich domains have 

diffuse contacts with interconnected domains of quartz-muscovite, and are therefore 

interpreted to be pseudoclasts. Sample O'-91-38, C860 Stope: 20250 mN, 20 429 mE, 

Central Thalanga. 

(d) Photomicrograph of altered perlitic rhyolite breccia: arcuate textures defined by fine 

grained muscovite within domains of recrystallised quartz are interpreted to be altered 

perlitic fractures. Sample W2033ND34-82.8, West Thalanga. Plane light. 

(e) Spheroidal zones of equant, recrystallised quartz and partly recrystallised spherulites 

are enveloped by a network of fine grained muscovite, which may be altered and 

metamorphosed perlitic fractures. Sample TH5-337.6, Central Thalanga. Plane light. 

(f) Same as (e) under crossed nicols. 

(g) Relic classical perlitic fractures in dacite, now overprinted by biotite. Local polygonal 

texture occurs where polygonal domains of fine grained quartz-feldspar groundmass are 

enclosed by a network of biotite. Sample TH5-143.7, Central Thalanga. Plane light. 

(h) Same as (g) under crossed nicols. 
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Figure 10.6 Altered tube pumica breccia (footwall rhyolitic volcanics) and alteration 

variations within the quartz 'eye' volcaniclastic unit (QEV). 

(a) Photomicrograph of altered tube pumice breccia. Tube wall are defined by fine grained 

muscovite and anhedral calcite, and recrystathsed quartz has filled the tubes. Sample 

E3198SI12-14.8, East Thalanga (same as Fig. 10.30. Plane light. 

(b) Same as (a) under crossed nicols. 

(c) Strongly altered QEV. Top: muscovite- and quartz-rich matrix between quartz crystals 

also contains altered (now muscovite) feldspar crystals. Dark grey streaks are phlogopite. 

Galena is present in the pressure shadows of some quartz phenocrysts. Sample TH262-225, 

East Thalanga. Bottom: thlorite-phlogopite-muscovite-rich QEV, with elongate blebs of 

pyrite. Some elongate muscovite-rich domains may be altered feldspar or, where 

attached to quartz crystals, altered groundraass of formerly glassy or pumiceous QFP 

clasts. Sample TH249-209, West Thalanga. 

(d) Quartz-muscovite-rich QEV, with disseminated pyrite and minor sphalerite. Wispy, 

irregular domains of fine grained muscovite, with clinozoisite pseudomorphs of feldspar, 

may be altered pumice, although the margins of clasts are difficult to determine due to 

the overprinting alteration. Coarse blue quartz crystals are present in the siliceous 

matrix. Sample TH249-222.5, West Thalanga. 

(e) Irregular, vertical chalcopyrite vein within the QEV is enclosed by epidote-rich 

assemblage. Shallowly-dipping, discontinuous chakopyrite veins extend from the 

footwall side of the chakopyrite. Location: W690 Stope, West Thalanga. Facing to right. 

(f) Massive actinolite with interstitial epidote. Sample TH245-502, West Thalanga. 

(g) Epidote-albite-tremolite/actinolite-rich zone within the QEV breccia facies. 

Clinozoisite pseudomorphs the quartz phenocrysts and albite has replaced the 

groundmass of QFP clasts. The matrix is now composed of tremolite-chlorite and minor 

epidote/clinozoisite. Sample W2011ND28-28.8, West Thalanga. 
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assemblages. Quartz-muscovite-rich assemblages are present in the QEV units in Central 

Thalartga, and in QEV units that occur between the footwall and hangingwall massive 

sulphide lenses in East Thalartga. Epidote-actinolite-rich assemblages have overprinted 

QEV units in West Thalanga and are only present in minor amounts in East Thalanga. 

Quartz-Muscovite Assemblages 

The quartz-muscovite-rich QEV units (inferred to have been metamorphosed from quartz-

sericite altered QEV) contain pyrite and minor sphalerite and chakopyrite disseminations, 

blebs and veins that are subparallel to S2 . The most quartz-muscovite-rich QEV directly 

overlies the thickest and most pyrite-chalcopyrite-rich parts of the footwall massive 

sulphide lens in East Thalanga (Fig. 6.10). The abundance of quartz-muscovite within the 

QEV decreases up-dip as the footwall massive sulphide lens gradually becomes thinner and 

contains more QFP and rhyolite clasts. The area of quartz-muscovite-rich QEV is similar in 

extent to the hangingwall ore lens, which also decreases in thickness and abundance of 

sulphides up-dip. Feldspars are not preserved in the most quartz-muscovite-rich QEV units in 

East Thalanga, resulting in an apparently quartz-only sandstone (Fig. 10.6c, top), but altered 

feldspars (now composed of muscovite ± calcite ± quartz) are present in the less-altered parts 

of the QEV. Irregular wisps of intergrown, fine grained muscovite and muscovite-rich QFP 

clasts (with apparent crystal enrichment) within the QEV are inferred to be altered pumice 

clasts (Chapter 4). 

Where the QEV is overlain by massive sulphides in West Thalanga, the QEV contains 

abundant muscovite-phlogopite ± chlorite (Fig. 10.6c, bottom), suggesting that prior to 

metamorphism, these parts of the QEV had been overprinted by sericite-chlorite alteration. 

The discontinuous lenses of QEV in Central Thalanga vary from muscovite-rich with variable 

phlogopite, to siliceous with minor muscovite (Fig. 10.6d). Feldspar crystals are now 

composed of muscovite or zoisite, and pyrite is typically disseminated through the QEV 

matrix. In places, intense quartz-sericite alteration is inferred to have destroyed 

volcaniclastic textures, with quartz phenocrysts the only volcanic texture preserved within 

intergrown fine grained quartz and muscovite. Wispy domains of fine grained muscovite may 

be altered pumice clasts. Pyrite stringers and disseminated blebs of pyrite are common in the 

quartz-muscovite-rich QEV units in Central and West Thalanga. 

Epidote-Actinolite Assemblages 

Distribution: In West Thalanga there is a sharp contact between massive sulphides and the 

overlying QEV (Chapter 6). However, in most places, there is an epidote-actinolite-rich zone 

between the massive sulphides and the QEV, which has sharp contacts with the massive 

sulphides and gradational contacts with the QEV (Fig. 10.1a). Chalcopyrite veins within 
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the QEV units are enclosed by intergrown epidote-actinolite/tremolite (Fig. 10.6e). Epidote-

actinolite-rich assemblages also occur at the few contacts between the QEV and underlying 
CTC assemblages, with domains of tremolite, or tremolite-chlorite and minor epidote, present 

between the epidote-actinolite and the CTC units. Where massive sulphide lenses are not 

present, epidote-rich QEV stratigraphically overlies, with gradational contacts over 20 cm, 

quartz-muscovite-pyrite-rich QEV (e.g. diamond drill hole TH249; Appendix A). Epidote-

tremolite-chlorite-rich assemblages are present within parts of the QEV breccia units in East 

'Thalanga, where they are typically associated with zones of abundant sulphides near the 

base of QEV breccia facies. Epidote-tremolite-chlorite-rich assemblages also occur as gangue 

in the mineralised upper rhyolite breccia. 

Textures and Mineralogy: Areas of massive epidote-actinolite-rich assemblages vary from 
massive epidote-rich to massive actinolite/ tremolite with minor epidote (Fig. 10.60. 

Typically sheaf s of acicular actinolite, anhedral epidote, minor phlogopite, traces of 

anhedral K-feldspar, and accessory apatite and sphene constitute the epidote-actinolite 
assemblages. Tremolite, rather than actinolite, is more common towards the stratigraphic 

base of domains of epidote-actinolite-rich QEV units in West Thalanga. Locally, clinozoisite 
rather than epidote is intergrown with actinolite, and anhedral clinozoisite typically has 
cores of subhedral epidote or zoisite. These assemblages are interpreted to have been 

produced by the metamorphism of chlorite-calcite-quartz-rich hydrothermal alteration 

assemblages (Chapter 3). Epidote-actinolite assemblages are inferred to have formed from 
units that contained Fe-rich chlorite, whereas clinozoisite-tremolite formed from units that 

contained Mg-rich chlorite (see Chapter 3 for possible reactions). 

In the contact zones between weakly altered QEV units and regions of massive epidote, or 

massive tremolite with traces of epidote, the quartz and feldspar crystals (both in the QEV 

matrix and in QFP clasts) have been partly replaced by clinozoisite, albite, 

actinolite/ tremolite, calcite and phlogopite (Fig. 10.6g). In most cases, this alteration is 

restricted to fractures and subgrain boundaries within the quartz crystals (Fig. 10.7a,b), but 
rare quartz crystals have been completely replaced by clinozoisite. The matrix between 

crystals, and groundmass of QFP clasts, has been variably replaced by chlorite, 

microcrystalline muscovite and epidote. 

Similar textures are evident in the epidote-tremolite-chlorite-rich assemblages from East 

Thalanga, with zoisite or clinozoisite typically intergrown with tremolite and albite, and 

minor chlorite and calcite. Chalcopyrite and sphalerite are present along fractures in quartz 

and clinozoisite, in inclusions in tremolite and in inclusions in altered feldspar crystals. At 

the margin of some QFP clasts (particularly where in contact with pyrite-chalcopyrite-

phlogopite veins), Ba-rich margarite (indicated by microprobe) is intergrown with 



Figure 10.7 Composition and textures of altered quartz-feldspar-porphyry (QFP). 

(a) Photomicrograph of partly clinozoisite-altered quartz phenocryst from QFP clast within 

the QEV. Clinozoisite and fibrous tremolite occur along subgrain boundaries within the 

quartz phenocryst and sphene and minor calcite have enclosed an anhedral zoisite grain 

within the quartz-muscovite-rich groundmass. Sample W2031ND07-61.6, West 

Thalanga. Plane light. 

(b) Same as (a) under crossed nicols. 

(c) Irregular to spherical domains of biotite within the chloritic groundmass of the 

stratigraphically lowest QFP sill in East Thalanga. Sample E3212SI18-46. 

(d) Epidote-rich groundmass of the stratigraphically uppermost QFP sill in East Thalanga. 

Sample TH274-261.3. 

(e) Pervasive silicification of QFP (30 cm sized clast located within, and near stratigraphic 

top of massive sulphide lens) in Central Thalanga. Sample CT-91-18. C860 Stope: 20 232 

mN, 20 422 mE. 

(f) Diffuse contact between typical dark grey, biotite-quartz-rich QFP and light grey, 

muscovite-rich QFP. In the muscovite-rich zone, the feldspar pseudomorphs are composed 
of biotite, fine grained muscovite, quartz, whereas in the biotite-rich zone, the feldspar 

pseudomorphs are composed of albite and quartz. Sample TH205-71, Central Thalanga. 

(g) Albite-quartz altered feldspar phenocryst, with minor phlogopite. The groundmass 

contains abundant phlogopite and minor epidote. Sample TH205-71, Central Thalanga. 

Plane light. 

(h) Same as (g) under crossed nicols. 
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plagioclase and has rimmed quartz crystals. The margarite has been partly replaced, along 

cleavage planes and grain boundaries, by chalcopyrite. 

103.2 Alteration of the QFP 

The stratigraphically lowest QFP sill in East Thalanga (Fig. 6.10) is moderately chloritic, 

with chlorite-biotite spots to disseminated chlorite present in the groundmass (Fig. 10.7c). 

Diffuse chlorite-quartz veins also cross cut the QFP in places. This differs from the overlying 

QFP units (located between the footwall and hangingwall ore lenses) that are typically 

siliceous, contain few to moderately abundant epidote-quartz veins and have irregular zones 

of albitised feldspars that are pink in hand specimen (Fig. 10.7d). Although single QFP clasts 

within the massive sulphide lenses are typically strongly silicified (Fig. 10.7e), the QFP 

mega-clasts in Central Thalanga have a groundmass almost completely replaced by fine 

grained muscovite (Fig. 10.70. Feldspar phenocrysts in the QFP mega-clasts are now 

composed of phlogopite, or quartz and fine grained muscovite (Fig. 10.7g,h). 

103.3 Carbonate- and Chlorite-rich (CTC) Units 

Most of the sulphide lenses in West Thalanga are hosted by CTC assemblages (Chapter 6), 

yet similar carbonate- and chlorite-rich units are not present in East Thalanga. Calcite, 

dolomite, chlorite and tremolite are the main components of the CTC units at Thalanga, and 

the main types of CTC units are: 

(i) carbonate-chlorite-tremolite assemblage: 5-50% calcite and dolomite, intergrown with 

chlorite and variable amounts of tremolite; 

(ii) chlorite-tremolite assemblage: khaki to dark green chlorite with tremolite crystals (5.3 

cm in length). Tremolite crystals are radial, or subparallel to the cleavage, and there is 

<5% carbonate; and 

(iii) chlorite schist: foliated chlorite, dark green to black in hand specimen, contains minor 

muscovite, phlogopite and sphene and rare tremolite crystals. 

Most CTC units are confined to the ore-horizon and are extensive in the West Thalanga lens, 

with minor occurrences in the western parts of Central Thalanga. Massive chlorite (chlorite 

schist) is common in West Thalanga, particularly underlying the thickest parts of the ore 

horizon (Fig. 10.1a-c). Carbonate-chlorite-tremolite and chlorite-tremolite assemblages 

occur within the ore-horizon, between the chlorite schist and the overlying QEV (Fig. 

10.1a,b). The irregular to gradational contact between the carbonate-chlorite-tremolite and 

chlorite-tremolite assemblages is marked by the change in carbonate abundance, and 

carbonate-rich regions are more prevalent in the cores of chlorite-tremolite dominated 

assemblages (Herrmann, 1994). 
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Lenses and veins of polymetallic massive sulphides occur in the carbonate-chlorite-tremolite 

and chlorite-tremolite units, whereas pyrite ± dialcopyrite veins and disseminations are 

typically associated with chlorite schist (Chapter 6). The massive sulphides are up to 30 m 

thick adjacent to the major normal fault between West and Central Thalanga. Along strike 

from this position, the sulphides become thinner and more vein-like, and the carbonate-

chlorite and chlorite-tremolite units predominate (Fig. 10.1b). Herrmann (1994) reported 

that CTC units do not extend more than 150 m beyond ore. 

East Thalanga and the Vomacica Zone contain very little carbonate, with calcite present as a 

minor gangue phase in the footwall lens and the mineralised upper rhyolite breccia. Chlorite 

schist occurs at the contact between the quartz-muscovite ± pyrite altered rhyolitic volcanics 

and the intensely silicified rhyolite (silicification 1), and rarely at the stratigraphic top of 

the footwall (Fig. 6.10). Tremolite is a gangue mineral within the hangingwall ore lens in 

East Thalanga and parts of the ore lens in the Vomacka Zone. The petrology, textures and 

origins of the CTC units, as well as the paucity of CTC units in East Thalanga, compared with 

their abundance in the ore horizon of West Thalanga, are discussed in Chapter 11. 

10.4 Hangingwall Alteration 

10.4.1 Alteration of the HWF 

Despite the abundant fine grained muscovite in the siltstone and sandy siltstone facies and . 

matrix of rhyolite breccia units within the HWF, feldspar crystals are typically only 

weakly altered to muscovite. Most feldspars are now albite. Irregularly distributed domains 

of biotite-rich quartz-feldspar sandstone facies in the HWF, present in both West and East 

Thalanga, also contain minor anhedral barite. Although the biotite is inferred to be 

metamorphic in origin (Chapter 3), the barite may be related to waning hydrothermal 

alteration. 

Irregular domains of intergrown fine grained phlogopite and muscovite, with feathered ends 

and abundant quartz and feldspar crystals, are interpreted to be altered pumice clasts 

(Chapter 4). These clasts are flattened parallel to cleavage and are therefore interpreted to 

have been altered prior to regional deformation. Silicified rhyolite clasts present within 

breccia facies of the IMF are inferred to have been altered prior to deposition as evidence of 

silicification does not extend beyond the clast margin. However, rare subvertical bands (<5 cm 

in thickness) of quartz, with diffuse margins have overprinted the sandstone facies of the 

HWF. 
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10.4.2 Alteration in the Dacite and Dacite Breccia Units 

Quartz-Epidote Assemblages 

Distinctive fracture-controlled to irregular patches of intergrown quartz-epidote are common 

within the dacite and andesite stratigraphically overlying the ore horizon at Thalanga 

(Fig. 10.8a-c). Locally, quartz-albite-chlorite, with variable epidote alteration may 

overprint the dacite (Fig. 10.8d). Only rare veins and diffuse patches of quartz-epidote are 
present in otherwise weakly altered feldspar-quartz-phyric rhyolite in the footwall. 

Typically, the quartz-epidote veins are <1 cm in thickness (Fig. 10.8a) and also contain minor 

chlorite, variable amounts of sulphides (chalcopyrite, sphalerite and galena in particular) 

and have chlorite ± actinolite ± epidote selvages. Strongly silicified alteration haloes 

around the veins also contain traces of hematite (pink colour in hand specimen) and, in places, 

disseminated epidote (Fig. 10.8b). Thin selvages of epidote also rim rare spherical inclusions 

(up to15 cm in diameter) of pink, sugary calcite (Fig. 10.8e), and veins of epidote-chlorite cross 

cut local dacite breccia with a pink calcite matrix (Fig. 10.80. Rare pyrite veins (<2 mm 

thick) within the dacite have chloritic selvages and epidote-rich haloes. 

Quartz-epidote assemblages are more common in the dacite units overlying the western half 

of Central Thalanga and parts of West Thalanga, than in East 'Thalanga or the Vomacka 

Zone. This may be partly due to the abundance of ENE-trending normal faults (1) 3) in Central 

Thalanga, or possibly due to the presence of a larger area of exposure in the decline and the 

larger number of drill holes collared from within the dacite in Central and West Thalanga 
compared with East Thalanga. Alternatively, quartz-epidote assemblages within dacite 

may be more prevalent in Central Thalanga because locally the dacite directly overlies 

massive sulphide lenses, compared to East Thalanga, where 5-18 m of HWF is present 

between the sulphides and overlying dacite. Where dacite directly overlies the sulphide 

lenses it is strongly bleached and silicified, with veins of quartz-epidote and minor chlorite. 

This style of alteration is irregularly distributed, but is more abundant where associated 

with piercement veins and remobilised sulphides (Fig. 3.17f and Fig. 3.18a). 

Stolz (1991) suggested that the quartz-epidote assemblage with the dacite at Thalanga may 

be hangingwall alteration associated with the continuation of hydrothermal alteration after 

sulphide mineralisation. Indeed, the presence of folded quartz-epidote veins, with axial 

planes parallel to S2, and the random orientation of the quartz-epidote veins (Chapter 3) 

indicates that they (or their pre-metamorphic equivalents) formed prior to deformation. 

However, irregular zones of quartz-epidote are abundant (although not ubiquitous) adjacent to 

zones of faulting and sulphide remobilisation, suggesting that quartz-epidote assemblages 

may also have formed during deformation. Epidote is also disseminated in the groundmass of 

microdiorite dykes inferred to post-date regional deformation. These inconsistent timings of 



Figure 10.8 Alteration within the dacite and dacite breccia. 

(a) Epidote-quartz vein, containing traces of pyrite and chalcopyrite and without an 

alteration halo in the dacite, dips moderately west and is cross cut by ENE-trending 

normal fault to the east of this location. 

Central Thalanga: 955 mRL, 20 210 mN, 20 600 mE. 

(b) Two generations of epidote-rich veins in dacite; (1) epidote-quartz-chlorite vein, with 

minor pyrite and pink alteration halo in dacite, and (2) cross cutting epidote vein with 

traces of pyrite and minor pink alteration halo. Central Thalanga: 955 mRL, 20 210 mN, 

20 432 mE. 

(c) Irregular-shaped epidote-rich domain, with minor chlorite and patchy quartz. Traces of 

pyrite are also present. Central Thalanga: 955 n-tRL, 20 210 mE, 20 525 mE. 

(d) Albite-chlorite-rich assemblage that has overprinted coherent dacite. Sample 2011N112-

23.8, West Thalanga. 

(e) Spheroidal, calcite and quartz-filled inclusion in dacite, with rim of epidote-quartz-rich 

dacite. Pink, sugary calcite fills most of the inclusion, with anhedral quartz, and void-

fill white to clear calcite filling the remainder. Sample 955-21, Central Thalanga. 

(f) Pink, sugary calcite matrix to dacite breccia (partly jigsaw fit texture) is cross cut by 

chlorite-epidote veins that have an epidote alteration halo. Sample W2033NI15-44.3, 

West Thalanga. 

(g) Zones of silicification in dacite: Top: patchy silicification of matrix between dacite clasts 

(jigsaw-fit texture) in monomict breccia at contact between coherent dacite and underlying 

HWF. Sample C2069ND40-27, Central Thalartga. Bottom: strongly silicified dacite in 

halo about vein of remobilised chalcopyrite and minor sphalerite. Sample C2037NH00-

6.7, Central Thalanga. 

(h) Photomicrograph of patchy chlorite alteration within perlitic dacite clasts which has 

resulted in pseudoclastic texture. Sample TH239-136, Central Thalanga. Plane light. 
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quartz-epidote alteration may reflect multiple generations of formation. It is therefore 

interpreted that fracture-controlled and pervasive chlorite-calcite-quartz alteration of 

dacite occurred during the waning stages of hydrothermal alteration and was subsequently 

metamorphosed to quartz-epidote-rich assemblages. Local remobilisation during 

metamorphism may have concentrated the quartz-epidote adjacent to major structures. 

Silicification 

Localised silicification of the dacite breccia facies has produced pseudoclastic textures, 

comprising irregular to rounded 'clasts' of quartz (<5 cm in diameter) with diffuse margins. 

These patches of silicification overprint both dacite clasts and matrix (Fig. 10.8g, top). 

Quartz-filled amygdales within the dacite are further evidence of the local silicification of 

dacite units at Thalanga. Patchy to pervasive silicification (no epidote) has locally 

overprinted the dacite where it is cross-cut by piercement veins (Fig. 10.8g, bottom) directly 

overlies massive sulphide lenses. 

Chlorite Alteration 

Chlorite alteration within the dacite and dacitic breccia units varies from vein-style, 

disseminated and blotchy chlorite alteration in the coherent facies, to chlorite blotches in 

the volcaniclastic facies. Chlorite spots overprint the metamorphic biotite that is present 

along perlitic fractures in the dacite, and locally this has resulted in a pseudoclastic texture 

(Fig. 10.8h). Chlorite blotches and spots are more abundant in volcaniclastic facies in the 

hangingwall units and may be temporally related to similar chlorite spots in the HVVF 

(which are interpreted to be retrogressive after cordierite; Chapter 3). 

10.5 Alteration Geochemistry 

10.5.1 Footwall Alteration 

Whole-rock geochemical analyses were determined for 96 samples of the footwall rhyolitic 

vokanics and the results are listed in Appendix F. These analyses were subdivided on the 

basis of textural and mineralogical composition, stratigraphic location and Si0 2  content into 8 

groups (Fig. 10.9; Table 10.1). 

The samples determined to be the least altered from Thalanga, on the basis of the presence of 

weakly altered feldspar and low amounts of muscovite, chlorite and pyrite, clearly fall in a 

wide scatter about the group 9 rhyolites used by Herrmann (1994) as the least altered 

rhyolites for mass balance calculations (Fig. 10.9a-e). Rhyolite units (mostly sandstone and 
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Figure 10.9 Geochemical variations between differing types of footwall alteration in the rhyolitic volcanics 
(Mount Windsor Volcanics) at Thalanga. (a) TiO 2  versus Zr. The line of best fit is y = 0.001x + 0.007. (b) Al 
versus Si, showing average compositions of chlorite and muscovite in the footwall (determined by 
microprobe). (c) Si versus (Fe+Mg). (d) K versus (Fe+Mg). (e) K versus Na. Abbreviations: altn = alteration, 
musc = muscovite, py = pyrite, phlog = phlogopite, qz = quartz. 
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breccia units) containing minor to moderate muscovite or phlogopite away from sulphide 

mineralisation were also collected into a separate group (group 2), and analyses of quartz-

muscovite ± phlogopite ± chlorite ± pyrite-rich assemblages within the footwall rhyolitic 

volcanics (quartz-sericite ± chlorite ± pyrite alteration prior to metamorphism) were 

subdivided into three groups comprising samples containing abundant muscovite, phlogopite-

chlorite and quartz (groups 3-5; Table 10.1). The samples of siliceous quartz-muscovite-pyrite 

assemblages possibly correlate to group 4 of Herrmann (1994) (Table 10.1). Analyses of clasts 

from the altered, upper rhyolite breccia in East Thalanga also constitute a single group (group 

6; Table 10.1). Analyses of the intensely silicified (type A) rhyolite in East Thalartga were 

separated from analyses of type B silicified rhyolitic volcanics in West Thalanga (Table 

10.1). 

Table 10.1 Comparison between the classification scheme used in Figure 10.9 and that used for the 

rhyolites at Thalartga by Herrmann (1994). 

Group This classification 	 Group Herrmann's classification 
1 	Least altered rhyolite: 

qz-fspr-phyric, 
medium-dark grey siliceous groundmass, 
weakly altered fspr phenocrysts, 
Na20 <2 weight %, 
<1 % pyrite 

2 	Weak-moderately altered rhyolite: 
rhyolitic sandstone-breccia unit (qz & fspr 

crystals), 
variable muscovite & phlogopite, 
pseudoftanune textures 
weak-moderately altered fspr crystals, 
<1 % pyrite 

3-6 Typical qz-musc-chl-py assemblage: 
3.muscovite-rich 
4.phlogopite-chlorite-rich 
5.quartz-rich 
6.upper rhyolite breccia (qz-chl-phlog-musc-

rich) 

Least-weakly altered rhyolite: 
weakly altered fspr phenocrysts, 
<1 % pyrite, 

Dark grey, siliceous qz-fspr-phyric rhyolite 

7 	Weak-moderately altered (chl-ser) rhyolite 
in hangingwall setting: 
low pyrite, 
wispy pseudofiamme fabrics 

4? Intensely altered (qz-ser-chl-py) rhyolitic 
volcanics: 
with pyrite stringers, <4 % pyrite 

1 

6 

7 	Intensely silicified rhyolite (type A): 	5 	Siliceous rhyolite in footwall setting: 
grey to white in hand specimen, 	 low Na, high K, 
qz-phyric, 	 low pyrite 
trace-minor muscovite 
rare pyrite stringers 

Silicified rhyolitic volcanics (type B): 
grey to pink in hand specimen, 
typically rhyolitic sandstone-breccia (qz & 

fspr crystals), 
trace pyrite, trace muscovite 

6 	Siliceous qz-fspr-phyric rhyolite in 
hangingwall setting: 
variable Na & K, 
low pyrite 

Abbreviations: chi = chlorite, fspr = feldspar, musc = muscovite, phlog = phlogopite, qz = quartz, ser = 
sericite 

Barrett and MacLean (1991) demonstrated that variations along the line of best fit on a TiO2  

versus Zr diagram are due to mass increases or decreases during alteration. The muscovite- and 

chlorite-rich rhyolitic volcanics at Thalanga have higher TiO 2  and Zr contents compared 

with the precursor 9 (Fig. 10.9a), which indicates concentration of these elements due to mass 

loss during sericitisation and chloritisation (cf. Barrett and MacLean, 1991). Conversely, 
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samples with lower TiO2  and Zr than the precursor 9 (Fig. 10.9a), have been diluted by mass 

gain during silicification. This is consistent with the results of Herrmann (1994), who 

demonstrated (using the methods of MacLean and Barrett, 1993) that most rhyolitic volcanics 

in the footwall at Thalanga have had significant addition of Si, Fe and S, and loss of Na. 

The upper rhyolite breccia (group 6) plots on both sides of the precursor 9 on the TiO rZr 

diagram (Fig. 10.9a), which is consistent with the variable quartz-muscovite-chlorite ± 

phlogopite assemblages recognised in hand specimen. 

Diagrams incorporating element concentration data expressed as cation % provide a useful 

method of comparing the whole rock composition of various alteration types with the 

composition of particular minerals in the alteration assemblage (e.g. Barrett and MacLean, 

1991). The degree of Si loss or gain can be illustrated on a plot of Al (shown to be immobile at 

Thalanga by Herrmann, 1994) versus Si (Fig. 10.9b). The most siliceous quartz-muscovite ± 

pyrite-rich samples (group 5) have gained Si compared with the precursor 9, whereas the 

most muscovite- and chlorite-rich footwall rhyolitic volcanics (groups 3 and 4) have lost Si 

and trend towards the muscovite and chlorite compositions (Fig. 10.9b). Muscovite- and 

chlorite-rich samples of the quartz-muscovite ± pyrite assemblage also fall on separate parts 

of a plot of Si versus Fe + Mg compared to more siliceous quartz-muscovite ± pyrite samples, 

but all samples occur within the triangle defined by the quartz, chlorite and muscovite 

compositions (Fig. 10.9c). 

The K versus (Fe+Mg) diagram (Fig. 10.9d) shows that rhyolites with type A silicification 

contain more K and trend towards the muscovite composition, compared with the type B 

silicified rhyolitic volcanics. The type A silicification also contains more K than the quartz-

muscovite ± pyrite assemblages (groups 3-6). The clustering of most of the type B silicified 

rhyolitic volcanics around the precursor 9 position on the cation % diagrams (Fig. 10.9b-d) 

indicates that these samples are only weakly altered. This interpretation is also confirmed 

using a K versus Na diagram (Fig. 10.9e), on which most type B silicified rhyolitic volcanics 

contain similar Na to the precursor 9 samples of Herrmann (1994). On these cation % diagrams 

(Fig. 10.9b-c) the type A silicification has very similar Si, Ti and Zr contents to the precursor 

9 composition, yet Herrmann (1994) showed that intensely silicified (type A) rhyolitic 

volcanics at Thalartga could be derived from a rhyolitic precursor by the addition of 35-50 g of 

Si per 100g of rock. Perhaps selection of a different precursor composition (e.g. group 1) would 

illustrate the difference in Si content. Herrmann (1994) also calculated that type A silicified 

rhyolitic volcanics could be derived from a rhyolitic precursor by the addition of 4-5 g of K 

per 100g of rock and major Na depletion, and this is supported by the position of samples of 

type A silicification with respect to the precursor 9 on Figures 10.9(d,e). 
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10.5.2 Calc-silicate Assemblages 

Epidote-actinolite/tremolite-rich QEV units fall between the rhyolitic volcanics and QFP, 

similar to the position of wealdy altered QEV, on a Ti02-Zr diagram (Fig. 10.10). Massive 

epidote-actinolite also has a similar distribution on the Ti0 2-Zr diagram (Fig. 10.10), and 

this supports the textural interpretation (section 10.3.1) that domains of epidote-actinolite 

(or tremolite) are pervasively altered and metamorphosed QEV units. Because the whole-

rock geochemical compositions of QEV units are so variable (due to original mineralogical 

heterogeneities; Chapter 4), mass changes associated with formation of epidote-rich 

assemblages within QEV units were not calculated. 

Herrmann (1994) found that the CTC units at Thalanga have similar immobile element ratios 

to the footwall rhyolitic vokanics and therefore inferred that the CTC units formed either 

by hydrothermal alteration of a rhyolitic precursor, or by addition of a rhyolitic detrital 

component to a calc-silicate exhalative deposit. In order to compare with Herrmann's (1994) 

results, the 20 310 mE cross section in West Thalanga was sampled at evenly-spaced intervals 

(1 to 3 m between 0.3-1.0 m length drill core samples) and whole-rock geochernical analyses 

were determined for the CTC units, partly mineralised CTC units and the host volcanic units. 

The relationships between Ti/Zr and geology (Fig. 10.11a-d) are: 

(i) dacite has Ti/Zr - 12-15, the QEV has Ti/Zr - 5-8 and the rhyolitic volcanics have Ti/Zr 

- 2-3; 

(ii) the Ti/Zr of the chlorite schist is similar to that of the underlying rhyolitic volcanics 

(Fig. 10.11a,c,d); 

(iii) the carbonate-chlorite-tremolite and chlorite-tremolite units have Ti/Zr less than the 

footwall in places (Fig. 10.11a), but these samples have low Ti and Zr concentrations (Ti 

and Zr <70 ppm, detection limit = 10 ppm), which means there is some uncertainty in the 

Ti/Zr values. In other drill holes, the carbonate-chlorite-tremolite and chlorite-

tremolite units also have Ti/Zr values comparable to those of the overlying QEV (Fig. 

10.11c,d); and 

(iv) the epidote-actinolite ± chlorite-rich domains and the QEV both have Ti/Zr > 5 (Fig. 

10.11b,d). 

These relationships suggest that the CTC assemblages may have overprinted the 

stratigraphic top of the rhyolitic volcanics and also partly replaced the QEV. Replacement 

of the QEV implies that formation of the massive sulphides (which replace the CTC units; 

Chapters 6 and 11) must post-date QEV deposition. 
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10.5.3 Oxygen Isotopes in the Footwall 

Green et al. (1983) demonstrated that whole rock 0 isotope ratios of the rocks underlying the 

Fukazawa massive sulphide deposit, in Japan, decrease towards the ore body. This 

distribution was interpreted to be the result of hydrothermal alteration (by seawater) at 

different temperatures, with the lowest 8180 values in the zone directly underlying the 

massive sulphides corresponding to the zone of highest temperature hydrothermal alteration 

(Green et al., 1983). This zonation in whole rock 8 180 values has been identified at ancient 

massive sulphide deposits, where it is also interpreted to indicate a temperature gradient 

(e.g. Amulet, Quebec; Beaty and Taylor, 1982; Mattagami, Quebec; Costa et al., 1983; Corbet, 

Quebec; Hoy, 1993; and Kidd Creek, Ontario; Huston et al., 1995c). 

Whole rock oxygen isotopes were determined at the University of Tasmania on samples of 

variably altered rhyolitic volcanics collected by M. Jones and S. Halley, and the results have 

been presented in Miller (1996). The 8 n 18- whole rock values of the rhyolitic volcanics range 

from 7.4 c/00 (underlying Central Thalanga) to 12.9 9 100 (east of East Thalanga, where massive 

sulphides are not present), with mean about 9 %o (Miller, 1996). Rhyolitic vokanics with 

8180who1e rock < 9 %o underlie the East Thalanga ore lenses and most parts of the massive 

sulphides in West and Central Thalanga, and zones with 8 0 18- whole rock > 10 %o are more 

common at the margins of the massive sulphides (Miller, 1996). However, the maximum 

relative temperatures of formation (about 170°C to 330°C) calculated by S. Halley, assuming 
6180 

and Central Thalanga and may indicate the location of the main high temperature feeder 

zones in the footwall (see Miller, 1996). The recently discovered Orient ore lens, and the weak 

mineralisation in diamond drill hole TH45 west of West Thalartga, also coincide with zones 

of high calculated temperatures (see Miller, 1996). 

10.6 Discussion 

10.6.1 Pattern of Footwall-Style Alteration at Thalanga 

The footwall at Thalanga is composed of both rhyolite breccia units and coherent perlitic 

rhyolite (Chapter 4) which would have been highly porous and permeable during alteration. 

The broad zone of quartz-muscovite ± chlorite ± pyrite-rich footwall rhyolitic volcanics at 

Thalanga is consistent with formation during hydrothermal alteration by diffuse flow of 

hydrothermal solutions through porous volcanic rocks (cf. Morton and Franklin, 1987; Large, 

1992). 

= 2-4 Voo for the hydrothermal fluid, coincide with the massive sulphide lenses in East 
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The only mineralogical zonation within the footwall at Thalanga occurs as subvertical zones 

that are oriented at a low angle to the ore horizon. Contacts between the footwall alteration 

types vary from gradational and irregular, to sharp and planar. Diffuse, gradational contacts 

may be more common where contacts between alteration types occur within a specific rhyolitic 

facies, whereas sharp alteration contacts may reflect variations in the precursor volcanic 

composition or facies textures. The occurrence of pyrite stringers and regions of quartz-

muscovite-pyrite-rich rhyolite within sharply-bounded, subvertical zones that are 

subparallel to the ore horizon suggests that these may be present within volcaniclastic facies 

between coherent rhyolite domes or lavas. Alternatively, the orientation of the pyrite 

stringer zones may be controlled by a pre-existing fault that was rotated into its present 

position during D2 deformation. Given that the location of the pyrite stringer zones can be 

related to the location of thick massive sulphide lenses (section 10.2.1), but not to the 

distribution of the thickest vokaniclastic and sedimentary units within the ore horizon 

(Chapter 3), then any structure that the pyrite stringer zones were formed along cannot have 

been a syn-volcanic growth fault. 

Multiple stages of footwall alteration may be common in hydrothermal alteration systems 

and have been identified, on the basis of vein paragenesis, in several less metamorphosed 

VHMS deposits (e.g. Que River, Offler and Whitford, 1992; Hellyer, Gemmell and Large, 

1992). At least two-stage alteration is suggested by some pseudoclastic textures within the 

footwall at Thalanga. However, except for remobilised chalcopyrite-rich veins, the quartz-

muscovite-rich pyrite stringer zones are typically not overprinted by alteration. Rare pyrite-

barite veins that overprint the pyrite veins are interpreted to have formed during the latest-

stages of alteration and sulphide deposition. 

The interpreted pre-deformation and metamorphism location of zones of typical footwall-

style alteration, with respect to the massive sulphide lenses, in West and East Thalanga is 

summarised in Figure 10.12(a,b). The restriction of quartz-sericite ± chlorite alteration and 

pyrite stringer zones to the footwall rhyolitic volcanics, and small parts of the overlying 

QEV units, is consistent with alteration produced during formation of the massive sulphides 

on or near the seafloor prior to deposition of the HWF and dacite. Domains of phlogopite and 

Mg-rich chlorite within the footwall and ore horizon at Thalanga, are interpreted to be the 

products of metamorphism and retrogression of Mg-rich hydrothermal alteration 

assemblages. Mg-enrichment is common in the rocks that stratigraphically underlie massive 

sulphide deposits and is interpreted to indicate reaction between seawater and the footwall 

rocks during hydrothermal activity (e.g. Izawa et al., 1978; Janecky and Seyfried, 1984; 

Schmidt, 1988). Therefore at Thalanga, mixing between ascending hydrothermal solutions 

and cold, Cambro-Ordovician seawater circulating in the porous facies of the footwall 

rhyolitic vokanics is likely to have resulted in Mg-rich alteration minerals (see also 

Chapter 11). 
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The presence of footwall-style alteration in the QEV units between the footwall and 

hangingwall ore lenses in East Thalanga is consistent with deposition of the QEV prior to 

formation of the hangingwall lens. The similar up-dip extent of both the footwall and 

hangingwall ore lenses, and the area of strong quartz-sericite alteration of the QEV, may 

have resulted from deposition of the QEV prior to formation of the footwall lens (by 

replacement of the QEV; Chapter 12). 

10.6.2 Origin of Hangingwall Alteration 

Epidote-actinolite/tremolite is the main alteration assemblage present in units 

stratigraphically overlying the massive sulphide lenses at Thalanga. The restriction of 

these assemblages to units immediately overlying the massive sulphide lenses is consistent 

with hydrothermal alteration following formation of the massive sulphides and dacite 

deposition. These skarn-like assemblages may have formed during metamorphism of areas 

within the QEV units, QFP sills and dacite that were previously chlorite-calcite-quartz 

altered. Pan and Fleet (1992) reported a similar origin for the calc-silicate assemblages (that 

included clinopyroxene, garnet, Ca-amphibole, wollastonite, epidote, magnetite and calcite) 

associated with the Archaean Millroy and Geco VHMS deposits in Ontario, and suggested 

hydrothermal Ca and Cl enrichment occurred during sulphide deposition. 

At younger, less metamorphosed VHIVIS deposits, alteration minerals present within the 

rocks that overlie the massive sulphide lenses are generally interpreted to have formed 

during the waning stages of hydrothermal activity following sulphide deposition. Common 

hangingwall alteration assemblages include sphalerite and calcite veins (Izawa et al., 1978), 

clay minerals (smectic, illite, kaolin, montmorillonite), carbonates (dolomite, calcite), 

chlorite and disseminated hematite (Date et al., 1983; cagatay and Eastoe, 1995). At the 

Archaean Scuddles deposit, quartz, sericite, chlorite and carbonate are present in the 

hangingwall (Ashley et al., 1988). Comparison with these deposits suggests that chlorite (or 

clay minerals), calcite and quartz are feasible pre-metamorphic alteration phases within 

the QEV, QFP and dacite at Thalanga. 

In West Thalanga, the presence of epidote-actinolite altered QEV directly overlying massive 

sulphides, and grading upwards to less altered QEV, is consistent with continued 

hydrothermal alteration (chlorite-calcite-quartz formation) after formation of the massive 

sulphides and deposition of the QEV. The gradation between epidote-actinolite-rich 

assemblages, tremolite-chlorite ± epidote-rich assemblages and chlorite-tremolite units 

down stratigraphy in West Thalanga may be due to metamorphism, rather than a temporal 

relationship. There is no gradation between altered QEV units and the epidote-rich 

assemblages within the overlying dacite, and typically the HWF between the QEV and 

dacite is unaltered. However, local areas of biotite-gamet-epidote-magnetite-rich HWF 
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(Chapter 3) may occur where the hydrothermal solutions moved through the HVVF into the 

overlying quartz-epidote-rich dacite. 

In Central Thalanga, the spatial association between dacite in direct contact with the 

massive sulphides and abundant quartz-epidote assemblages is consistent with genesis of the 

quartz-epidote veins as late-stage hangingwall alteration following deposition of sulphides. 

However, domains of intense epidote alteration present in dacite not directly overlying the 

massive sulphides in both West and Central Thalanga may be related to chalcopyrite-filled 

piercement veins that formed during vertical extension of the ore horizon (1) 2) or later ENE-

trending normal faults that cross cut the ore horizon (1)3). 

The lack of CTC assemblages and extensive chlorite schist within and underlying the ore 

horizon in East Thalanga and the Vomacka Zone may have been an important cause of the 

lack of epidote-actinolite/tremolite alteration in the hangingwall units in these areas (i.e. 

no pre-existing carbonate-rich alteration assemblages to dissolve calcite from). 

Alternatively, the hydrothermal system in East Thalartga and the Vomacka Zone may have 

shut down rapidly after sulphide formation and therefore did not produce the hangingwall-

style alteration, or the hydrothermal solutions may have been diverted along strike, rather 

than penetrating the hangingwall. 

10.7 Summary 

1.At Thalanga, the mineralogy, distribution and abundance of metamorphic minerals is 

interpreted to reflect pre-metamorphic variations in hydrothermal alteration assemblages. 

Quartz-muscovite-pyrite-rich assemblages at the Thalanga deposit are confined to the 

rhyolitic volcanics and to parts of the QEV and QFP within the ore horizon, and are 

interpreted to be metamorphosed quartz-sericite-pyrite hydrothermal alteration associated 

with sulphide mineralisation. The lack of similar alteration minerals within the 

stratigraphically overlying HWF and dacite supports the interpretation that the rhyolitic 

volcanics were the footwall to sulphide mineralisation and that mineralisation occurred, and 

ceased, prior to deposition of the overlying dacite and HVVF. 

2. The pre-metamorphic equivalents of the epidote-actinolite-chlorite-rich assemblages 

within the QEV are interpreted to have been chlorite-calcite-quartz alteration that may 

have formed during the waning of hydrothermal activity after deposition of the QEV and 

formation of the massive sulphide lenses. 

3.Vein-style to irregular zones of pervasive quartz-epidote within the dacite in West and 

Central Thalanga and the QFP in East Thalanga are probably related to the formation of 
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epidote within QEV units. The epidote-rich assemblages may be metamorphosed 

hangingwall chlorite-calcite-quartz alteration, which is inferred to occurred during the 

waning stages of hydrothermal alteration. However, quartz-epidote alteration of the dacite 

is locally associated with deformation and remobilised sulphides. 



CHAPTER 11. 

TEXTURES AND SIGNIFICANCE OF CARBONATE- AND 
CHLORITE-RICH ASSEMBLAGES IN THE ORE HORIZON 

11.1 Introduction 

A suite of carbonate-chlorite-tremolite rocks (CTC assemblages, after Herrmann, 1994) is 

associated with the sulphides in the West 'Thalanga ore lens, with chlorite schist at the 

footwall margin. Both carbonate and chlorite-rich assemblages are associated with several 

volcanic-hosted massive sulphide (VHMS) deposits in Australia and North America (Table 

11.1). There is a wide range in carbonate compositions, and the assemblages have been 

interpreted as either of exhalative origin (e.g. Large and Both, 1980; McLeod and Stanton, 
1984; Ashley et al., 1988), or due to hydrothermal alteration associated with massive 

sulphide formation (e.g. Gernme11 and Large, 1992; IChin Zaw and Large, 1992; Hill and Orth, 
1994; Orth and Hill, 1994). 

Carbonate is recognised as an important criteria in distinguishing the Mattabi-type from the 

Noranda-type VHMS deposits of Canada (Morton and Franklin, 1987). Iron-bearing 

carbonates, dolomite, and calcite are common components of poorly defined alteration pipes of 

the Mattabi-type deposits. In most cases, the carbonate is considered to be an alteration 

phase, possibly an early stage of the hydrothermal system (Franklin et al., 1975; Larocque 
and Hodgson, 1993; Osterberg et al., 1987; Schandl and Wicks, 1993). In some Canadian and 

Swedish deposits carbonate is an important component of the orebody, and many workers 

consider the carbonate to be hydrothermal and to have either been deposited before 

mineralisation, or co-precipitated with the massive sulphides (e.g. Carlon and Bleeker, 
1988; Costa et al., 1983; De Groot and Sheppard, 1988; Galley et al., 1993). Alternatively, 

carbonate may post-date the massive sulphides, and could have been deposited from a 

cooling hydrothermal fluid (e.g. Khin Zaw, 1991; Khin Zaw and Large, 1992). 

Wills (1985) and Gregory et al. (1990) interpreted all carbonate-bearing rocks at Thalanga, as 

well as massive chlorite, actinolite-tremolite units, massive sulphides, epidote-rich units, 

and silica-magnetite units, to be exhalative deposits. Recently Herrmann (1994) 

demonstrated that the CTC assemblages have immobile element concentrations and ratios 

similar to the altered footwall rhyolitic volcanics. He suggested that the CTC assemblages 

formed by variable Mg, Ca, Si, and CO2  metasomatism of the rhyolitic volcanics. However, 

parts of the CTC units have immobile element ratios similar to the stratigraphically 

overlying QEV units (Chapter 10). The objectives of this study are to categorise the carbonate 
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overlying QEV units (Chapter 10). The objectives of this study are to categorise the carbonate 

units at Thalanga and determine the origin of the carbonate, using microscopy, 

cathodoluminescence, and carbon and oxygen isotopes. 

Descriptions of carbonate textures are emphasised in this section because similar textures 

occur in carbonate units associated with other massive sulphide deposits. At Rosebery, 

spheroidal carbonate with concentric zonation were interpreted as ooids and the carbonate 

considered to be a seafloor deposit (Brathwaite, 1974; Dixon, 1980). Recent evidence from the 

Rosebery deposit (Hill and Orth, 1994; Orth and Hill, 1994) shows that many of the 

carbonate textures infact formed by primary replacement and open-space filling during sub- 

• seafloor hydrothermal alteration. Similar concentric carbonate textures at Thalanga are 

documented in this section. 

11.2 Petrology of the CTC Units 

11.2.1 Types and Distribution 

Wills (1985) divided the carbonate and chlorite units into three mains groups, describing 

them as shaley exhalite, carbonate exhalite, and actinolite othalite. He also separated the 

carbonate and chlorite rocks using geochemistry and reported that the shaley exhalites 

contain moderate Si02 (80 weight %) and Mg/Fe + Mg ratios (0.89), whereas the carbonate 

and actinolite exhalites are low in Si02 (6 weight %) and have high Mg/Fe + Mg ratios 

(0.96). Wills (1985) considered the exhalites to be a single fades, and suggested that the 

carbonate exhalites may represent proximal exhalites and the quartz magnetite units their 

distal equivalents. 

The carbonate and chlorite rocks were re-examined by Herrmann (1994) and subdivided 

according to proportions of mineral components. His five assemblages are: 

i) carbonate > 50% > tremolite + chlorite, 

tremolite + chlorite(variable) + 5-50%carbonate, 

tremolite > chlorite + <5%carbonate, 

iv) chlorite>tremolite + <5%carbonate, and 

v) chlorite schist. 

While this subdivision is useful in a detailed geochemical study, it would be unwieldy and 

repetitious to discuss the textures of each group. For the purposes of this discussion of textures 

and origins, the groupings of Herrmann (1994) are amalgamated into three main groups; i) 

carbonate-chlorite-tremolite, ii) chlorite-tremolite, and iii) chlorite schist. The distribution 

and composition of these groups were outlined in Chapter 10 (Fig. 10.1; section 10.3.3). 
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11.2.2 Carbonate - Chlorite - Tremolite Assemblage 

Petrology 

The carbonate-chlorite-tremolite unit is composed of variable proportions of dolomite and 

calcite in a matrix of chlorite with tremolite. Dolomite  rhombs are usually zoned and 

composed of alternating clear and indusion-rich bands. Boundaries between dolomite grains 

are irregular, and the zoned grains are truncated where in contact with the chlorite matrix. 

Undulose extinction is common in the dolomite grains at Thalanga. Calcite  overprints 

dolomite and tremolite and typically occurs as mosaics of coarse, equant grains that have 

sharp planar boundaries and triple-point grain junctions. Calcite is slightly dustier and 

pinker in transmitted light than dolomite, and twinning is common to most calcite grains. 

Colourless chlorite 0.025-0.15 mm in length, with khaki to olive birefringence colours, forms 

the matrix to the intergrown calcite and dolomite. Chlorite defines the foliation in the 
carbonate-chlorite rocks, and is coarse grained in pressure shadow regions. Coarse blades of 

tremolite  are poikiloblastic with irregular crystal boundaries, and randomly oriented often 

as radiating aggregates that post-date cleavage. Tremolite is associated with dolomite 
rhombs dispersed in the chlorite matrix, and rarely occurs in close-packed dolomite regions. 

Interstitial quartz and feldspar are present in some samples, and accessory sphene and 
apatite grains are confined to the chlorite matrix. The colourless to pale brown sphene 

porphyroblasts are inclusion-rich and subhedral to rounded with irregular margins (Fig. 

11.1a,b), and rare sphene porphyroblasts are rimmed with galena. Apatite occurs as euhedral 
to subhedral crystals within either bladed tremolite or the chlorite matrix (Fig. 11.1c). Rare 

apatite crystals are zoned and contain submicroscopic inclusions that are interpreted to be 
CO2 . Talc has been reported by Wills (1985) and Gregory et 	(1990) in the CTC units at 
Thalanga. However, only traces of talc are dispersed in the CTC units, either as isolated 

laths intergrown with dolomite and tremolite, or fringing tremolite blades (Fig. 11.1d). 

Sulphide veins and disseminations within the carbonate-chlorite units have replaced 

dolomite and infilled fractures and spaces between dolomite rhombs (Fig. 11.1e,f). 

Disseminated euhedral pyrite is concentrated in the chlorite matrix, and coarse chlorite or 

sphalerite occur in pressure shadows around pyrite grains. In carbonate-rich domains, pyrite 

and other sulphides have overgrown the contact between dolomite and chlorite. 

Chalcopyrite, sphalerite and galena are interstitial to carbonate, chlorite and tremolite 

crystals. These sulphides cross-cut and replace dolomite rhombs, infill cleavage partings and 

fractures in tremolite crystals (Fig. 11.1g,h), and are interstitial to chlorite in pressure 

shadow regions. In many places chalcopyrite, sphalerite, and galena are intergrown with 

calcite. 



Figure 11.1 Photomicrographs of minerals present in the carbonate-chlorite-tremolite 

unit at Thalanga. 

(a) Irregular sphene porphyroblast, with rutile and chlorite inclusions and rimmed by 

galena, within the colourless chlorite matrix of a carbonate-chlorite-tremolite unit. 

Black ring is an ink mark. Sample TH139A-268.3, West Thalanga, plane light. 

(b) Same sphene porphyroblast as (a) in crossed nicols. Typically, the chlorite matrix 

has anomalous grey to khaki birefringence. There is no cleavage within the chlorite 

domain in this specimen. 

(c) Apatite crystals within metamorphic tremolite, minor talc. Sample TH245-499.5, 

West 'Thalanga, crossed nicols. 

(d) Talc extends radially from the tremolite grain, and is sub-parallel to the cleavage 

in the chlorite matrix. Sample 2031ND07-69.7, West Thalanga, crossed nicols. 

(e) Hand specimen of sulphides that have overprinted a carbonate-chlorite-tremolite 

assemblage. Spheroidal dolomite is preserved in places (arrow). Sample TH139A-

268.3, West Thalanga. 

(f) Hand specimen of pyrite-sphalerite vein that cross-cuts massive to rhombic 

dolomite. Sample TH230-108, Central Thalanga. 

(g) Sulphides overprint metamorphic tremolite. The sulphides have probably filled 

cleavage partings and voids within the poikiloblastic tremolite, rather than 

replaced tremolite. Sample TH245-494.5, West Thalanga, crossed nicols. 

(h) Same tremolite grain as (g) under reflected light. Galena, chalcopyrite, and minor 

sphalerite commonly cross-cut and mull tremolite, with rare euhedral pyrite 

intergrown with tremolite. 
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Irregular veins of coarse-grained, pink to white calcite cross-cut cleavage in the CTC units. 

Massive or semi-massive sulphides have a brecciated appearance where cross-cut by these 

irregular calcite veins. Coarse galena, chalcopyrite, and sphalerite are associated with the 

coarse calcite veins and commonly fill extensional sites within these calcite veins. En 

echelon, shallow-dipping clear to white calcite veins have cross-cut both the sulphides and 

pink calcite veins. 

Carbonate Textures 

Despite significant deformation, many examples of primary carbonate textures are preserved 

within discrete carbonate pods within the ore horizon. The carbonate pods (up to 5m wide) 

are bounded by either chlorite schist or massive sulphides. Strain is interpreted to have been 

partitioned into these contact zones; thus the pre-deformation textures of the carbonate zones 

were retained. 

The contact between different textural types is diffuse, with one texture gradually becoming 
either more disseminated or more massive. The main textural categories of the carbonates are 

summarised in Table 11.2. All of these textures are recognisable in the ore-horizon in West 

and Central 'Thalariga, regardless of the presence of sulphides. Mesh-veined calcite that has 

overprinted the CTC units is the most common carbonate texture. In East Thalanga the small 

amount of carbonate occurs either as <20 cm wide regions of massive calcite within the 

massive sulphides, or as larger (<1 m wide) veins or zones of alteration within the 

mineralised upper rhyolite breccia that occurs down-dip in the East Thalanga ore horizon. 

Table 11.2 Hand specimen-scale textures of the carbonates at Thalanga. 

Texture 	Description 	 Size 	Abundance & Distribution 

Rhombs 

Void-fill 

Spheroids 

Massive 

Pods 

Mesh- 
veined 

Euhedral dolomite rhombs, commonly zoned 	<3mm 
(Fig. 11.2a,b). 

Compositional banding and open-space crystal 
growth, common in pods of dolomite within 
massive sulphides (Fig. 11.2c). 

Spherical aggregates of dolomite with rims of 	<5nun 
radial euhedral 'dolomite. Concentric zonation 
is typical (Fig. 11.2d,e,t). 

Mosaic of anhedral to subhedral carbonate 
grains, to intergrown rhombs or spheroids 
with fine, irregular cross-cutting veins of 
chlorite (Fig. 11.2g). 

Irregular sized aggregates or blebs of 
carbonate grains. Typical shape of carbonate 
pods in massive sulphides (Fig. 11.2h). 

Network of irregular to mimetic calcite veins (< 
10 mm thick) (Fig. 11.3a,b). 

Common, 
patchy distribution but mainly 
in core of CTC unit. 

<20cm Common in patches. 

Common from core to near 
stratigraphic base of CTC's. 

Rare 

Rare, present within core of 
CTC unit. 

Common in core of CTCs, 
grades to massive carbonate 

Rare Banded 	White calcite veins with minor chlorite 
(Fig. 11.3c) 



Figure 11.2 Textures from the carbonate-chlorite-tremolite assemblages at Central and 

West Thalanga. 

(a) White dolomite rhombs (arrow) and irregular pods of intergrown dolomite-calcite 

in chlorite matrix. Sample 2031N112-75.5, West Thalanga. 

(b) Photomicrograph of zoned dolomite rhombs in colourless chlorite matrix. Pyrite-

tremolite vein cross-cuts the rhombs. Sample TH230-108, Central Thalanga, plane 

light. 

(c) Zoned, euhedral dolomite crystals at core of void-fill dolomite, with remaining 

space filled with barite. Sample CT-91-1, Central Thalanga, crossed nicols. 

(d) Close-packed dolomite spheroids. Concentric zonation is more prominent towards 

the rim of the spheroid. Such large and well preserved spheroids are uncommon at 

Thalanga. Sample APH76, West Thalanga. 

(e) Photomicrograph of dolomite spheroids. Anhedral mosaic of dolomite grains in the 

core, with zoned, euhedral dolomite at the rim. Sample APH76, plane light. 

(f) Spheroids typically display a radial extinction pattern under crossed nicols. Note 

truncation of zonation at arrow. Sample APH76. 

(g) Massive dolomite with patches of closed-packed rhombs. Thin veins of chlorite 

cross-cut the dolomite. Sample TH245-499.5, West Thalanga. 

(h) Irregular pod of massive dolomite and intergrown calcite within massive 

sulphides. Central Thalanga, 860 Stope. Hammer is approximately 30 cm in length, 

and the handle is orientated parallel to vertical. 



1 cm 



Figure 11.3 Textures of the carbonate-chlorite-tremolite assemblages in hand specimen, 

thin section and under cathodoluminescence. 

(a) White, meshed veined calcite overprints spheroidal dolomite in a chlorite matrix. 

Sample 2031NI39-100.6, West Thalanga. 

(b) White calcite veins cross cutting massive sulphides. Central Thalariga, 860W 

Stope, 20260 mN, 20408 mE. Pencil is parallel to vertical. 

(c) Banded calcite-chlorite formed by parallel veins of white calcite in massive 

chlorite-tremolite. West Thalariga, 780 Stope, 20320 mN, 20230 mE. Hammer 

handle is parallel to vertical, and the blunt end of the head points north. Facing 

towards top. 

(d) Radial clusters of elongate crystals (arrow) now composed of dolomite within a 

dolomitic matrix. Crystal shape suggests that dolomite may be pseudomorphing 

anhydrite or gypsum. Sample TH230-108.3, Central Thalartga. 

(e) Photomicrograph of dolomite rhombs with colourless dolomite overgrowth that is 

parallel to cleavage and more abundant within pressure shadows. Sample TH230- 

108, Central Thalanga, plane light. 

(f) Same sample as (e) under crossed nicols. 

(g) Typical bright yellow-orange luminescence of calcite under CL. Some calcite grains 

have orange-red cores and gradually become yellow towards the grain edge, 

suggesting a change in the composition of the calcite. Sample TH263-128.7, East 

Thalanga. 

(h) There is no evidence of any compositional variation in the same sample as (g) under 

plane light. 
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Euhedral rhombs are the most common form of dolomite at Thalanga and thin section 

examination shows that some rhombs have inclusion-rich cores and clear rims, with two or 

three bands of inclusion-rich and clear dolomite at the rim of most rhombs. Clear dolomite, 

subparallel to the cleavage, fringes rhombs in Central Thalanga (Fig. 11.3e,f). 

Typically the cores of spheroidal dolomite are large compared to the entire spheroid and are 

composed of small (<0.02 mm) dolomite grains in anhedral to nonplanar-S mosaics (cf. Tucker 

and Wright, 1990). Zonation in the coarse (0.4 mm) euhedral rims is recognised by alternating 

bands of clear and inclusion-rich dolomite. In some spheroids, elongate, dusty brown and 

inclusion-rich crystals, with irregular grain boundaries, extend radially from a small core to 

the zoned, euhedral rim (Fig. 11.2e,f). Undulose extinction within each crystal swings 

anticlockwise, similar to the radial cross extinction of the whole spheroid, as the microscope 

stage is rotated clockwise. Such undulose extinction is typical of baroque or saddle dolomite, 

which is recognised as a replacement product (Tucker and Wright, 1990). 

Most carbonate textures occur in a matrix of massive to foliated chlorite. Within the massive 

sulphides, carbonate occurs as irregular, discontinuous bands and pods (Fig. 11.2h). Calcite is 

equigranular and white to faintly pink in hand specimen, and in many cases cross-cuts the 

sulphides, whereas dolomite is white and overprinted by the sulphides. Void-fill and 

spheroidal textures, easily recognised by thin section and CL examination, are preserved 

within some dolomite pods. The carbonate pods were stretched during deformation and coarse 

grained, dark, honey-coloured sphalerite and chalcopyrite in the necks between dolomite 

boudins. 

An unusual texture of coarse (up to 1.5 cm in length) subhedral grains, now composed of 

carbonate, occurs in radial clusters within a carbonate>chlorite>tremolite matrix (Fig. 

11.3d). The grain shapes suggest that carbonate has pseudomorphed gypsum or anhydrite. 

Both the matrix and the gypsum/anhydrite pseudomorphs are now composed of close-packed, 

microscopic dolomite rhombs, and in thin section, only interstitial chlorite and sulphides 

distinguishes the matrix from the radial pseudomorphs. This rare carbonate rock is <1 m in 

thickness, with gradational contacts to more typical rhombic dolomite-chlorite-tremolite 

assemblages, and is present at one locality at Central Thalanga, where it occurs within the 

pyrite and carbonate-rich ore lens. 

Ca thodoluminescence 

Cathodoluminescence (CL) is useful in distinguishing calcite from dolomite and in 

determining microtextures of apparently recrystallised carbonate. Compositional differences 

between different generations of carbonate are also revealed using CL. Luminescence in 

carbonates is typically yellow-red-brown colours depending on the Fe and Mn content. Dark 
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colours under CL usually indicate that the carbonate is Fe-rich, whereas luminescence is 

bright when carbonate is Mn-rich (Pierson, 1981). The principles of CL and the methods used 

in this research are outlined in Appendix K. 

The most prominent feature of the Thalartga carbonates is the bright yellow luminescence of 

calcite under CL, compared to the darker oranges, reds, and browns of the intensely zoned 

dolomites. Dark red-orange cores within some calcite grains have an irregular and diffuse 

contact with the yellow rims (Fig. 11.3g,h). 

Zonation within the dolomite rhombs is similar to the zonation within the dolomite 

spheroids and void-fill textures, and prominent bands can be correlated in all carbonate 

textures (Table 11.3). CL reveals eight dolomite types, herein called dolomite (dol) 1 through 
8, with dot 1 being the oldest. Typically the dolomites have a dull red to brown speckled core 

(do! 1 and 2) and notable colour zonation is restricted to the outer radial crystals (dot 4 to 7). 

The zone of finely alternating bright red and orange bands (do! 4) is a distinctive marker in 

rhombs, spheroids, and void-fill textures. 

Table 11.3 Comparison of the zonation within carbonates under CL. 

Rhombs 	(Fig. 11.4a,b) 	Spheroids 	(Fig. 11.4c,d) 
	

Void-fill (Fig. 11.4e,f) 
Core doll) dull red speckled. 

do! 2) dull red-brown 
speckled outer band. 

Rim dol 3) series of mid-red 
speckled bands. 

dol 4) thin band of finely 
alternating bright red and 
yellow bands 

dol 5) dark red speckled 
bands 

do! 1) medium red-brown to pink, 
speckled 

dol 2) darker (red or pink) 
speckled outer band 

dol 3) medium red-brown to pink, 
speckled band; then darker (red or 
pink) speckled band; repeated once 

do! 4) finely alternating bright 
yellow-orange (or pink) and red 
bands 

do! 5) medium dull red speckled 
band; then a dark speckled band; 
then a thin, very dark brown band 

dol 6) series of finely alternating 
bright red and orange bands 

dol 7) dark brown speckled band 

doll) thick dull speckled red-
brown, 

do! 2) dull speckled dark 
brown outer band, 

do! 3) thin band of rich red-
brown, speckled 

do! 4) finely zoned bright red 
and orange bands 

do! 5) dark brown speckled 
band 

dot = dolomite 

One carbonate-chlorite ± tremolite sample contains very dark luminescing dolomite, 

suggesting that the dolomite contains significant levels of FeCO 3. This carbonate-chlorite, 

from within the ore horizon in Central Thalanga, is composed of close-spaced zoned dolomite 

rhombs in a chlorite matrix. The ore horizon in this location is pyrite-rich and pyrite veins 

cross-cut the carbonate-chlorite. The dolomite rhombs are smaller than those in other 

carbonate-chlorite-tremolite rocks from Thalartga and have been overgrown by dolomite (dol 

8) that is clear in transmitted light and blood-red under CL (Fig. 11.4g). The contact between 



Figure 11.4 Photomicrographs of carbonate textures under cathodoluminescence. 

(a) Dolomite rhombs vary from brown to red and orange under CL, in contrast to the 

yellow calcite. CL shows that the rhomb is compositionally zoned and has been 

partly corroded and replaced by calcite. Dolomite growth in open space is suggested 

by the small rhombs extending from the rim of the large rhomb (arrow). These 

textures are not discernible in transmitted light. Chlorite and tremolite do not 

luminescence, but do appear a red-brown colour. Sample 2031N112-75.5, West 

• Thalanga. 

(b) Ragged dolomite remnants and intensely corroded dolomite rhombs (red and brown 

bands) enclosed in calcite (yellow). The textural relationship between dolomite and 

calcite is unclear under transmitted light, yet obvious under CL. Sample TH139A-

268.3. 

(c) The large core of dolomite spheroids is speckled red and weakly zoned under CL, 

whereas the zoned euhedral rim is composed of several bands of reds and browns. 

Finely zoned dolomite at the edge of the spheroids appears to have formed in open 

spaces between spheroids. Veins of calcite have cross-cut the zoned spheroids. 

Sample 2031N139-100.6, West Thalanga. 

(d) The same dolomite spheroids as (c) under transmitted light. Spheroidal texture is 

difficult to distinguish in plane light (although radial extinction is visible under 

crossed nicols) and the surrounding dolomite displays no void-fill textures. Large 

calcite grains are easily noticed because they are twinned. 

(e) Void-fill textures are conspicuous under CL, with speckled red-brown dolomite 

grading to finely zoned euhedral dolomite and then red-brown dolomite towards 

the centre of the void. CL shows that continuous dolomite deposition and corrosion 

forms some open spaces. Calcite has partly replaced the dolomite. Sample CT-91-1, 

Central Thalanga. 

(f) The finely banded stage is partly replaced, with the banding preserved, by 

dolomite with blue luminescence. Same sample as (e). The colour difference between 

(e) and (f) is due to different film speeds. 

(g) The colourless dolomite (dol 8) that overgrows zoned rhombs has blood-red 

luminescence under CL. The blood-red dolomite is weakly zoned. Note the 

dissolution surface (arrow) between zoned rhomb and zoned dolomite 8 overgrowth. 

Sample TH230-108, Central Thalanga. 

(h) Dolomite 8 veins with blood-red luminescence cross cuts zoned, void-fill dolomite, 

but is overprinted by the yellow calcite. Sample CT-91-1, Central Thalanga. 



325 



Carbonate- and Chlorite-rich Assemblages 	 326 

the zoned rhombs and the dolomite 8 overgrowth represents a dissolution surface (Fig. 11.4g). 
Similar dolomite, blood-red under CL, is widespread in most carbonate-chlorite-tremolite 

assemblages, where it occurs in irregular veins that cross-cut zoned dolomite (Fig. 11.4h). The 

blood-red dolomite 8 is also present as dolomite + sulphide veins that have infilled voids 

within zoned dolomite (Fig. 11.5a,b). 

Spatially associated with the dark luminescing carbonate are the gypsum/ anhydrite 

pseudomorphs that are now composed of dolomite rhombs. The dolomite rhombs are zoned 

and display bright orange-red luminescence under CL, with slightly irregular margins (Fig. 

11.5c). Slight colour differences between the dolomite rhombs in the pseudomorphed grains 

and in the matrix were distinguished under CL. Rhombs in the matrix are typically coarser 

and more zoned than those making up the pseudomorphs. Dolomite rhombs at the rim of the 

gypsum pseudomorphs are coarser but less zoned than those in the core. 

Corroded dolomite, replaced by calcite, is distinctive under CL, but almost impossible to 

distinguish in thin section (cf. Fig. 11.4c with 11.4d). In hand specimen, irregular carbonate 

blebs and pods are composed of grey-white calcite between white dolomite rhombs (Fig. 
11.2a). The details are easily recognised in CL, with veins of bright yellow luminous calcite 

cross-cutting zoned dolomites, and massive calcite surrounding irregular and ragged dolomite 

rhombs and spheroids (Fig. 11.4a). This same calcite also fills fractures and cleavage 

partings in tremolite blades. 

Interpretation of Cathodoluminescence 

Table 11.3 shows that the same changes in luminescence colours are recorded in the rhombs, 

spheroids, and open space-fill dolomite. Coarse, euhedral dolomite is always finely banded 
under CL, whereas massive dolomite and the core of rhombs and spheroids are relatively 

unzoned. This suggests that the different textural forms of dolomite precipitated 

contemporaneously from a similar fluid, and that either the composition of that fluid, or the 

conditions of deposition, changed with time. Dolomite composition was determined by 

microprobe, and traverses across dolomite rhombs and spheroids revealed significant 

compositional zonation. The details of the compositional variation are discussed in section 

11.4. 

The differing dolomite habits may reflect differences in the number and distribution of 

nucleation sites. Fine-grained anhedral mosaics may have formed when there were abundant 

sites for dolomite nucleation, whereas coarse-grained euhedral dolomite may have resulted 

where the number of nucleation sites was low. The presence of fine compositional banding in 

euhedral dolomite in the centre of void-fill textures suggests that some euhedral dolomite 



Figure 11.5 Carbonate textures under cathodoluminescence, and textures of the chlorite-

tremolite and chlorite schist assemblages. 

(a) CL clearly shows that sulphides have infilled voids and partly replace zoned 

dolomite. Sulphides are commonly associated with the blood-red dolomite, and in 

this example the blood-red dolomite occurs between the sulphides and the zoned 

dolomite rhombs. The yellowish colour of host dolomite under CL is due to almost 

complete replacement of dolomite by calcite. Sample TH230-110, Central Thalanga. 

(b) Under plane light the textural relationships in the same sample as (a) are difficult 

to interpret. Sulphides appear to cross-cut and be intergrown with dolomite. 

(c) Edge of a gypsum/anhydrite pseudomorph under CL (in left hand corner of 

photomicrograph). Both the pseudomorph and the matrix (right hand side) are 

composed of close-packed zoned dolomite rhombs. The rhombs are much yellower at 

the edge of the pseudomorph, suggesting that calcite has replaced dolomite at this 

position. Sample TH230-108.3, Central Thalanga. 

(d) Hand specimen of chlorite-tremolite. Chlorite is dark green in hand specimen, and 

decussate tremolite blades are pale green. Sample WT-91-4, West 'Thalanga. 

(e) Rectangular galena suggests that it completely replaced some pre-existing mineral. 

Sample APH105, West Thalanga, reflected light. 

(0 Sample in (e) under crossed nicols. Chlorite in chlorite-tremolite assemblages is 

colourless in plane light with anomalous grey to khaki birefringence. 

(g) Hand specimen of chlorite schist with cross cutting sphalerite-chalcopyrite-pyrite 

vein. Chlorite is dark green-black, and the shiny grey mineral is phlogopite. 

Sample TH239-139, Central Thalanga 
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may have grown in open space. The significance of the high proportion of dolomite rhombs 

within the possible gypsum/anhydrite pseudomorphs is enigmatic. 

Two calcite phases are recognised in hand specimen, a white-pink, equigranular calcite, and 

a later white calcite, common in veins. CL shows that the late white calcite is zoned and 

displays excellent void-fill textures, whereas the white-pink calcite is more uniform in 

composition. Subtle colour variations within individual grains of the white-pink calcite 

under CL suggests minor within-grain variation in calcite composition. 

11.2.3 Chlorite - Tremolite Assemblage 

Chlorite-tremolite-rich assemblages, with minor carbonate, commonly enclose the carbonate-

chlorite-tremolite units within the ore horizon. The chlorite-tremolite unit is composed of 

fine grained, dark grey-green chlorite (colourless in thin section), with variable proportions 

of coarse, pale green to-colourless tremolite (Fig. 11.5d). Tremolite has -a radial to sheaf-like 

habit and is up to 5 cm in length. 

Muscovite is uncommon, and apatite and sphene are accessory minerals. Sphene 

porphyroblasts are similar in size to those in the carbonate-chlorite-tremolite unit. Calcite 

both cross-cuts and is interstitial to tremolite blades. Clinozoisite and barium feldspar 

(celsian) were recognised in this assemblage by Wills (1985), who named it a tremolite 

exhalite. 

The West Thalanga ore lens is partly composed of veins (up to 5 m thick) of banded sulphides 

that cross-cut the chlorite-tremolite units. Where poorly mineralised, sphalerite, pyrite, 

chalcopyrite, and galena are disseminated through the chlorite-tremolite assemblage, and 

are commonly intergrown with or enveloped by coarse grained chlorite and tremolite. In 

places, sulphides are intergrown with or rimmed by calcite. It is unclear what the galena has 

pseudomorphed in Figure 11.5(e,f). 

Variations in the texture of the chlorite-tremolite unit are due to variations in the 

proportions of the main components. Chlorite is moderately to well foliated, with weakly 

developed crenulations of S2, and tremolite crystals have overgrown the chlorite foliation. 

Very coarse blades of tremolite form radial sheafs where chlorite is more abundant than 

tremolite (e.g. Fig. 11.5d). Locally, the growth of tremolite has been controlled by pre-

existing cleavage and tremolite blades extend radially along the plane of the foliation, but 

not into parallel cleavage planes. Where tremolite is abundant (about 80 °/0), the crystals are 

<1 cm in length, and there is no cleavage. 
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11.2.4 Chlorite Schist 

Chlorite schist extends partly along the contact between the altered footwall rhyolitic 

volcanics and the CTC units in West Thalartga. In East Thalanga, chlorite schist is present at 
the stratigraphic top and within the footwall rhyolitic volcanics. The chlorite is dark grey-

green to almost black in hand specimen (Fig. 11.5g) and colourless to pale green, with 

anomalous khaki interference colours, in thin section. Medium grained muscovite is 

disseminated throughout, with lensoid patches of phlogopite in places. Rare tremolite grains 
are disseminated in the chlorite. 

Locally, bands of altered feldspar crystals or zoisite grains (<2 mm in size) are present within 

the chlorite schist. The altered feldspar crystals are now composed of intergrown 

plagioclase, zoisite, and coarse muscovite. Accessory sphene porphyroblasts are weakly 

zoned, with slightly rounded with irregular margins. Similar sphene porphyroblasts are rare 

in the underlying rhyolitic volcanics. Quartz grains and crystal fragments occur within some 

chlorite schists, and these may represent original volcaniclastic layers. Rare irregular to 

rounded blebs of quartz present as bands in the chlorite schist are partly internally fibrous in 
thin section (Fig. 11.6a,b), but are interpreted as silica alteration, rather than partly 
recrystallised spherulites. 

Cross-cutting pyrite-chalcopyrite ± sphalerite veins are common in the chlorite schist. In the 

non-mineralised sections, minor euhedral pyrite is disseminated in the chlorite, and rare 

chalcopyrite, with traces of galena and sphalerite, is intergrown with chlorite. 

11.3 Timing of CTC Components 

11.3.1 Dolomite and Chlorite 

The relative timing of components of the carbonate-chlorite unit is summarised in Figure 

11.7(a-f). An extended phase of early dolomite formation is evident from CL studies (Table 

11.3), and early-formed mosaics of anhedral dolomite (dol 1,2), either as massive dolomite or 

as spheroids, were overgrown by several bands of euhedral dolomite (dol 3,4), and bands of 

subhedral (dol 5,7) to euhedral dolomite (dol 6). The is no evidence of dissolution surfaces 

between dolomite 1 to 7, and formation of the dolomite probably occurred as one continuous 

event prior to and during the early stages of sulphide mineralisation. Late-stage colourless, 

but blood-red under CL, dolomite (dol 8) overgrew and cross-cut the zoned rhombs. Dolomite 8 

is interpreted to have formed after corrosion of the zoned dolomite rhombs and spheroids 

(Fig. 11.4g). 



Figure 11.6 Textures of the chlorite schist, and evidence of the relative timing of 

dolomite and sulphide formation. 

(a) Photomicrograph of irregular to spherical quartz alteration within a tremolite-

rich zone of the chlorite schist. Sample TH243-389.7, West Thalanga, plane light. 

(b) The spherical quartz displays crude radial textures, and has been overprinted by 

calcite. Sample in (a) under crossed nicols. 

(c) Photomicrograph of chlorite schist showing euhedral pyrite intergrown with 

tremolite. The chlorite is faintly green coloured in plane light. Pyrite cross cuts the 

cleavage. Sample 3208SD23-40, East Thalanga, plane light. 

(d) Chlorite from the chlorite schists displays anomalous khaki green birefringence. 

Same sample as (c) under crossed nicols. 

(e) Void-fill dolomite vein overprinting intergrown dolomite and sulphides. Sample 

2039N133-59.3, Central Thalanga, plane light. 

(f) The vein displays compositional banding under CL, and is composed of dolomites 5, 

6, and 7, with calcite in the remaining space. The sulphides are intergrown with 

dolomite 3. 

(g) Photomicrograph of chalcopyrite at contact between corroded zoned dolomite 

rhomb and colourless dolomite overgrowth. Sample TH139A-268.3, West Thalanga, 

plane light. 

(h) Same sample as (g) under crossed nicols. Note that calcite is twinned. 
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(a) Formation of anhedral mosiacs of dolomite 1 and 2 as 	(b) Bands of euhedral dolomite 3 rim spheroids and 
spheroids, rhombs, and regions of massive dolomite. 	rhombs, possibly forming in open-spaces. 
Dolomite probably nucleated on feldspars and glassy 
fragments. Grey area is clay or chloritised rhyolite. 

(c) Fine bands of euhedral dolomite 4 form in open-spaces. 
In some parts of the deposit, sulphide mineralisation 
replaces dolomite and fills voids after this stage. 

(d) Bands of euhedral dolomite 5,6 and 7 form in 
remaining open-spaces and in veins that overprint earlier 
dolomite textures and sulphides. 

(e) During deformation and metamorphism, sulphides 
(black) are remobilised and partial dissolution of dolomite 
occurs prior to deposition of dolomite 8 veins and 
overgrowths. At some stage, parts of the finely zoned 
dolomite 4 are replaced by a blue luminescing dolomite. 

(f) Calcite overprinted all textures during the final stages 
of metamorphism. 

Figure 11.7 Schematic diagram depicting the evolution of carbonate textures at Thalanga. 
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According to calculations by Herrmann (1994), dolomite formation was contemporaneous with 

chlorite formation, and dolomite spheroids and rhombs probably nucleated in a chlorite-rich 

matrix. In places, the zoned dolomites have been cross-cut by veins of chlorite (Fig. 11.2e,f). 

Dolomite 8 is intergrown with the chlorite matrix in the pressure shadows of some dolomite 

rhombs, indicating that dol 8 is associated with deformation. Crenulations of an earlier 

fabric (S2) in the chlorite are recognised in some specimens, indicating that the chlorite pre-

dates D3 and metamorphism, and the association of sulphides with the chlorite-dolomite 

contact also suggests that the chlorite existed prior to deformation and mineralisation. 

Coarse grained chlorite in the pressure shadows of pyrite euhedra and calcite grains (Fig. 

11.6c,d) suggests that chlorite recrystallisation post-dated deformation. 

11.3.2 Sulphides 

Sulphides have replaced the zoned dolomite (do! 1-7), and irregular pods of dolomite have 

been preserved within the massive to banded sulphides in Central and West Thalanga (Fig. 

11.2h). In some places, remaining space around void-fill dolomite (dol 1 - 4) is infilled with 

barite and sulphides, suggesting that barite mineralisation post-dated dol 4 (Fig. 11.2c). In 

Central Thalanga, dolomite veins with void-fill textures (do! 5,6 and 7) have cross cut areas 

of massive dolomite (do! 3) with interstitial sulphides (Fig. 11.6e,f). These cross-cutting 

relationships are interpreted to indicate that sulphide mineralisation pre-dated formation 

of dolomite 5. 

Figure 11.6(g,h) shows that chalcopyrite has partly replaced a dolomite rhomb, and is 

rimmed by dolomite 8. Chalcopyrite is interpreted to have been deposited following corrosion 

of the zoned dolomite, and subsequently overgrown by dolomite 8 during deformation and 

metamorphism. Elsewhere, dolomite 8 (blood red under CL) has pre-dated sulphides (e.g. 

Fig. 11.5a,b). 

Sulphide minerals occur along cleavage partings in tremolite, in pressure shadow regions in 

the chlorite matrix, and locally, veins of tremolite-pyrite-sphalerite-galena-chalcopyrite 

cross-cut the zoned dolomite. The overprinting textures and coarse grainsize suggests that 

sulphides were remobilised and recrystallised during metamorphism. Pyrite must have 

recrystallised after the peak of deformation because most pyrite euhedra have overgrown 

the dominant cleavage in the chlorite-rich domains, and are intergrown with tremolite (Fig. 

11.6c,d). 

11.3.3 Tremolite, Talc and Calcite 

Tremolite is randomly oriented and overprints the cleavage, indicating that it formed after 

the peak of deformation, and therefore is not an exhalative mineral as suggested by Wills 
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(1985) and Gregory et al. (1990). Corrosion and replacement of dolomite by calcite probably 

occurred during metamorphism. Calcite also fills spaces in metamorphic tremolite, is 

intergrown with remobilised sulphides, and forms a mesh of veins that overprint the 

dolomite-chlorite-tremolite assemblage. A simplified metamorphic paragenesis is (i) 

tremolite formation, (ii) sulphide remobilisation and recrystallisation, (iii) calcite and talc 

formation. Calcite has been overprinted by clear calcite veins and brittle factures. 

Rivers (1985), Stolz (1991), and Herrmann (1994) suggested that tremolite and calcite formed 

by reaction between quartz and dolomite during regional metamorphism: 

8Si02  + 5CaMg(CO3)2  + H20 = Ca2MesSi8022 (OH)2  + 3CaCO3  + 7CO2 
Dolomite 	 Tremolite 

This reaction will proceed between 350-450°C, at 2 kbars pressure, and at low to moderate 

activity of CO2  (Rivers, 1985; Herrmann, 1994), and is reasonably consistent with the 

conditions of peak metamorphism determined in Chapter 3. The absence of quartz in the 

carbonate-chlorite-tremolite units indicates that all precursor quartz was consumed during 

metamorphism. Herrmann (1994) demonstrated that the rare diopside will form where 

quartz was in excess via: 

Si02  + CaCO3  + Ca2Mg5Si8022  (OH)2  = CaMg Si206  + H20 + CO2  
Tremolite 	 Diopside 

Normative calculations by Herrmann (1994) demonstrate that there is no requirement for CO2 

addition during metamorphism, as all the calcite could have been derived from a pre-

metamorphic quartz-chlorite-dolomite-(calcite) assemblage. 

Talc is only a minor constituent of the CTC's and thus it is unlikely to have formed by reaction 

of quartz and dolomite during metamorphism. Radial talc overgrowths on tremolite crystals 

suggests that talc may be derived from tremolite during the later stages of metamorphism by 

reacting with dolomite, CO2  and H2O according to: 

Ca2Mg5Si8022  (OH)2  + CaMg(CO3)2  + CO2  + H2O = Mg6Si8  020(OH)4  + 3CaCO3. 
temolite 	dolomite 	 talc 

11.4 Composition of Carbonate and Chlorite 

11.4.1 Carbonate Composition 

The composition of the carbonate at Thalanga was quantitatively determined using the 

Cameca SX50 Electron Microprobe in the Central Science Laboratory at the University of 

Tasmania, and the results are tabulated in Appendix B. Figure 11.8(a) shows that the 

carbonates at Thalanga are predominantly calcite or dolomite in composition, with minor 

variation in MgCO 3  and MnCO3  content. Most calcite samples plot close to the CaCO3  apex, 
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Figure 11.8 Composition of carbonate in the CTC units at Thalanga; (a) all carbonate, (b) 
overprinting blood-red dolomite. 
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with a few samples of high-Mg calcite present. The dolomite analyses are tightly clustered, 

with a spread in the MriCO3  content that trends towards kutnohorite-rhodochrosite 

composition (0.1 - 10.9 weight % MriCO3). There is no obvious spatial trend in the MriCO 3  

content of dolomites within the ore horizon. The carbonates from Thalanga are relatively 

Mn-poor compared to Rosebery (Khin Zaw, 1991). 

There is minor spatial variation in FeCO3  content, and the average FeCO3  content of dolomite 

in West and Central Thalanga increases from west to east along the ore horizon (Fig. 11.9). 

The most Fe-rich dolomite is the dark luminescent TH230-108 samples at 20430 mE (mine 

grid), with average FeCO3  = 2.51 weight % and some bands of <10 weight % FeCO 3, whereas 

the westernmost samples contain mean FeCO 3  = 0.4-0.86 weight %. ZriCO 3, SrCO3, and BaCO3  

contents of the dolomite are insignificant, with variations in these components less than 0.1 

weight %. Average ZriCO3  content of dolomite is about 0.3 weight % and typically ZnCO 3  > 

SrCO3  > BaCO3. 

Several grains were traversed and regularly probed (20 to 50 tun spacing) in order to 

determine if the zonation recognised under CL is related to changes in composition. The grain 

traverses show that the CaCO 3  and MgCO3  contents remain constant from the core to rim of 

most dolomite spheroids and rhombs, although in some examples, MgCO 3  content decreases 

slightly from core to rim (Fig. 11.10a,b). Despite overall low levels, BaCO 3, SrCO3, and 

ZnCO3  appear to occur in discrete bands within the rhombs or spheroids. 

The most significant variations in colour under CL correspond to variations in FeCO3  and 

MnCO3  content (Fig. 11.10b,c). In general, the MnCO 3  content is greater than the FeCO3  

content, and consequently the dolomite is medium to bright red under CL (e.g. dol 3; Table 

11.4). The brown and dark red-brown luminescent cores and bands contain more FeCO 3  than 

MnCO3  (dol 1, 2, & 5; Table 11.4). The composition of fine bands in rhombs and spheroids (dol 

4; Table 11.4) are unable to be accurately determined as most probe sites are too widely 

spaced, but element distribution maps show that the fine bands are due to variations in Mn 

content (Fig. 11.10c). 

There is very little compositional difference between zoned dolomite (dol 1 to 7) and the 

overprinting blood-red dolomite 8 (Fig. 11.8a,b). Dolomite 8 contains 0.8 to 2.6 weight % 

MnCO3, which is significantly higher than that of most rhomb cores (-0.4 weight % MnCO 3, 

-0.8 weight % FeCO3). FeCO3  content of dolomite 8 is variable, with most analyses about 1.9 

weight % FeCO3. There is no consistent amount of BaCO3, SrCO3, or ZriCO3  in the dolomite 8 

overgrowth. 
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Figure 11.9 Long section of West and Central Thalanga depicting average FeCO3  and MnCO3  contents of dolomite. 
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Figure 11.10. Relationship between colour of dolomite under CL and dolomite composition. (a) Dolomite 
rhomb from TH139A-268.3 under CL. Location of probe traverse in (b) shown by black line. (b) 
Composition from core to rim of rhomb. Electron microprobe sample sites are spaced about 17 pm apart. 

(c) X-ray map of part of the dolomite rhomb (1.024 mm2), showing Fe and Mn concentrations. The core of 
the rhomb has Fe > Mn, and is therefore dark red under CL, and white in the x-ray  map. 
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Table 11.4 Relationship between colour of dolomite under CL and its composition 
determined by microprobe. Dolomite numbers (e.g. do! 5) are the same as Table 11.3. Dot 6 and 
do! 7 were not analysed by microprobe. 

Colour under CL 
	

Composition 

Overgrowth dol 8) blood red 
	

FeCO3  » MnCO3  

Key: (») = twice as much FeCO3  and MnCO3; 

(»») = four limes as much FeCO3 as MnCO3; 

(>>»») = four to ten times as much FeCO3 as MnCO3 

11.4.2 Relationship Between Dolomite Composition and Mineralisation 

The initiation of sulphide mineralisation after dolomite 4 corresponds to changes in the Fe 

and Mn content of the dolomites (Fig. 11.10). In general, the Mn content of the dolomites at 

Thalanga reached a peak (in do! 3 and 4) immediately prior to sulphide deposition. 

Dolomite that was syn- or post-dated sulphide mineralisation (do! 5) contains four to ten 

times as much FeCO3  as MnCO3  (Table 11.4), and the gradual increase in redness under CL 

suggests that the Fe content of the dolomites gradually decreases in dolomites 6 to 11. Veins of 

dolomite 8 that post-date sulphide mineralisation generally contain twice as much FeCO3  as 

MnCO3  (Table 11.4). 

The Mn content of carbonates at other styles of base-metal deposits has been shown to increase 

to a peak immediately prior to sulphide mineralisation. For example, the MnO content of the 

host dolomites and shales at the McArthur Deposit, in the Northern Territory, is elevated 

(0.5 to 1.9 ''/0) in the rocks immediately underlying the sulphides, and sharply decreases in 

the rocks overlying the sulphides (Lambert and Scott, 1973). Lambert and Scott (1973) also 

report that away from the deposit, the MnO content of the laterally equivalent dolomites is 

moderately high. 

In a regional study of Mississippi Valley-type (MVT) deposits in Missouri, Farr (1989) 

defined four zones of dolomite cements, each with disconformable contacts with each other, 

and reported that each zone was composed of a dull luminescent inner zone and an outer zone 

with multiple brightly luminescent bands. Correlation of CL studies with compositional 

analyses showed that the variation in colours under CL corresponded to decreasing Fe and Mn 

content towards the outer part of the zones (Farr, 1989). Anderson (1983) and Voss et al. (1989) 

correlated each dissolution surface in the dolomite cements with episodes of sulphide 
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precipitation. Thus in this example, both Fe and Mn in the carbonates decrease immediately 

prior to sulphide mineralisation and, similar to the dolomites at Thalanga, Fe content is 

elevated immediately after sulphide deposition. Farr (1989) regarded the Fe and Mn content 

of carbonates to reflect variations in the oxidation state, and to some extent pH, of the 

depositional fluids. In the MVT deposits, the fluids associated with sulphide mineralisation 

are interpreted to have been enriched in Fe (Hanor, 1979; Carpenter et al., 1974), and 

therefore the subsequent carbonate cement was enriched in Fe (Farr, 1989). 

11.4.3 Chlorite Composition 

The colourless to pale green colour of the chlorite within the CTC units, in thin section, 

suggests that the chlorite is Fe-poor, and this was confirmed by microprobe analysis. Average 

spot analyses are tabulated in Appendix B, and are used in Figures 11.11, 11.12, and 11.13. 
Chlorite in the CTC assemblages is distinctive both optically and chemically from the green 

Fe-rich chlorite in the units that stratigraphically overlie the ore lenses at Thalanga 

(Chapter 3), and is similar in composition to hydrothermal chlorite from some other 
Australian deposits (Fig. 11.11). The structural formula of the chlorites at Thalanga were 

calculated on the basis of 36 oxygens, with all Si assigned to the tetrahedral sites and Al 

assumed to occupy the remaining tetrahedral positions. The surplus Al was assigned to the 

octahedral position along with Mg, Fe, and Mn. Chlorite in the CTC assemblages is classified 
as a clinochlore with compositional formula (Mg 10Al2)[(Si,A1)8020](OH)16 . 

The greater MgO content of chlorite within the chlorite schists compared to chlorite within 

the overlying carbonate-chlorite-tremolite and chlorite-tremolite units at West Thalanga 

(Fig. 11.12a) is opposite to the variation in chlorite composition at Mt Chalmers, where the 

MgO/Fe0 ratio of the chlorite increases towards the top of the ore horizon (McLeod, 1987). 

There is no significant Variation in chlorite composition laterally along the ore horizon at 

West and Central Thalanga (Fig. 11.13), although FeO values are slightly higher towards 
the west and with vertical height. The MgO, Al203  and MnO content of chlorite within the 

CTC assemblages is greater than that of chlorite disseminated within the underlying altered 

rhyolitic volcanics (Fig. 11.12a-c). This is the opposite trend to that reported from the Horne 

massive sulphide deposit in Quebec, where the zones of chlorite schist are composed of more 

Fe-rich chlorite than that disseminated within the footwall (MacLean and Hoy, 1991). 

The Mg-number of carbonates in the Que River deposit is proportional to the Mg-number of co-

existing phyllosilicates, suggesting that they are in chemical equilibrium (Offler and 

Whitford, 1992). However, there is no correlation between the Mg-number of dolomite and 

associated chlorite Thalanga (Appendix L), supporting the textural interpretation that 

dolomite formation predated formation of chlorite. 
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Figure 11.13 Long section of West and Central Thalanga depicting sample locations and average composition of chlorite from carbonate-chlorite-
tremolite and chlorite-tremolite assemblages. 
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11.4.4 Composition of Other Minerals 

Microprobe analyses of tremolite and talc from the CTC units at the Thalanga deposit are 

tabulated in Appendix B. Only a few grains of talc were analysed because of its paucity and 

fine grain size. Consequently, the presence or absence of variations in talc composition were 

not recognised. Those grains analysed (from two samples) are uniform in composition. 

11.5 Carbon and Oxygen Isotopes 

Carbon and oxygen isotope ratios were determined for calcite and dolomite in several CTC 

samples from Thalanga, in order to constrain the source hydrothermal fluids, and possibly to 

discriminate between hydrothermal carbonate and metamorphic carbonate. However, the 

results are treated with caution because, although carbon and oxygen isotopes remain stable 

in carbonates metamorphosed without H 20 to 400 °C (Rye and Olunoto, 1974), at higher 

temperatures carbonates are depleted in 180 due to decarbonation reactions and partial 

isotopic exchange between metamorphic fluids and the original carbonate (Sheppard and 

Schwarcz, 1970). Fractionation of C will also occur if C is available in the metamorphic 

solutions or if C is lost as CO 2  during metamorphic reactions. Therefore at Thalanga, where 

metamorphic temperatures are calculated to be 485 ± 23°C (Chapter 3), both the oxygen and 

carbon isotopes may have been homogenised during metamorphism. 

Pure dolomite and calcite samples were drilled from hand specimens in order to minimise 

contamination. The samples most likely to contain carbonate with primary isotopic 
compositions are the regions of massive carbonate without metamorphic minerals. Therefore 

samples containing large dolomite rhombs or spheroids were analysed and dolomite was not 

sampled from specimens with abundant calcite replacement of dolomite. Chlorite 

contamination of the finely ground samples is very minor. Carbon and oxygen isotopes were 

determined using a VG Micromass 602D mass spectrometer in the Central Science Laboratory, 

University of Tasmania, using the method of McCrae (1950). Dolomite samples were reacted 

with phosphoric acid at 50° for 24 hours. 

11.5.1 Results 

Nine dolomite and ten calcite samples were analysed for 6 180 and 613C in this study, and the 

results, together with unpublished data collected by Penarroya, are tabulated in Appendix 

M. Despite extensive corrosion of dolomite and formation of calcite and tremolite during 

metamorphism, the 613C values of dolomite are tightly clustered and vary from -2.3 to 0.5 %o, 

whereas the 613C of calcite ranges from +0.5 to 4 700 (Fig. 11.14a). 6180 values of dolomite 
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vary from 8.5 to 12.8 700, and are more clustered than the 6 180 values of calcite (Fig. 11.14b). 
White calcite associated with post-tectonic brittle faults has a significantly different 0 

isotopic value compared to metamorphic calcite at Thalanga, with 6 180 = 17.0 % and 613C = 
-4.6 %co. The 613C and 6180 values of the carbonate minerals at Thalanga are similar to those 

determined for the carbonate associated with sulphide mineralisation at Rosebery (IChin 

Zaw and Large, 1990; Khin Zaw, 1991). 

11.5.2 Interpretation of C and 0 isotopes 

There is no consistent correlation between dolomite texture and 6 13C and 6180 values, 
although the spheroidal dolomite has slightly lighter 6 13C and 6180 values than void-fill 

dolomite and some rhombs (Fig. 11.15a). This may reflect the interpretation from textural 
and CL studies that the dolomite spheroids, rhombs and void-fill textures formed from the 

same hydrothermal fluid, and that the cores of the spheroids formed prior to the rhombs and 

void-fill dolomite. A detailed examination of C and 0 isotopes of individual zones within 

dolomite rhombs and spheroids may clarify the variation between metamorphic and possibly 
primary carbonate isotopic compositions. 

The overlap of dolomite and calcite isotopes at Thalanga is probably due to modification and 
homogenisation of the 6 13C and 6180 values by metamorphism. The restricted range of 613C 
and 6180 values of dolomite, compared to that of metamorphic calcite, may indicate that 
these are primary isotopic compositions of the dolomite. The 6 13C values of dolomite fall 
within the field of marine carbonates and may be similar to the original values (Fig. 11.15b). 
The 6180 values of dolomite fall outside the field of marine carbonates (Fig. 11.15b) and may 

have decreased as a result of re-equilibration with water. Re-equilibration could have been 

accomplished by heating the carbonates in the presence of seawater. Subsequent re-

equilibration with metamorphic or other water probably further lowered the 6 180 values. 
There is a weak 6 13C depletion towards igneous carbonate values, similar to trends identified 
from contact aureoles (Valley, 1986), and 6 180 values of 8 to 11 %o are consistent with igneous 
carbonates (Fig. 11.15b). However, mass balance calculations by Herrmann (1994) showed 
that CO2  was not required to have been added during metamorphism in order to produce 
calcite at Thalanga. 

It is evident from Figure 11.16(a) that there is no clear relationship between the MnCO3  
content and the C and 0 isotopic composition of the dolomite at Thalanga, although some 
dolomite samples with higher MnCO3  have lighter 6 13C values. There is a weak positive 

linear correlation between Mg content and both 613C and 6180 values (Fig. 11.16b). In 
comparison, 6180 values increase, and become more variable, with increasing MnCO 3  content 
of the carbonates at Hercules, in Tasmania (IChin Zaw and Large, 1992). 
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Sources of Carbonate Ions 

Carbonate present in modern and ancient hydrothermal systems is interpreted to have 

originated from mixing of various fluids sourced from dissolution of igneous calcite, degassing 

of CO2-rich magmas, oxidation of organic carbonaceous material, dissolution of sedimentary 

carbonates, or metamorphism of carbonate-bearing material (Ohmoto and Rye, 1979). 

Seawater also contains minor dissolved CO 2  (present as HCO3 ) and this bicarbonate is 

partitioned into magnesite in the recharge zones of hydrothermal systems (Seyfried, 1993), or 

is scavenged to form biogenic shells and tests. 

For example, carbonate in nodules adjacent to an active seafloor hydrothermal vent in the 

Middle Valley is interpreted to have been sourced originally from seawater via diagenesis of 

biogenic carbonate sediments (foraminifera tests; Baker et al., 1994). Limestone underlies the 

host volcanic units at the Afterthought-Ingot mine, California, and C isotopes of carbonate 
minerals associated with sulphide mineralisation (0 to -12 700) were interpreted to indicate 

mixing of marine carbonate with oxidised organic carbon (Eastoe and Nelson, 1988). Likewise, 

calcite in sulphide chimneys located in the Southern Trough of the Guaymas Basin, has 6 13C 
- -9.6 to -14 700, which is interpreted to indicate the mixing of carbon from oxidised biogenic 

material and dissolved marine carbonate (Peter and Scott, 1988). However, at the Helen 

siderite deposit, Morton and Nebel (1984) suggested that CO 2-rich hydrothermal fluids were 

derived from either diagenetic carbonate, or by the mixing of hydrothermal solutions with 

metamorphic CO2-rich fluids. 

The 6 13C and 6 180 values of the carbonate minerals at Thalanga indicate that the overlying 

Cambrian-Ordovician seawater was an important source of C and probably 0. Alternative 

sources of HCO; or CO2  from reactions with organic matter dispersed in rocks lower in the 

stratigraphy (Puddler Creek Formation) are unsupported by the C and 0 isotopes. There is 

also no evidence of limestone lower down in the stratigraphy at Thalanga. 

C and 0 isotopes from carbonate associated with mineralisation at Hercules in western 

Tasmania suggest that HCO; or CO2  could have been sourced from Cambrian seawater that 
was modified by circulation in the volcanic pile, and possibly mixed with some magmatic 

CO2 (Khin Zaw and Large, 1992). The 6 13C and 6180 values of the carbonate minerals at 

Thalanga are similar to those reported from Rosebery (Khin Zaw, 1991) and the weak trend 

towards magmatic 613C and 6 180 values (Fig. 11.15b) may indicate minor input of magmatic 

fluids into the hydrothermal solution. 
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11.6 Origin of Carbonate- and Chlorite-rich Units 

Textural evidence, combined with the normative calculations by Herrmann (1994), 

demonstrates that dolomite-chlorite-quartz-(calcite) is a valid pre-metamorphic 

assemblage. Dolomite pre-dated sulphide deposition at Thalanga, similar to some other 

VHMS deposits (Large and Both, 1980; Gemmell and Large, 1992; Galley et al., 1993; Hill 

and Orth, 1994; Orth and Hill, 1994), and because of its close spatial association with the 

massive sulphides, it is considered to represent an early stage of hydrothermal alteration. 

Large and Both (1980) suggested that carbonate zones represent a cooler temperature or distal 

equivalent to the massive sulphides. This may explain the absence of CTC assemblages in the 

eastern part of Central Thalanga and East 'Thalanga where extensive quartz-muscovite-

pyrite-rich assemblages in the footwall and chalcopyrite-rich massive sulphides indicates 

that temperatures of hydrothermal alteration were high (Herrmann, 1994). The ore lenses in 

West Thalartga may have formed in a comparatively cooler part of the hydrothermal 

system, with a thinner and less pervasively pyritic quartz-sericite altered footwall 

(Herrmann, 1994). However, West Thalanga and Central Thalanga have overall higher Cu-

grades than East Thalanga (Chapter 2), which is consistent with higher temperatures of 

sulphide formation in West Thalanga compared to East Thalanga. 

Wills (1985) considered that the CTC units represent primary exhalites, and thought that 

the variation between mono-mineralic CTC units and all gradations between may have 
formed by mixing volcaniclastic with exhalative materials. Herrmann (1994) convincingly 

demonstrated that the immobile element ratios of the CTC units suggest a rhyolitic precursor. 

Chlorite-dominated assemblages could have formed from rhyolite by mass loss of Si and Na 

and gain of Mg. However, Herrmann (1994) was unable to clarify whether carbonate-

chlorite-tremolite assemblages formed by either significant addition of Mg, Ca, and CO, to a 

rhyolitic precursor, or by addition of volcarticlastic material to a carbonate exhalite. 

Carbonate textures are useful in resolving this problem. 

11.6.1 Significance of Dolomite Textures 

Spheroidal, rhombic, and void-fill carbonate textures have been recognised in several VHMS 

deposits (Table 11.1). The similarity in carbonate textures from different deposits, despite 

varying metamorphic grades, suggests that these textures are primary and resist 

metamorphism. 

Carbonate alteration at Rosebery in western Tasmania (chlorite grade, greenschist facies; 

Brathwaite, 1974) has textures similar to the carbonate at Thalanga. Yet primary volcanic 

textures have been preserved in the carbonate (Hill and Orth, 1994; Orth and Hill, 1994). 

The main carbonate textures are spheroids, blebs, pods, rhombs and massive carbonate (Table 
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11.5), with a gradation between all textures. Spheroid and rhomb cores are composed of fine 

grained anhedral carbonate, and are rimmed by coarse, euhedral radial carbonate (Hill and 

Orth, 1994; Orth and Hill, 1994), comparable to those at 'Thalanga. 

Table 11.5 Hand specimen textures of the carbonate at Rosebery (from Hill and Orth, 1994; Orth 
and Hill, 1994). 

Carbonate texture Core 	 Rim 

Spheroids: Spherical to nodular shape, 
0.2 - 20 mm diameter, 
Mosaic of anhedral grains 

0.2-1 mm thick, 
Radial, euhedral, zoned grains 

Blebs 	 Irregular shape, some rectangular - 	Rare rims of radial, euhedral 
possibly carbonate after feldspar, 	carbonate rhombs 

Variable size up to 10 mm, 
Mosaic of fine anhedral grains 

Pods 	 Irregular shape, 	 Irregular margins, no distinctive rim 
Up to 100 mm in length, 
Mosaic of anhedrar carbonate grains 

or intergrown spheroids 

Rhombs 	Dusty, inclusion-rich in transmitted Zoned, <1.5 mm thick 
light 

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

Intergranular muscovite, quartz and 
chlorite are common 

Circular and arcuate shapes in the cores of spheroids or blebs were interpreted by Hill and 

Orth (1994) and Orth and Hill (1994) to be uncompacted pumice replaced and preserved by 

carbonate alteration. CL studies by Hill and Orth (1994) and Orth and Hill (1994) show that 
the carbonate at Rosebery is composed of several generations of carbonate, similar to 

Thalanga, and that it formed by initially nucleating on and replacing pumice fragments, then 

precipitating in remaining vesicles and open-spaces. Replacement of felsic glass by carbonate, 

commonly calcite, has been recognised in other volcanic sequences (Browne and Ellis, 1970), 
but only rarely are volcanic textures preserved (e.g. Carrigan and Cameron, 1991; Howells et 
al., 1991). 

Spheroidal carbonate textures are common in many diagenetic environments (e.g. Talbot and 

Kelts, 1986; Brown and Kingston, 1993; Gibson et a/., 1994; Sugitani et al., 1995), and indicate 
that after nucleating on a.  point, the carbonate was able to either grow displacively 

outwards, or replace the matrix in a radial habit. Some authors have reported an association 

between carbonate concretions and coarse-grained sediments (e.g. Strakov, 1969; Curtis et al., 
1975; Pederson and Price, 1982), suggesting that porosity may be the critical factor in the 

habit of diagenetic or hydrothermal carbonate. Diagenetic carbonate associated with an 

active seafloor hydrothermal vent in the Middle Valley of Juan de Fuca Ridge forms 

spherical to elliptical nodules, some of which are concentrically zoned, preferentially in the 

coarse-grained basal turbidite sediments (Baker et a/., 1994). Uncompacted pumice textures 
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within the carbonate at Rosebery indicate that replacement occurred while the footwall 

pumiceous mass-flows were porous and therefore probably close to the seafloor (Hill and 

Orth, 1994; Orth and Hill, 1994). 

Perhaps then, spheroidal dolomite at Thalanga indicates that dolomite grew in, and 

replaced, a porous host. At Thalanga, dolomite overgrowths on some dolomite rhombs have 

textures consistent with growth in open spaces (Fig. 11.4c), and domains of massive dolomite 

with undulose extinction are indicative of baroque dolomite which is interpreted to be a 

replacement product (Tucker and Wright, 1990). These varying dolomite textures may be 

related to varying porosity and number of nucleation sites, with regions of massive anhedral 

dolomite formed where nucleation sites were abundant. Zones of void-fill textures may 
indicate continuous circulation of carbonate-bearing solutions and the overprinting of massive 

dolomite with fracture-fill dolomite veins. 

11.6.2 Formation of Dolomite 

Dolomitisation of Calcite? 

Dolomite formation may have occurred either by the direct precipitation of dolomite, or by 

the dolomitisation of pre-existing calcite. Modern models of dolomite formation involve the 

dolomitisation, or Mg-metasomatism, of meta-stable calcite (Carozzi, 1993). Calcite may 

have been deposited initially at Thalanga, and diagenetically altered during the early 

stages in the evolution of the hydrothermal system as the temperature of rising fluids 

increased. Indeed, Galley et a/. (1993) proposed that carbonate associated with massive 

sulphides at the Chisel Lake deposit was precipitated as calcite on the seafloor (from the 

overlying seawater) and was dolomitised during hydrothermal alteration. 

Cloudy-centred, clear-rimmed dolomite rhombs are a common textural feature indicative of 

dolornitisation (Carozzi, 1993), and similar rhombs (although more highly zoned) are 

present at Thalanga (Fig. 11.2b, 11.3e). Scattered zoned rhombs are evidence of incipient 

diagenetic dolomitisation, whereas mosaics of anhedral to subhedral crystals indicate 

complete dolomitisation (Carozzi, 1993). Thus, the zones of massive dolomite at Thalanga, 

with textures indicative of replacement, may have formed by the complete alteration of pre-

existing calcite. 

Bischoff and Seyfried (1978) showed experimentally that carbonates become more 

undersaturated as the temperature of seawater increases, and concluded that carbonates must 

form during low temperature alteration. This interpretation differs from Ellis (1963), who 

showed that calcite has reverse solubility and could precipitate directly from seawater 

oversaturated in CaCO3  if rising high-temperature solutions mixed with and heated the 
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overlying seawater. Alternatively, calcite will be deposited in open spaces at elevated 

temperatures from acidic, HCO 3-  or CO2-bearing hydrothermal solutions (Ellis, 1963; Holland 

and Malinin, 1979). As the carbonate textures at Thalanga are interpreted here to indicate 

replacement of a porous substrate rather than seafloor deposition, the latter scenario is 

favoured. In order to prevent dissolution of the calcite during cooling, there must be continuous 

input of HCO3-  or CO2  -bearing solutions because calcite solubility is also inversely 

proportional to available CO 2  (Browne, 1978). 

At Thalartga, the early formed calcite may have been diagenetically altered to dolomite as 

the hydrothermal system evolved, either by rising hot Mg-rich fluids, or heating of 

circulating seawater. The textures of dolomite formed in this manner depend on the 

composition of the precursor, the grainsize and availability of dolomitisation nucleation 

sites, and the degree of saturation of the circulating solution with respect to the carbonate 

being replaced (Carozzi, 1993). Original fabrics are only preserved if the precursor was high-

Mg calcite (Carozzi, 1993), and there were abundant nucleation sites. Even if the precursor 

calcite at Thalanga fulfilled these criteria, it is difficult to envisage the preservation of 

delicate compositional banding in rhombs, spheroids and void-fill textures in this model. 
Such fine compositional banding such as dolomite 4 (Table 11.3) must surely have only formed 

by the direct precipitation of dolomite. Therefore, it is interpreted that dolomite at 

Thalanga may have formed by the dolomitisation of calcite during the early stages of the 

hydrothermal alteration, with the majority of dolomite directly precipitated in remaining 

voids during later alteration. 

Replacement of Anhydrite? 

Chimneys or mounds around modern hydrothermal seafloor vents are commonly composed of 

porous sulphides with an outer margin or cap enriched in anhydrite (e.g. Jartecky and 

Seyfried, 1984; Graham et a/., 1988; Paradis et al., 1988; Fouquet et al., 1991). Anhydrite is 

interpreted to precipitate due to heating of seawater, and mixing with the hydrothermal 

fluids, at the outer edge of chimneys and mounds (Ohmoto et a/., 1983; Janecky and Seyfried , 

1984). Sulfur isotopes indicate that the SO 42-  in anhydrite, formed at active seafloor 

hydrothermal centres, originated from seawater (Kusakabe et al., 1982). 

Anhydrite has also been noted within the subsurface at some modern seafloor settings, for 

example, calcite after anhydrite veins within pillow basalts (Alt et a/., 1986). The 

anhydrite in subsurface zones may have formed by (i) high temperature mixing of seawater 

and hydrothermal fluids at the top of the mixing zone in the vicinity of a hydrothermal 

vent, or (ii) initial seawater-basalt interaction in recharge zones. Alt et a/. (1986) suggested 

that anhydrite veins in pillow basalts formed during earlier high temperature alteration, 

and were replaced by calcite during later, cooler alteration. Anhydrite is also replaced by 
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calcite in active chimneys in the Southern Trough of the Guaymas Basin as the temperature 

of the hydrothermal fluids increases (Peter and Scott, 1988). 

Pre-existing anhydrite in the footwall at Thalanga may have either been dissolved by 

hydrothermal fluids, with carbonate precipitated higher in the stratigraphy, or carbonate 

may have directly replaced anhydrite that precipitated at the stratigraphic top of the 

rhyolitic volcanics. Direct replacement of anhydrite by calcite is interpreted to occur due to 

reaction with CO 2-or HCO3--rich hydrothermal fluids after sealing of the vent (Peter and 
Scott, 1988), and may proceed according to: 

CaSO4 + HCO3 + H+  = CaCO3 H2SO4 

The presence of rare bladed textures pseudomorphed by dolomite in the immediate footwall 
to ore at Thalanga may support this model (Fig. 11.3d). 

Temperature of Dolomite Formation 

Primary fluid inclusions are absent in mineral phases associated with carbonate at Thalanga. 

Consequently, precise estimates of the temperature of carbonate precipitation have not been 

determined. Domains of massive dolomite in the CTC's at Thalanga, composed of intergrown 

anhedral to subhedral grains, indicate that the temperature of dolomite formation was 

greater than 50°C (Gregg and Sibley, 1984). However, there is a wide range in estimations of 

the temperature of carbonate formation at both ancient and modern hydrothermal systems. 

Fluid inclusion studies by Khin Zaw and Large (1992) showed that carbonate at Hercules 

precipitated between 150 and 250 °C, and could have been sourced from a hydrothermal fluid 

that evolved from seawater via circulation in the footwall volcanic units. At Rosebery, 

carbonate is interpreted to have formed from hydrothermal fluids of 200 °C to 250 °C (Dixon, 
1980). Galley et al. (1993) suggest that at the Chisel Lake and North Chisel deposits in 
Manitoba, dolomitisation of early formed calcite occurred during mineralisation at 

temperatures of 350 - 450 °C, and that initial calcite precipitation occurred at lower 

temperatures. Active seafloor hydrothermal vents associated with anhydrite-calcite-barite 

chimneys and mounds in the Bering Sea are reported to vent fluids at 180 - 360°C (Sagalevich 
et al., 1992), and fluid inclusions in calcite present in sulphide chimneys at the Southern 

Trough of the Guaymas Basin, indicate formation temperatures of 150 - 315 °C (Peter and 

Scott, 1988). 

The similarity in carbonate textures and 6 13C and 6180 values from the Rosebery (Dixon, 1980; 

Khin Zaw, 1991) and Thalanga deposits suggests that temperatures of formation could be 

similar. Therefore at Thalanga, initial calcite (or anhydrite) formation may have occurred 

at low temperatures (150-250°C), and may have been dolomitised as the temperature of the 
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hydrothermal solutions increased and sulphides were deposited (sphalerite-galena formed 

at 220-280°C; Large, 1992). 

Sources of Cations 

Solutions emanating from some modern seafloor hydrothermal vents are enriched in Ca 2+ 

(Koski et a/., 1985; Von Damm et al., 1985; Seyfried and Ding, 1993), and perhaps ancient 

seafloor hydrothermal vent fluids may have been similar in composition. Calcium is 

interpreted to have dissolved from plagioclase in the footwall rocks as warm, acidic 

hydrothermal fluids ascend to the seafloor. Alternatively Ca could be sourced from the 

overlying seawater, as in recharge zones Ca from seawater is partitioned into anhydrite 

(Seyfried, 1993). Subsurface zones of anhydrite may also have been a source of Ca for the 

carbonate at Thalanga. 

Seawater is an obvious source of Mg for both the direct formation of dolomite and the 

metasomatism of calcite. Indeed, recent studies suggest that large-scale dolomitisation will 

only occur where continuous flushing of normal or slightly modified seawater is able to occur 

(Carozzi, 1993). Provided the underlying rhyolitic volcanics at Thalanga were porous, then 

seawater would have been able to circulate and mix with the hydrothermal fluids. 

11.6.3 Formation of Chlorite 

Sparse volcanic quartz crystals in the chlorite schist indicate a volcanic precursor. Herrmann 

(1994) regarded the chlorite schists as either of hydrothermal or metamorphic origin. He 

considered that with excess dolomite in the CTC's, quartz would be scavenged from the 

underlying quartz-sericite altered rhyolitic volcanics to produce tremolite during 

metamorphism, resulting in zones of silica depletion, now chlorite schist, at the boundary 

between the CTC assemblages and the rhyolitic volcanics. However, even without Carbonate 

alteration or metamorphism, chlorite schists are commonly associated with footwall 

alteration at other VHMS deposits (e.g. Costa et a/., 1983; McLeod and Stanton, 1984; 

Schmidt, 1988; Large, 1992). 

Lenses of Mg-rich chlorite associated with other VHMS deposits are considered to have 

formed either as chlorite or as a clay mineral precursor when seawater mixed with ascending 

hydrothermal solutions (Costa et a/., 1983; McLeod and Stanton, 1984; Offler and Whitford, 

1992; Schmidt, 1988; Whitford et a/., 1989). McLeod (1987) suggested that Mg-rich chlorites 

and/ or clays either precipitated on the seafloor or replaced volcanic glass. Chlorite could 

also form directly from high temperature ore-forming fluids during sulphide mineralisation 

(Schmidt, 1988), or the precursor clay minerals may have diagenetically altered to chlorite 

during sulphide mineralisation or regional metamorphism. 
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Experimental work (Bischoff and Seyfried, 1978) has shown that as normal seawater is 

heated to 350°C, its Mg content decreases as Mg-bearing minerals precipitate. Similarly, 

experimental reactions of seawater and rhyolite (Shiaki et a/., 1978) show that Mg is the 

first element to be removed from seawater. Urabe et a/. (1983) used activity diagrams to 

demonstrate that substantial seawater is required to mix with ascending hydrothermal 

solutions in order to develop zones of intense Mg-rich enrichment. Modelling by Janecky and 

Seyfried (1984) also showed that Mg in hydrothermal fluids is derived from seawater, and 
that Mg metasomatism will occur in the sub-seafloor rocks as such fluids ascend. Therefore at 

Thalartga, the Mg-rich chlorite assemblages in the ore horizon probably formed either as 

chlorite or clays, when seawater interacted with hydrothermal solutions within a porous 

volcarticlastic zone at the stratigraphic top of the footwall rhyolitic volcanics. 

Dolomitisation of early formed calcite or anhydrite may have occurred during formation of 

the Mg-rich chlorite or clays at Thalanga. Alternatively, Mg-rich clay formation may be 
contemporaneous with early calcite or anhydrite deposition. Dolomitisation of the primary 

calcite and diagenetic alteration of the neoformed clay to chlorite may have occurred during 

mineralisation. 

Urabe et al. (1983) considered changing MgO/Fe0 ratios of chlorite to reflect a temperature 

gradient, with the most Fe-rich chlorites indicating the coolest temperatures of formation. 

Cathelineau and Nieva (1985) suggested that the Al occupancy of the tetrahedral site in 

chlorite increases with temperature, and therefore the Al content of chlorite can be used as 

geothermometer. Cathelineau (1988) and Bevins et al. (1991) suggested that the Al' content 

of chlorite also increases with temperature of metamorphism. However, the effect of high 

pressure on Al and Si substitution in chlorite is unknown and Kranidiotis and MacLean (1987) 

advised that the chlorite geothermometer may not be valid in high pressure metamorphic 

environments. They also suggested that chlorites recrystallised during metamorphism may be 

unsuitable for geothermometry. Therefore, estimation of the temperature of chlorite 

formation, using the chlorite geothermometer of either Walshe (1986) or Cathelineau and 

Nieva (1985), was not attempted as textural evidence indicates that the chlorite was 

recrystallised during upper greenschist facies metamorphism. Furthermore, Jiang et al. (1994) 

demonstrated that the apparent increase in AP" in chlorite with temperature is a function of 

decreasing abundances of mixed-layers and finely intergrown minerals. 

Chlorite composition can be related to fS 2  and f02  if chlorite is in equilibrium with an 

alumino-silicate, magnetite, pyrite and/or pyrrhotite (Bryndzia and Scott, 1987a,b). If 
pyrite-pyrrhotite is stable, then f5 2  is high and the associated chlorite contains less Fe than 

chlorite in low fS 2  assemblages where pyrrhotite is stable (Bryndzia and Scott, 1987a,b). 

McLeod (1987) argued that the progressive Mg-enrichment in chlorites stratigraphically 

upwards within the ore zone, as occurs at Thalanga, reflects an increase in the cation- 
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exchange capacity of the precursor clays as conditions became more anoxic. In an increasingly 
anoxic environment, where total reduced sulphur is increasing, more Fe would be liberated 

from the clays to form pyrite (McLeod, 1987). Thus, increasingly Mg-rich chlorite should be 

associated with increasing pyrite, and given that all CTC chlorites are significantly 

enriched in Mg (Fig. 11.11a), the abundance of disseminated pyrite in the CTC units may 

reflect an anoxic depositional environment. 

11.6.4 Model of CTC Formation 

The interpreted requirements for carbonate-chlorite development at 'Thalanga were: 

i) A porous footwall:  Both carbonate and chlorite textures support Herrmann's (1994) 

interpretation that the CTC units formed by the alteration of the footwall rhyolitic 

volcanics. Evidence from Rosebery suggests that carbonate spheroids developed in porous 

volcaniclastic units (Hill and Orth, 1994; Orth and Hill, 1994). Zones of Mg-rich chlorite are 

considered to form when seawater is able to mix with ascending hydrothermal fluids in 

porous volcanic rocks (Urabe et al., 1983). A porous footwall at Thalanga allowed both the 

upwards migration of hydrothermal fluids, the downward circulation of seawater, and the 

mixing of these two solutions in order to deposit both dolomite and chlorite, or precursor 

calcite and clays. Despite texturally destructive quartz-sericite-pyrite alteration in the 

footwall rhyolitic volcanics at Thalanga, there is evidence that parts of the footwall are 

composed of perlitic rhyolite and rhyolitic volcaniclastic units, which were porous and 

permeable prior to alteration (Chapter 4 and 10). Moreover, the dispersed nature of the 

footwall alteration zone reflects diffuse fluid flow through porous units, rather than focussed 

flow along fractures or faults (Chapter 10). 

ii) An impermeable cap:  An impermeable capping unit may have been required to prevent the 

exhalation of the hydrothermal solutions, and to trap the fluids in underlying porous rocks. 

Hill and Orth (1994) and Orth and Hill (1994) suggested that at Rosebery, either the upper 

part of the footwall pumiceous mass-flows, or the overlying pyritic black mudstone acted as a 

cap during the sub-seafloor carbonate alteration. Herrmann (1994) also considered an 

impermeable barrier necessary to force hydrothermal fluids to migrate laterally, but 
conceded that at Thalanga there is little evidence for such a cap rock. In West Thalanga, the 

most likely candidate is the overlying QEV. The matrix of the QEV in West Thalanga 

contains more silt than the QEV in East Thalanga, where the QEV is largely composed of 

porphyry clasts. Perhaps the more silty QEV in West Thalanga behaved as an impermeable 

capping unit, whereas the equivalent units in East Thalanga are more clast-supported in 

texture, and thus, were permeable. The deposition of the QEV units prior to formation of the 

CTC assemblages is consistent with the geochemical evidence that locally the CTC 

assemblages have Ti/Zr ratios similar to the overlying QEV units (Chapter 10). 
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Alternatively, early-formed anhydrite (temperatures = 150-250°C; Large, 1992) may have 

provided an excellent impermeable barrier and prevented venting of hydrothermal solutions. 

Either dolomite or calcite may have replaced the anhydrite, prior to sulphide 

mineralisation, as the temperature of the hydrothermal fluids increased. However, because 
of the geochemical evidence, the preferred interpretation is that the QEV units were the 

impermeable barrier. 

iii) Cool hydrothermal fluids:  Herrmann (1994) suggested that West Thalanga represents an 

area of cool temperature alteration and low fluid flow, and regarded East Thalanga as an 

area of high temperature and high hydrothermal fluid flow, and suggested that differences 

in temperature and fluid flow conditions during formation would account for the lack of CTC 

units in East Thalanga. Porous volcaniclastics in the footwall at West Thalanga would have 

allowed the circulation of seawater, thus decreasing the temperature of the hydrothermal 

solutions as the two mixed. The temperature of hydrothermal fluids in East Thalanga would 

have been elevated if either the hydrothermal fluids were unable to mix with seawater, or 

they were originally significantly hotter than those circulating in West Thalanga, or there 

was a much higher fluid flux in East Thalanga such that the effect of seawater was 
negligible (Herrmann, 1994). 

iv) Glassy, felsic volcanic units?  Herrmann (1994) presented compelling geochemical evidence 

that the CTC units at Thalanga have a rhyolitic precursor. Similarly, textural evidence 

suggests that the rocks were originally volcanic. It has been demonstrated that the footwall 
at Rosebery is composed of a series of pumiceous mass-flow deposits (Allen and Cas, 1990), 

and that this felsic glass has been replaced by carbonate similar in texture to that of 

Thalanga (Hill and Orth, 1994; Orth and Hill, 1994). Chlorite or precursor clays associated 

with VHMS mineralisation are also thought to have replaced glassy volcanic units in 
Kuroko deposits (Urabe et al., 1983). Volcanic glass is thermodynamically unstable and 

therefore could easily and rapidly be altered during the mixing of hydrothermal fluids and 

seawater. The localised development of CTC units in West Thalanga could be interpreted to 

indicate that glassy volcaniclastics were restricted to the top of the footwall in West 

Thalanga. However, altered perlite indicates that glassy rhyolite are present at all levels 

in the footwall of both West and East Thalanga (Chapter 4), and porosity and localisation of 

fluids under an impermeable cap may have been a more important criteria for carbonate and 

chlorite alteration. 

v) CO, or HCO3"-bearing fluids:  Isotopic studies suggest that the source of CO 2  or HCO3-  
-bearing hydrothermal fluids at Thalanga was Cambrian-Ordovician seawater. These 

solutions may have circulated through the Mount Windsor Volcanics and possibly mixed and 

re-equilibrated with magmatic water. The quartz-feldspar-porphyry (QFP) and QEV units 

at Thalanga are interpreted to be products of a volatile-rich magma chamber (Chapter 4), 
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and volatiles driven off this magma chamber and incorporated into the circulating 

hydrothermal solutions may have included CO 2  or HCO3- . 

The model for carbonate- and chlorite-rich alteration at Thalanga is summarised in Figure 

11.17. If an impermeable cap is required, then alteration must have commenced after 

deposition of the QEV, although diagenesis and possibly the first stages of carbonate and 

clay alteration may have begun when the seafloor was equivalent to the top of the footwall 

rhyolitic volcanics. Seawater was probably the source of the Mg in the clays, and perhaps 

calcite precipitated when the rising warm HCO 3--bearing hydrothermal solutions 
encountered cool seawater, as the result of temperature and pH change (Fig. 11.17a). Glassy 

volcanic fragments and feldspar crystals probably provided suitable nucleation sites for 

spheroidal calcite formation, and early-formed anhydrite may have been replaced by calcite 

or dolomite. 

With continuous influx of seawater and hydrothermal fluids, the early calcite was 

dolomitised, and perhaps the Mg-rich clays diagenetically altered to chlorite. 

Compositionally zoned dolomite grew in the remaining open spaces, possibly reflecting 

fluctuations in the dominance of seawater versus hydrothermal solutions. Intervals of 

clinozoisite-chlorite-tremolite within the footwall rhyolitic volcanics are more common in 
West and Central Thalanga than East Thalanga (Chapter 10), and are interpreted to be the 

metamorphosed equivalents of calcite-chlorite-quartz altered fluid pathways to the CTC 

assemblages in the ore horizon (cf. Rivers, 1985). 

The influence of hydrothermal fluids is reflected in the zone of massive chlorite that 

directly overlies the quartz-muscovite ± pyrite-rich rhyolitic volcanics. The slightly lower 

MgO/Fe0 ratios of chlorite in this zone suggest that either seawater was less able to 

circulate, or hydrothermal solutions were more abundant at this position. 

At some stage seawater was unable to circulate in the footwall. This may have occurred 

either as chlorite and carbonate alteration continued, and porosity eventually decreased, or 

because of the deposition of the impermeable QEV unit. Once seawater was not involved, and 

following the deposition of the most Mn-rich dolomite, metals were deposited from the rising 

hydrothermal solutions (Fig. 11.17b). Temperatures of 280-350°C are required for 

chalcopyrite deposition (Costa et al., 1983; Pisutha-Arnond and Ohmoto, 1983; Large, 1992). 
Veins of sulphides have partly to completely replaced the chlorite-dolomite-quartz-

(calcite) assemblage, with some sulphides possibly deposited on the seafloor. 
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Figure 11.17 Sketches representing the formation of carbonate- and chlorite-rich assemblages at the 

stratigraphic top of the Mount Windsor Volcanics at Thalanga (adapted from Herrmann, 1994). (a) HCO 3-- 
bearing hydrothermal fluids circulate through the volcanic pile and mix with cool seawater in a porous and 
permeable unit beneath the seafloor position. The QEV stratigraphically overlies the incipient carbonate-
chlorite alteration. (b) The volume of high temperature hydrothermal fluids increases, possibly as seawater 
is excluded, and sulphide minerals replace the carbonate-chlorite assemblages, with some sulphides 
precipitated on the seafloor. Primary volcanic textures in the rhyolitic footwa II are overprinted by the 
quartz-sericite-pyrite alteration. 
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11.7 Summary 

1. The main CTC assemblages are carbonate-chlorite-tremolite, chlorite-tremolite, and 

chlorite schist, and these are present at the stratigraphic top of the rhyolitic volcanics in 

West Thalartga and the western-most part of Central Thalartga. 

2. Pre-metamorphic dolomite textures include spheroids, rhombs, void-fill, and massive 

dolomite, and strong zonation under CL reflects variation in Mn and Fe content of the 

dolomite. Spheroidal dolomite probably indicates growth in a porous substrate, and may 

have nucleated on and then replaced volcanic glass fragments. Dolomite rhombs with dusty, 

inclusion-rich cores and clear rims indicate the diagenetic dolomitisation of precursor calcite. 

Void-fill dolomite textures illustrate continuous dolomite dissolution and deposition. Rare 

dolomite pseudomorphs of rosettes of a bladed mineral suggest that dolomite may have 

replaced anhydrite in places. 

3. C and 0 isotopic compositions of the dolomite at Thalanga suggest that the hydrothermal 

fluid was derived from Cambro-Ordovician seawater. Some CO 2  or HCO3-  -bearing solutions 

may have been derived from the volatile-rich magma chamber that produced the QFP and 

QEV at Thalanga. 

4. Chlorite in the CTC assemblages is Mg-rich, indicating circulation of seawater in the 

rhyolitic footwall and mixing with upwelling hydrothermal fluids. This supports the 

interpretation that the precursor rhyolite was porous and permeable, and therefore either 

volcaniclastic or composed of perlitic glass. It is not clear whether the chlorite represents 

Mg-rich clays diagenetically altered to chlorite during sulphide mineralisation, or directly 

precipitated chlorite. 

5. The CTC assemblages are interpreted to be products of sub-seafloor replacement of rhyolitic 

material that occurred during the early stages of development of the hydrothermal system. 

Calcite formed initially when rising CO2  or HCO3-  -bearing fluids mixed with seawater in 

the porous rhyolitic volcanics. Calcite may have nucleated on and replaced feldspar crystals, 

glass fragments, and early-formed anhydrite. Diagenetic alteration of volcanic glass was 

probably co-incident with calcite formation, and resulted in the formation of Mg-rich clay 

minerals in spaces between volcanic fragments or in perlitic fractures. As the hydrothermal 

system continued to heat up (210-280°C), and seawater circulated through the porous 

volcaniclastics, the primary calcite was dolomitised, with further generations of dolomite 

precipitating in remaining open spaces. Primary clays may have altered to Mg-rich chlorite 

during this stage. Sulphides precipitated in remaining voids, partly corroding and replacing 

dolomite, following the deposition of the most Mn-rich dolomite. 



Carbonate- and Chlorite-rich Assemblages 	 366 

6. The QEV units overlying the CTC units in West Thalanga are interpreted to have been 

deposited prior to CTC formation, and may have acted as an impermeable barrier, trapping 

hydrothermal solutions and restricting alteration to a narrow zone along the upper part of the 

rhyolitic volcanics. 	 . 



CHAPTER 12. 

CONTROLS ON THE GENESIS OF THALANGA 

12.1 Syngenetic vs Epigenetic Mineralisation 

12.1.1 Timing of Deformation and Metamorphism 

At Thalanga, two main deformation events (D 2  and 1)3) and at least one metamorphic event 

has been identified on the basis of overprinting relationships (Chapter 3). Despite the 

recognition of pre-D2  structures elsewhere in the Mount Windsor subprovince (Berry et al., 

1992), there is no evidence of a D1  deformation event in either the host stratigraphy or the 

massive sulphide lenses at Thalanga. The steeply, south-dipping bedding and subvertical S2 

cleavage are the most prominent manifestations of 1D 2  at Thalanga, and S2 is typically 

strongly defined in the hydrothermally altered units stratigraphically underlying and 

within the ore horizon, and phyllosilicate-rich volcaniclastic units stratigraphically 

overlying the massive sulphides. Compositional banding within the massive sulphide lenses 

is subparallel to S2, and locally parallel to S3, and is therefore interpreted to have formed in 

response to 1D2• 

Subvertical extension during 1)2 produced steeply-plunging mineral and clast elongation 

lineations, boudins with subhorizontal necks, and subhorizontal extension veins in units both 

within, underlying and overlying the ore horizon. Sulphides were remobilised into dilated 

areas during this extension, and were also remobilised during D3 normal faulting. Remobilised 

sulphides are distinguished from non-remobilised sulphides by their substantially greater 

chalcopyrite content. 

Textures such as the preferential development of S2 cleavage in phyllosilicate-rich 

hydrothermally altered units, together with the presence of recrystallised quartz in pressure 

shadows (parallel to 52 and 53) around pyrite grains, provide unequivocal evidence that 

alteration associated with the formation of the Thalanga massive sulphide deposit pre-

dated D2• The presence of chakopyrite-rich remobilised sulphides in pressure shadows, 

boudin necks and subhorizontal veins also indicates that the massive sulphide lenses must 

pre-date D2 and regional metamorphism, and did not form by the syn-deformational 

replacement of the stratigraphy (cf. Aerden, 1991; 1993; 1994b). 
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12.1.2 Relationship Between Hydrothermal Alteration and Massive Sulphides 

Distribution of Alteration Assemblages 

At Thalanga, the most intense region of hydrothermal alteration is present in the rhyolitic 

volcanics that stratigraphically underlie the massive sulphide lenses. The texturally 

destructive alteration has been metamorphosed and is now composed of quartz-muscovite ± 

phlogopite ± chlorite ± pyrite-rich assemblages that are at least 200 m thick and extend 

along the strike length of the massive sulphide lenses. The pre-metamorphic assemblages are 

inferred to have been quartz-sericite ± Mg-rich chlorite ± pyrite. This blanket-style 

alteration pattern is consistent with the diffuse flow of ascending hydrothermal solutions 

through a porous and permeable footwall (cf. Morton and Franklin, 1987; Large, 1992). 

Stringer zones, comprising 2-50 % pyrite veins (now folded with axial planes subparallel to 

S2) in quartz-muscovite-rich• footwall rhyolitic vokanics, are subparallel to stratigraphy 

and intersect the ore horizon at a low angle. This semi-conformable geometry is interpreted to 

indicate that mineralising solutions were channelled along favourably permeable units. 

Typically, the thickest and most massive parts of the sulphide lenses are located at the 

intersection of the pyrite stringer zones with the overlying ore horizon. QFP and QEV units 

underlying massive sulphides in East and Central Thalanga are also moderately to strongly 

altered, with quartz-muscovite-phlogopite assemblages and local pyrite and/or pyrite-

sphalerite stringer veins. 

Alteration of the units that stratigraphically overlie the ore horizon is significantly less 

pervasive, and more limited in extent, than the alteration of the footwall rhyolitic 

volcanics. Epidote ± tremolite ± chlorite ± quartz assemblages are present in the QEV, QFP 

and dacite in places, and vary from vein-controlled to irregular domains of pervasive 

alteration. The pre-metamorphic alteration assemblages are inferred to have mainly 

consisted of calcite, chlorite and quartz. This asymmetry to the distribution and composition 

of alteration associated with massive sulphide formation is interpreted to indicate that 

alteration and mineralisation was syn-volcanic, and occurred prior to deposition of the 

hangingwall fragmental and dacite (Chapter 10). 

Further demonstration of the asymmetry of the .alteration assemblages at Thalanga lies in 

comparison of the composition of biotite and chlorite from the units underlying the massive 

sulphides to those units overlying the massive sulphide lenses. Mg-rich phlogopite and Mg-

rich chlorite are disseminated in the footwall rhyolitic volcanics and intergrown with the 

highly Mg-rich chlorite schist and carbonate-chlorite-tremolite (CTC) assemblages present 

within the ore horizon at West and Central Thalanga. Phlogopite is also disseminated in the 

QEV and QFP units within the ore horizon. In contrast, Mg-poor biotite is present in the HWF 
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and dacite overlying the massive sulphides at Thalanga, and also in the footwall rhyolitic 

volcanics at the outer margins of the hydrothermal alteration zone. This compositional 

variation is interpreted to reflect the bulk composition of the metamorphic precursor, 

indicating that the units underlying and associated with the massive sulphides were altered 

by Mg-rich hydrothermal solutions. Mg-rich alteration assemblages are considered to have 

formed in response to the mixing of abundant seawater with hot hydrothermal solutions (e.g. 

Schmidt, 1988), and therefore requires that the rhyolitic volcanics underlying Thalanga were 

sufficiently porous and permeable to allow the infiltration of cold Mg-bearing seawater, and 

mixing with rising, warmer, hydrothermal solutions. 

Timing and Significance of Intense Silicification 

Local areas of intense silicification at the stratigraphic top of the rhyolitic volcanics are 

typically not overlain by massive sulphides. Silicification is therefore interpreted to have 

occurred prior to sulphide deposition, and resulted in reduced permeability which blocked 

the ascent of hydrothermal solutions. This interpretation is supported by local gradational 

contacts between domains of intense silicification and regions of typical footwall quartz-

muscovite-pyrite assemblages (although in some cases the margins of intensely silicified 

rhyolitic vokanics are sharply defined by brittle faults). These gradational contacts are 

interpreted to indicate that mineralising solutions, which could not pass through the thickest 

parts of intense silicification, were only able to overprint the limits of the intensely silicified 

domains before depositing sulphides at the stratigraphic top of the rhyolitic volcanics. 

Massive sulphide lenses overlying the margins of the intensely silicified rhyolitic volcanics 

in East Thalanga are thicker and have higher grades of Zn, Pb, Cu and Ag than massive 

sulphide lenses along strike, and this could be due to higher fluid flow rates at the margins of 

the intensely silicified rhyolitic volcanics (Chapter 8). Alternatively, the metal content of 

the ore lens in this region may also have been enriched by remobilisation into a macro-

pressure shadow during 1D2 . 

In less altered parts of the footwall rhyolitic volcanics, perlitic fractures have been replaced 

by muscovite, phlogopite and chlorite, and these altered perlite textures have been 

subsequently overprinted by fine grained, equant, anhedral quartz. This suggests that locally 

silicification post-dated weak sericite-chlorite alteration. 

Origin of the Carbonate- and Chlorite-Rich Assemblages 

Recent immobile element studies and mass balance calculations (Herrmann, 1994) have shown 

that the chlorite schist and the overlying CTC assemblages within the ore horizon at West 

and Central Thalanga are geochemically equivalent to strongly altered and metamorphosed 

rhyolitic volcanics. Comparison of immobile element ratios also suggests that parts of the 
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CTC units may be intensely altered QEV units (Chapter 10). This supports the interpretation 

that the QEV must have been deposited prior to formation of the chlorite schist and CTC 

units, and acted as a relatively impermeable barrier, allowing the low temperature 

alteration of the top of the rhyolitic volcanics (Chapter 11). 

Initially calcite is inferred to have replaced glassy volcanic fragments, and Mg-rich chlorite 

(or neo-formed Mg-rich clay minerals) probably filled spaces between the clasts. These 

processes require the addition of Ca and CO2  (or HCO3-) to the hydrothermal solutions. 

Cambrian-Ordovician seawater was the main source of HCO 3-  and some CO2  may have been 

magmatic in origin. The Ca may have been leached from volcanic plagioclase crystals or from 
anhydrite which formed earlier by the low temperature (150-250°C) heating of seawater. 

The calcite is inferred to have been dolomitised as the temperature of the hydrothermal 
solutions increased (210-280°C). With increasing temperatures, or accompanying 

dolomitisation, sulphides filled remaining voids and formed as veins of massive to banded 

sulphides, subparallel to the seafloor, in the CTC assemblages (Chapter 11). 

Extensive chlorite schist and CTC assemblages did not form at East Thalanga because the 

QEV had not been deposited prior to low temperature alteration or was too porous to allow 

concentration of the hydrothermal solutions at the stratigraphic top of the rhyolitic 

volcanics. The non-deposition of QEV in the Vomacka Zone may explain the lack of CTC 

assemblages and chlorite schist in this part of the ore horizon at Thalanga. 

12.2 Importance of Volcanism at Thalanga 

Observations concerning the relationship between massive sulphide lenses and volcanism at 

Thalartga are: 

i) the massive sulphide lenses are located at the stratigraphic top of rhyolitic volcartics 

(Mount Windsor Volcanics; Ti/Zr — 2-5). Although in most places at Thalanga the original 

volcanic textures have been destroyed by alteration, evenly distributed quartz phenocrysts 
indicate that most parts of the footwall are composed of coherent rhyolite. The least 

altered parts of the footwall are composed of perlitic rhyolite lavas, domes, and 	sills, 

with rhyolite autobreccia, rhyolite hyaloclastite breccia, rhyolitic pumice-bearing 

breccia, and rhyolitic sandstone; 

the rhyolitic volcanics reach a maximum of about 1200 m in thickness at 'Thalanga, and 

decrease in thickness (to 500 m) within 6 km along strike. This increase in thickness may be 

partly due to structural repetition, but is also interpreted to be a primary feature; 

iii) the massive sulphide lenses at Thalanga are spatially associated with, and have 

similar areal extent to, coarse quartz-bearing units that comprise the ore horizon. The 

QEV breccia, QEV sandstone and syn-volcanic QFP sills (Ti/Zr — 8-12) are located at the 
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base of the Trooper Creek Formation (although rare QFP sills are also present in units 

overlying the ore horizon; Paulick, 1996); 

iv) units that stratigraphically overlie the ore horizon include the hangingwall fragmental 

(HWF; a quartz-feldspar siltstone to sandstone and graded breccia unit), dacite 1 lava 

with 5-10 To feldspar phenocrysts (Ti/Zr - 15-20), sparsely feldspar-phyric dacite 2 lava 

(Ti! Zr -9-12), polymict dacite-rhyolite breccia units, and syn-volcanic andesite sills. 

Dacite lava is not present along strike from the massive sulphide lenses. The nearest 

coherent dacite is located about 2 km along strike from Thalanga; 

v) lenses of quartz-magnetite (metamorphosed, hydrothermal seafloor quartz-hematite 

deposits according to lauhig et al., 1992) are present along strike from the massive 

sulphide lenses at Thalanga in stratigraphically equivalent positions, as well as at the 

stratigraphic base of the rhyolitic volcanics, and the stratigraphic top of both the QFP 

and dacite lavas in places. 

These characteristics suggest that deposition of massive sulphides at Thalanga coincided 

with an abrupt change from rhyolitic volcanism to deposition of distinctive polymict, coarse 

quartz-bearing mass flow deposits (QEV) and emplacement of syn-volcanic sills (QFP), 

followed by the emplacement of dacite lavas and associated breccia units, and syn-volcanic 

andesite sills. There is no lithological evidence that the change in volcanic composition and 

formation of massive sulphides coincided with a major depositional hiatus (except for thin 

graded sandstone and siltstone units that locally underlie the footwall lens in East 

Thalanga). Quartz-magnetite lenses along strike from Thalanga indicated some period of 

hydrothermal alteration after the deposition of the rhyolitic volcanics, as well as following 

emplacement of the QFP and dacite. 

Lithofacies variations show that most parts of the rhyolitic footwall to Thalanga would 

have been glassy, highly porous and permeable, and this is consistent with the diffuse, 

blanket-style distribution of the footwall alteration. The substantial thickness of the 

rhyolitic volcanics underlying Thalanga is attributed to the abundance of coherent rhyolitic 

units, with possibly some repetition due to faulting. It is therefore inferred that Thalanga is 

located at the stratigraphic top of a rhyolitic volcanic centre. Local feldspar- and quartz-

bearing sandstone within the footwall rhyolitic volcanics is interpreted to have an extra-

basinal source, and to have been emplaced by subaqueous mass flows (Chapter 4). This 

indicates that parts of Thalanga must have been a depocentre at times. Constructional 

volcanism during deposition of the Trooper Creek Formation (syn-volcanic QFP and andesite 

sills, dacite lavas) is also concentrated at Thalanga, rather than along strike from the 

massive sulphide lenses, suggesting that this area remained a volcanic centre during 

emplacement of the Trooper Creek Formation. 
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The QEV units contain rare altered QFP pumice clasts and abundant free quartz and feldspar 

crystals, which may have formed by the explosive eruption of a vesicular, porphyritic 

magma (Chapter 4). Other non-vesicular QFP, rhyolite, siltstone, and massive sulphide 

clasts were probably incorporated during transportation of the QEV by mass flows. An 

explosive eruption implies water depths of S1 km at the source vent (McBirney, 1963). If the 

thick underlying rhyolitic volcanics had created a topographic high, then in order for 

volcaniclastic components to have been deposited at Thalanga, the site of explosive eruption 

must have been near Thalanga. Alternatively, intense quench fragmentation of a partly 

pumiceous subaqueous QFP dome or lava may have generated both abundant crystals, and non-

vesicular and pumiceous QFP clasts. Transportation to the sites of deposition at West and East 

Thalanga by mass flows may have followed gravitational collapse of the dome. The 

spherulitic QFP mega-clasts in Central Thalanga may be remnants of this dome. Some non-

vesicular QFP clasts are inferred to be blocky peperite margins of QFP sills that intruded 

while the QEV was wet and unconsolidated (Chapter 4). This second interpretation is 

preferred because the QEV has lithofacies characteristics -  (poorly sorted, variable crystal 

concentration) consistent with a proximal setting and limited transport distances. 

The location of a volcanic centre in the vicinity of Thalanga implies that there would have 

been high heat flux prior to and during the formation of the massive sulphides. Large-scale 

hydrothermal convection cells may have been generated due to the presence of a magma 

chamber at depth, allowing the circulation of seawater (see section 12.5) down through the 

rhyolitic vokanics and potentially the underlying sandstone and siltstone of the Puddler 

Creek Formation (section 12.6). As well as providing an important heat source, the magma 

chamber may also have contributed volatiles (e.g. CO 2  for carbonate formation), and 

potentially metals (see section 12.5) to the ascending hydrothermal solutions. 

Perhaps the formation of massive sulphides at Thalanga was closely linked to the change in 

volcanic composition from rhyolitic through to dacitic and andesitic volcanic units. The 

intimate spatial and temporal association between the massive sulphide lenses and the QEV 

and QFP at Thalanga (see section 12.5) may indicate a genetic association. The Britannia 

prospect, within the Mount Windsor subprovince, is also spatially associated with coarse 

quartz bearing units (C.J. Kendall, pers. comm., 1996). The large size of the quartz crystals in 

the QFP and QEV units, indicates that the parent magma contained elevated volatile 

contents, and therefore could have provided some components to the mineralising solutions. 

Alternatively, the circulation and ascent of the hydrothermal solutions may have been 

driven by the parent magma chamber of the QEV and QFP units (and later dacite lavas). 
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12.3 Seafloor Sulphide Deposition vs Sub-seafloor Replacement 

The mineralogical and metal zonation at Thalanga provides the best guide to the formation 

and growth of the massive sulphide deposit. Typically, massive to semi-massive pyrite ± 

chakopyrite with Mg-rich chlorite gangue directly overlies the footwall rhyolitic volcanics, 

and is overlain by massive sphalerite-galena-pyrite ± chalcopyrite-rich sulphides, 

containing quartz, barite, chlorite, phlogopite and muscovite gangue. Barite-rich sulphides 

are present in the uppermost and more distal parts of the ore lenses, and quartz magnetite 

lenses are the distal equivalent of the massive sulphides (Duhig et al., 1992). This 

distribution of sulphides is reflected in the metal zonation, whereby Zri, Pb, Ag and Ba are 

enriched at the stratigraphic top of the ore lenses (Chapter 8). The distribution of elevated 

Cu is partly controlled by stratigraphy (regions of high Cu associated with massive pyrite at 

the base of the ore lenses) and partly structurally controlled. High grades of Cu typically 

coincide with faults or zones of extension (especially at the stratigraphic top of the ore 

lenses). The gross zonation in sulphide and gangue distribution at Thalanga is comparable to 

the mineralogical zonation reported from other ancient less metamorphosed VHMS deposits 

(e.g. Hellyer, Rosebery, Woodlawn; Large, 1992) and from the Kuroko deposits of Japan 

(Eldridge et a/., 1983). 

Possible mechanisms for the genesis of sheet-style massive sulphide deposits have been 

reviewed by Large (1992). The main models of sulphide deposition are (i) seafloor deposition 

from a dense brine (Sato, 1972; McDougall, 1984; Solomon et al., 1990), (ii) seafloor deposition 

as a mound or series of coalesced mounds (Knudcey et al., 1982; Eldridge et al., 1983; Huston, 

1988; Lydon, 1988; Large et al., 1988; Large, 1992), and (iii) sub-seafloor replacement of 

favourable horizons (Williams, 1979; Goodfellow and Blaise, 1988; Goodfellow and Franklin, 

1993; Franklin, 1990; Zierenberg et a/., 1993; Bodon and Valenta, 1995). 

12.3.1 Brine Pool vs Mound Model of Sulphide Mineralisation 

The cyclic compositional banding in the massive sulphides and stratified geometry of the ore 

lenses at Thalanga lead Gregory et al. (1990) to suggest that the massive sulphides were 

deposited from a dense brine, and the location of the ore lenses within basins at the top of the 

rhyolitic Mount Windsor Volcanics, as defined by the location of QEV units, supports the 

brine pool model. So do the locations of QFP sills (partially, but not consistently, antithetic to 

massive sulphides; Chapter 4), whereby topography created by emplacement of QFP sills 

controlled the location of local basins and thus the site of sulphide deposition from a dense 

brine (cf. Boulter, 1993). Alternatively, QFP sills may have blocked the ascent of 

hydrothermal fluids, which probably then vented and deposited sulphides laterally from 

the sill. 
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The lack of primary fluid inclusions within the massive sulphides at Thalanga and evidence 

for the high salinities required to form a dense brine (cf. McKay and Walshe, 1990; Solomon 

et al., 1990) means that the brine pool model cannot be adequately tested at the Thalanga 

massive sulphide deposit. However, the position of the QEV units at Thalanga does provide 

evidence of the location of basins at the time of QEV deposition, and given that QEV 

deposition was syn-sulphide mineralisation (see section 12.3.2), then dense brines capable of 

forming massive sulphides would also concentrate in these areas. The lack of QEV units in the 

Vomacka Zone is interpreted to indicate that this part of the ore horizon was a topographic 

high during QEV deposition (Chapter 4). Therefore, deposition of the barite-rich sulphide 

lens in the Vomacica Zone must also have occurred on a topographic high and is unrelated to 

brine pool development. 

In parts of the hangingwall lens in East Thalanga, barite-rich massive sulphides and 

polymetallic massive sulphide lenses occur at the same stratigraphic location (e.g. the 

hangingwall lens, East Thalanga; Chapter 6). The proximity of these sulphides with 

differing composition is more consistent with a mound model (rather than brine pool model) of 

sulphide formation, because in modem seafloor hydrothermal vents, high temperature fluids 

emanate from polymetallic sulphide chimneys and mounds (black smokers) while adjacent 

low temperature barite-silica-sulphide chimneys (white smokers) simultaneously vent cooler 

hydrothermal fluids (Lydon, 1988; Fouquet et al., 1993). The gross mineralogical zonation, 

from pyrite ± chalcopyrite at the base of the massive sulphide lenses, to sphalerite-galena-

pyrite ± barite-rich sulphides at the top, may support the zone-refining processes thought to 

operate in the mound model of sulphide deposition (Eldridge et al., 1983; Huston and Large, 

1989; Large, 1992). 

However, the gradation up- and down-dip within the sulphide lenses in all parts of 

Thalanga, from massive sulphides, to semi-massive sulphides, to no sulphides is more 

consistent with a replacement origin than a mound model of sulphide formation. Furthermore, 

the brine pool model does not explain the gradational contact between the massive sulphide 

lenses and the stratigraphically overlying QEV units in East Thalanga, nor is it consistent 

with the vein-style massive sulphide lenses in West Thalanga. 

12.3.2 Evidence for Syn-volcanic Replacement Origin of the Massive Sulphides 

Critical evidence of the timing between deposition of the host sequences and the massive 

sulphide lenses is: 

i) clasts of QFP and rhyolite are present in massive sulphides in Central Thalanga and the 

footwall lens in East Thalanga. Single QFP clasts within the footwall massive sulphide 

lens are unlikely to have been deposited during formation of the sulphides, and it is more 

probable that the coarse grained base of the QEV breccia facies was replaced during 
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sulphide mineralisation. The rhyolite clasts are interpreted to be either relicts of the 

footwall rhyolite between coalesced sulphide veins or else part of the QEV breccia; 

massive sulphide clasts occur within the QEV in both West and East Thalanga. This is 

interpreted to indicate that massive sulphide lenses were exposed on the seafloor and 

were eroded and deposited with the QEV breccia. Given that the QEV breccia is inferred 

to be a proximal vokaniclastic deposit, then the source of the massive sulphide clasts 

must have been close to 'Thalanga; 

iii) gradation down-dip in the footwall lens in East Thalanga, from minor disseminated 

sulphides in QEV, to semi-massive sulphides hosted in the QEV breccia facies, to massive 

sphalerite-pyrite-rich sulphides, to massive pyrite ± chalcopyrite-rich sulphides, to 

semi-massive sulphides in footwall rhyolitic volcanics. This gradation is interpreted to 

be the result of replacement along the base of the QEV. However, domains of massive 

sulphides that do not contain QFP clasts are not considered to have formed by the total 

replacement of the QEV (unless there had been a precursor alteration stage), and may 

represent regions of seafloor sulphide deposition; 

iv) massive sulphide veins are present between QFP clasts at the base of the QEV that 

stratigraphically overlies the footwall lens in East Thalanga. These veins are 

interpreted to have formed during the migration of mineralising solutions through the 

QEV breccia and represent partial replacement of the base of the QEV; 

v) quartz-muscovite ± phlogopite ± pyrite-rich QEV units, with thin subvertical pyrite and 

pyrite-sphalerite stringer veins, are present between the footwall ore lens and the 

overlying hangingwall ore lens in East Thalanga and occur with the ore lenses in Central 

Thalanga. These assemblages are typical of metamorphosed footwall-style alteration 

and are interpreted to indicate that deposition of these units pre-dated massive sulphide 

formation, and that hydrothermal solutions ascended through the QEV; 

vi) the hangingwall lens in East Thalanga partly comprises semi-massive sulphides in the 

matrix of the upper rhyolite breccia, but grades to massive barite with minor sulphides or 

massive sulphides up-dip, and then to semi-massive sulphides hosted in the coarse 

grained base of QEV sandstone units. This relationship is interpreted to be consistent with 

replacement of the upper rhyolite breccia and possibly partial seafloor deposition. The 

concentration of sulphides at the base of graded QEV sandstone units is probably the result 

of replacement rather than simultaneous deposition of sandstone and sulphides; 

vii) in the Vomacka Zone there is a gradation within the ore lens up-dip from weakly 

mineralised rhyolite breccia, to sulphide-barite veins in rhyolite or polymict rhyolite 

breccia, to massive sulphides ± barite. The requirement of a seawater source of sulphate 

for barite formation (as determined by sulphur isotopic ratios; Chapter 9) is evidence that 

barite-rich massive sulphide lenses were deposited on the seafloor. The presence of 

sulphide-barite veins within the matrix of breccia down-dip from the barite-rich 

sulphides indicates that both sub-seafloor and seafloor sulphide deposition occurred 

simultaneously; 
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viii) the ore lens in Central Thalanga grades up-dip from weakly disseminated to vein style 

sulphides in the footwall rhyolitic volcanics, to massive sulphides, with patchy semi-

massive sulphides in CTC units. Massive sulphide lenses may have been deposited on the 

seafloor in Central Thalanga. Locally the HWF does not overlie the massive sulphides 

(Chapter 3 and 4), implying that the massive sulphides had formed as a topographic 

high or mound in places. However, both the up- and down-dip margins are interpreted to 

have formed by the replacement of the footwall rhyolitic volcanics or the CTC units; 

ix) in West Thalanga, the ore lens grades up-dip from weakly disseminated and vein-style 

sulphides in footwall rhyolitic volcanics, to massive sulphides, to anastomosing massive 

sulphide veins in CTC alteration assemblages, to semi-massive sulphides in CTC units, to 

weakly disseminated sulphides in thin CM units. This gradation is interpreted to be 

consistent with sulphide replacement and veining in the earlier-formed CTC units; 

x)a QFP unit is interpreted to have intruded into wet and unconsolidated QEV breccia in East 

Thalanga (Chapter 4). Typically, the QFP sills in East Thalartga are only weakly altered 

(metamorphosed•to patchy chlorite-quartz- or epidote-quartz-rich assemblages) and the - 

hangingwall lens is not present overlying QFP sills. 

12.4 Structure at the Time of Mineralisation 

There is no evidence of highly focussed fluid flow in the footwall at Thalanga, other than 

the semi-conformable pyrite stringer zones, which may have formed as mineralising solutions 

were concentrated along more permeable breccia units between coherent rhyolite. Lenses of 

massive pyrite ± chalcopyrite underlie polymetallic sulphide lenses in the eastern part of 

West Thalanga, in most parts of Central Thalartga and in the down-dip parts of East 

Thalanga (Chapter 6 and 8). The massive pyrite is interpreted to have formed above the 

main zones of hydrothermal discharge. 

When restored to pre-deformation geometry, the sulphide lenses and QEV units are located 

within two elongate basins that pitch shallow-moderately east on long section (Chapter 8). 

The distribution of massive pyrite and other possible feeder zones (identified on the basis of 

coincident high Cu ratios and low Zn ratios) is subparallel to the pitch of the pre- 

deformational orebodies (Chapter 8). This geometry may have been controlled by a major, 

similarly-oriented structure that was overprinted during alteration and mineralisation. The 

asymmetric distribution of massive pyrite within the West and Central Thalanga orebody is 

consistent with the eastern part of Central Thalanga being located at the major zone of 

hydrothermal discharge (Chapter 8). 

Barite-rich sulphides typically occur at the margins and tops of massive sulphide deposits, 

and are interpreted to form during the waning of the hydrothermal system (cf. Eldridge et al., 
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1983; McArthur and Dronseika, 1990; Large, 1992). Massive barite and barite-rich sulphides 

in the ore lenses at Thalanga are therefore interpreted to have formed from lower 

temperature (and oxidised) hydrothermal solutions either at the top or side margins of the 

deposit. Thus the barite-rich Vomacka Zone may be the western margin of the East Thalanga 

ore lens. The lack of continuity of ore lenses from the Vomacka Zone to Central Thalanga (as 

determined from available drill holes) supports the interpretation that the East Thalanga 

ore lens was fed from a separate hydrothermal vent to West and Central Thalartga. 

12.5 Composition and Origin of Mineralising Solutions 

12.5.1 Composition of Hydrothermal Solutions 

No primary fluid inclusions have been preserved in either sphalerite or quartz within the 

massive sulphide lenses at Thalanga due to the multiple deformation and metamorphic 

events. Therefore the composition of the ore-forming fluids and physicochemical conditions 

cannot be precisely determined. However, a reasonable estimate of the composition of the ore-

solutions can be made by comparing the sulphide and gangue mineralogy of the massive 

sulphide lenses, and the composition of the footwall and hangingwall alteration with those 

of less deformed massive sulphide deposits (e.g. deposits in the Holcuroko district of Japan, 

Eldridge et a/., 1983; Pisutha-Arnond and Ohmoto, 1983; and Hellyer and Millenbach 

deposits, Huston and Large, 1989). The morphology of the massive sulphide lenses at 

Thalanga, with massive pyrite ± chalcopyrite at the base overlain by sphalerite-galena-

pyrite-rich sulphides and barite-rich sulphides at the stratigraphic top, is consistent with 

deposition of the sulphides from a slightly acidic VHMS fluid (pH = 4, salinity = 1 molal 

NaC1, aH2s = 1( -25, SO42-/H2S = 10-1, f02  = 10-35  atm at 300°C and in equilibrium with 

pyrite; Large, 1992). 

The temperature of the mineralising solutions would have changed throughout the deposition 

of sulphides (see section 12.6), and such changes are manifest in the distribution of pyrite and 

chalcopyrite at the base, compared to sphalerite, galena and barite at the stratigraphic top 

of the ore lenses. Although textural evidence indicates that magnetite has replaced 

sphalerite and chakopyrite in parts of the massive sulphide lenses (Chapter 7), the 

restriction of most of the minor magnetite to the pyrite stringer zones and lenses of massive 

pyrite is consistent with deposition of these sulphides from a moderately oxidised fluid. The 

presence of barite in the upper parts and lateral extremities of the ore lenses indicates that 

the mineralising solutions became more oxidised with time (due to mixing with seawater). 
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12.5.2 Source of Sulphur 

The sulphur isotopic composition of pyrite disseminated in the altered rhyolitic volcartics 

(7.6-17.3 %o) is consistent with the formation of pyrite from hydrothermal solutions 

containing a mixture of dissolved igneous sulphur and Cambro-Ordovician seawater that had 

been inorganically reduced during hydrothermal convection. The 834S values of pyrite 

increase towards the stratigraphic top of the footwall and are interpreted to indicate mixing 

between the ascending hot, hydrothermal solutions with partially reduced, cold seawater 

near the top of footwall (Chapter 9). The 8 34S values of barite (27.6-32.4 %o) are consistent 

with a direct seawater source of sulphate. 

12.53 Source of Metals 

The main models for the origin of metals within hydrothermal solutions associated with the 

formation of massive sulphide deposits are: 1) convection of seawater (driven by heat from an 

underlying magma chamber) and leaching of metals from the volcanic pile; 2) direct input of 

metals exsolved from subvolcanic magma chambers; and 3) a mixture of both sources of fluids 

(e.g. Franklin et al., 1981; Large, 1992). Interpretation of S. 0 and H isotopes, and trace 

element data from VHMS deposits in the Hokuroko district in Japan, in North America, and 

in western Tasmania has suggested that seawater was the main source of hydrothermal 

solutions and that metals within massive sulphide deposits were leached from the 

underlying rocks by circulating, contemporaneous seawater (Sangster, 1968; Solomon, 1976; 

Green et a/., 1981; Hutchinson, 1982; Ohrnoto et al., 1983; Pisutha-Arnond and Ohmoto, 1983; 

Solomon et al., 1988; Gemmell and Large, 1992; Stolz and Large, 1992). 

However, Sawkins and Kowalik (1981) and Stanton (1985, 1991) have argued that the volume 

of rock required to be leached is unrealistically large (Solomon (1976) estimated volumes of 

49-100 km3  in order to generate Rosebery and Mount Lyell; Stolz and Large (1992) estimated a 

volume of about 70 km3  in order to generate Hellyer), and that metals within VHMS deposits 

are more easily derived from magmatic fluids. Furthermore, salinities of fluid inclusions 

within the Kuroko deposits have been interpreted to support a magmatic contribution to 

hydrothermal solutions (Urabe and Sato, 1978; Bryndzia et al., 1983), as have S isotopes 

(Ishihara and Sasaki, 1978). 

However, most proponents of the magmatic model agree that the contribution of seawater to 

the hydrothermal solutions that formed VHMS deposits is important, and consequently a 

model involving both a seawater and magmatic input to the hydrothermal solutions has been 

suggested (Sawkins, 1986; Stanton, 1985, 1991; Large, 1992). Sawlcins (1986) and Stanton (1985, 

1991) have argued that small volumes of magmatic solutions, with high concentrations of 

metals, may mix with large volumes of seawater in the upper part of the volcanic pile prior 
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which metals may have been sourced from both magmatic fluids and leaching of the volcanic 

pile by seawater, and proposed that soluble metals (Zn, Pb, Ba, Ag, and traces of As, Sb, Hg, 

and Ti) may have been leached from the volcanic pile during hydrothermal convection (T = 

100-250 °C), and that less soluble metals (Cu, and traces of Bi, Sn, Mo, and Te) may be derived 

directly from magmatic sources. Consequently, Large (1992) also suggested that proximity to 

the magmatic centre may be reflected by the metal content of the massive sulphide deposit, 

and that Cu-Au-rich deposits may have been close to the magmatic source (e.g. Mount Lyell, 

Mount Morgan), whereas Zrt-Pb-Cu-rich deposits were located further from the magmatic 

centre (e.g. Rosebery, Woodlawn). 

A similar relationship between metal content of the massive sulphide deposits in eastern 

Australia and source of metals has been suggested by Huston et a/. (1995b) on the basis of the 

Se content of pyrite. These workers showed that the Se content of pyrite is a reasonable 

indicator of the source of the hydrothermal solutions, and concluded that elevated Se in 

pyrite indicates a magmatic hydrothermal input. Huston et a/. (1995b) concludedthat i) low 

temperature Zn-rich, Cu-poor massive sulphide deposits have low Se levels and therefore 

formed from fluids with Se/S ratio consistent with evolved seawater; and high 

temperature, Cu-rich massive sulphide deposits have high Se levels (particularly within 

the stringer zones and base of massive sulphide lenses) and formed from solutions with Se/S 

ratio consistent with magmatic fluids. 

The source of ore metals at Thalanga has not been constrained, although sulphur isotopic 

ratios are consistent with a significant seawater component. The recent studies summarised 

above have indicated that many recent and ancient VHMS deposits may have formed from 

hydrothermal solutions that contained metals derived directly from a magmatic source and 

from the volcanic pile which had been leached by contemporaneous seawater. Metals within 

the ore lenses at Thalanga could have been leached from the underlying rhyolitic vokanics 

(Mount Windsor Volcanics) and sandstone and siltstone of the underlying Puddler Creek 

Formation during hydrothermal convection of Cambro-Ordovician seawater (with convection 

driven by a sub-volcanic magma chamber). A sub-volcanic magma chamber may also have 

provided metals to the circulating (seawater-rich) hydrothermal solutions, and the presence 

of coarsely quartz-phyric units (the QEV and QFP) within the ore horizon are interpreted to 

indicate the residence of a hydrous parent magma at depth. 

12.6 Ore Genesis 

The possible formation of the host stratigraphy and evolution of the Thalanga massive 

sulphide deposit is described as follows (and summarised in Fig. 12.1a-d): 
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Figure 12.1 Evolution of Thalanga. (a) Hydrothermal convection initiated by emplacement of sub-
volcanic magma chamber: 

°Subaqueous emplacement of Mount Windsor Volcanics (mainly rhyolite domes, lavas or sills) 

stratigraphically overlying continental-derived sandstone and siltstone (Puddler Creek Formation). 

0 During final stages of rhyolitic volcanism, sub-volcanic magma chamber was emplaced (inferred to 

be the source of QFP and dacite) and initiated hydrothermal convection of Cambro-Ordovician 
seawater. 
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Figure 12.1 (b) Sulphide mineralisation interupted by deposition of QEV. Horizontal distance across 

large diagram is 3-4 km: 

0 Subaqueous emplacement of QFP dome (probably located north of Central Thalanga, rather than 

east of East Thalanga as shown here), followed by intense quench fragmentation, gravitational 

collapse, and mass wasting, which resulted in transportation and resedimentation of quartz and 

feldspar crystals and QFP clasts (pumiceous and non-vesicular) into local basins (West and East 

Thalanga) to form the QEV units. 

0 Rhyolitic volcanics underlying QEV units in West Thalanga (and parts of the QEV) are altered to 

chlorite and calcite assemblages by low temperature, CO2-bearing hydrothermal solutions. 

0 Formation of massive sulphide mounds may have begun in parts of Central and East Thalanga as 

temperature of hydrothermal solutions increased. 
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Figure 12.1 (c) Growth of local sulphide mounds and replacement of selected units: 

0 The temperature of the hydrothermal solutions increased, and chlorite-calcite alteration 

assemblages in West Thalanga are altered to chlorite-dolomite and are replaced by sulphides. A 

mound of massive sulphides is constructed in Central Thalanga, with the base of the polymetallic 

sulphides replaced by pyrite ± chalcopyrite (which also occurred in eastern parts of West Thalanga). 

()The base of the QEV in East Thalanga is partly replaced by polymetallic sulphides, and these are 

replaced by pyrite ± chalcopyrite in locations directly overlying main zone of hydrothermal fluid flow. 

Mineralising solutions alter overlying QEV and eventually replace an overlying rhyolite breccia (upper 

rhyolite breccia), the coarse grained bases of overlying QEV sandstone units, and possibly locally form 

massive sulphides on the seafloor. 



dacite hyaloclastite and 
other breccia units 

(d) 

. ; :patctiy 'quartz, 
epidote 

WEST 	. CENTRAL . 	yOMACKA 	EAST
THALANGA 	THALANGA 	' ZONE 	THACANGA ,' 

378 

/ 
	 1 

waning flow of 
hydrothermal solutions 

Figure 12.1 (d) Cessation of hydrothermal activity: 

()Deposition of MATE siltstone and sandstone following cessation of sulphide formation. Dacite flows 

then emplaced, and locally altered during waning stages of hydrothermal activity (chlorite, quartz, 

calcite: metmorphosed to quartz-epidote-rich assemblages). QEV and QFP units are similarly altered 

where they overlie carbonate-rich assemblages within the ore horizon. 
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1. Formation of the Mount Windsor Volcanics at Thalanga involved emplacement of rhyolite 

domes or lavas, and possibly syn-volcanic intrusions, and deposition of associated autobreccia 

and hyaloclastite units in a sub-basin within a regional-scale back-arc basin. Constructional 

volcanism was concentrated at Thalanga and local basins trapped rhyolitic pumice breccia 

and other subaqueously transported units (Fig. 12.1a)). Initiation of the hydrothermal system 

at Thalanga probably occurred during the final stages of rhyolitic volcanism (as rhyolite 

breccia units partly host massive sulphides in the hangingwall lens in East Thalanga) and is 

interpreted to have been caused by the emplacement of the QFP parent magma (Fig. 12.1a). 
Metals may have been leached from the Puddler Creek Formation and the Mount Windsor 

Volcanics and may have been sourced directly from the magma chamber, which was volatile-

rich (Fig. 12.1a). 

2. Subaqueous emplacement, intense quench fragmentation, and gravitational collapse of a 

QFP dome or lava at Thalanga (Fig. 12.1b), resulted in the redeposition of the hyaloclastite, 

by mass flows, into local basins at West and East Thalanga, and parts of Central Thalanga 

(QEV units). Shallow, syn-volcanic QFP sills locally intruded the QEV units while they 

were unconsolidated (Fig. 4.19; Chapter 4). Volatiles associated with the QFP parent magma 
may have contributed to the hydrothermal solutions that were ascending through the 

permeable perlitic rhyolite lavas and rhyolitic breccia units at this stage. The porosity and 

permeability of the rhyolitic footwall allowed infiltration of cold seawater, which mixed 

with the warm hydrothermal solutions and produced Mg-rich chlorite. Pervasive Mg-rich 

chlorite alteration is associated with carbonate alteration of the rhyolitic volcanics and 

QEV in West Thalanga (Fig. 12.1b, inset 4). Carbonate and chlorite alteration may have been 
promoted by the mixing between cold seawater and warm CO2  or HCO3--bearing 

hydrothermal solutions (sourced from seawater and possibly partly from the QFP magma) in 

porous glassy, rhyolitic volcanics that were overlain by more impermeable QEV units. 

3. Sulphide mineralisation may have preceded QEV deposition in parts of Central and East 

Thalanga, and the preferred interpretation is that the QEV was deposited on top of clusters 

of evolving sulphide mounds in these regions (Fig. 12.1b, inset 5). Deposition of the QEV 

interrupted seafloor sulphide formation, and continuation of sulphide formation resulted in 
the partial replacement of the coarse base of the QEV, as the mineralising solutions 

travelled laterally along the permeable base of the QEV. Eventually the hydrothermal 

solutions were able to ascend through the QEV (producing quartz-sericite alteration 

assemblages and pyrite stringer veins) and either vented at the seafloor, where a second 

group of barite-rich massive sulphide mounds and quartz magnetite lenses formed, or partly 

replaced a monornict rhyolite breccia and the coarse base of the QEV sandstone facies (Fig. 

12.1c, inset). Immobile element ratios indicate that the monomict rhyolite breccia (the upper 

rhyolite breccia) may represent the final eruption of rhyolite of the underlying Mount 

Windsor Volcanics. 
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4. In West Thalanga, the sulphide lenses are veins of massive sulphides that cross cut the 

CTC assemblages. The sulphides are interpreted to have replaced the CTC units (Fig. 12.1c), 

when the hydrothermal system reached temperatures high enough to allow sulphide 

deposition (150-250°C; Large, 1992). The lack of sulphide lenses overlying the QEV in West 

Thalanga is interpreted to indicate either the cessation of hydrothermal activity prior to 

deposition of the QEV, or that the mineralising solutions were not able to pass through the 

QEV in this area (i.e. the QEV in West Thalanga was more impermeable than the QEV in 

East Thalanga). Perhaps the epidote-actinolite-dilorite assemblage within the QEV, and 

locally the overlying dacite, represents the metamorphic equivalent of late-stage, post 

sulphide mineralisation hydrothermal alteration. 

5.Deposition of sulphides in West Thalanga was probably due to changes in pH and f02  

conditions of the mineralising solutions when they ascended through the CTC alteration 

assemblages. In East Thalanga, deposition of sulphides may have been due to a sudden change 

in pH, f02  and pressure (lithostatic) as the mineralising solutions moved from the rhyolitic 

footwall to the highly porous and permeable base of the QEV breccia facies. The sulphide 

lenses at Thalanga are interpreted to have evolved in a similar process to the mound-building 

and zone-refining processes outlined by Eldridge et a/. (1983), Huston and Large (1989) and 

Large (1992), whereby as the temperature of the hydrothermal solution increased to 300- 

350°C, early-formed sphalerite-galena assemblages in the CTC or QEV are replaced by 

pyrite ± chalcopyrite in areas overlying hydrothermal feeder zones, and are re-precipitated 

at the upper and lateral margins of the sulphide lens. During the waning stages of the 

hydrothermal system barite-rich sulphides were precipitated at the top of the sulphide 

lens. In East Thalanga, barite-rich sulphides are inferred to have been deposited at the 

seawater-QEV interface. 

6.Deposition of rhyolite breccia grading to quartz-feldspar sandstone and silty sandstone 

(the HWF) is interpreted to have post-dated sulphide mineralisation (Chapter 4). 

Emplacement of multiple dacite lavas followed, with the first dacite partly foundering into 

wet and unconsolidated HWF in Central and East Thalanga. Hydrothermal activity had 

almost ceased after dacite deposition, but local epidote-rich assemblages are interpreted to 

indicate continued hydrothermal activity (Fig. 12.1d). 

7.The main deformation (Da) of Thalanga occurred during the Early Ordovician and produced 

east-west trending upright folds. This event is interpreted to have resulted in the formation 

of compositional banding within the sulphide lenses parallel to the subvertical S2 direction 

(Chapter 3 and 6). Sulphides were remobilised into extension sites that also formed during 

this subvertical extension. 
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8. Repetition of the ore horizon along the steeply north-dipping normal faults during the 

Silurian-Devonian (D3) resulted in structural thickening of the massive sulphide lenses, and 

local remobilisation of sulphides (Chapter 3). Peak metamorphism is inferred to post-date S3 

formation, and resulted in the strong coarsening and recrystallisation of sulphides and gangue 

minerals at Thalanga. 

12.7 Synthesis: Controls on the Location of Massive Sulphides 

The most important features that are interpreted to control the location and abundance of 

massive sulphide lenses at Thalanga (and are therefore likely to be useful exploration 

criteria within the Mount Windsor subprovince) are: 

1.The abundance of proximal volcanism. This suggests that there was a major magma 

chamber at depth which drove the circulation of hydrothermal convention cells in the 

footwall rhyolitic volcanics, and was also a possible source of some of the hydrothermal 

solutions. 

2. hi the absence of growth faults to channel mineralising fluids, abundant porous and 

permeable volcanic units (perlitic fractures in coherent units, breccia facies) within the 

footwall allowed the flow of hydrothermal solutions to the stratigraphic top of the 

rhyolitic volcanics. 

3. The presence of a favourable horizon. The intimate association between the massive 

sulphides and the CTC and QEV units at Thalanga suggests that the right chemical change 

may have been critical in promoting deposition of sulphides from the mineralising fluid. Such 

a favourable horizon is critical in an active volcanic environment that contains little 

evidence of a major volcanic hiatus (and therefore little time to deposit massive sulphides on 
the seafloor) in order for sulphide mineralisation to have occurred in a sub-seafloor position. 

Gradation from semi-massive to massive sulphides within the ore horizon at Thalanga is 

interpreted to be consistent with the lateral migration of hydrothermal solutions, and 

deposition of sulphides by replacement along a favourable horizon. 

4. Coarse quartz-bearing QEV and QFP units within the favourable horizon. These volcanic 

units are interpreted to have formed in a volatile-rich magma and the time required to 

crystallise the distinctive large quartz crystals may have led to the initiation of a 

hydrothermal convection cell in the overlying rhyolitic volcanics. Volatiles from the magma 

may also have been released to ascend and mix with the convecting seawater. 



CHAPTER 13. 

CONCLUSIONS 

Massive sulphide lenses at Thalanga are associated with poorly sorted, polymict breccia and 

quartz sandstone units (QEV), syn-volcanic quartz-feldspar porphyry (QFP) sills, and local 

carbonate- and chlorite-rich (CTC) alteration assemblages that stratigraphically overlie 

rhyolitic vokanics, and are collectively known as the ore horizon. Bedding is now subvertical 

and faces south, and Thalanga is interpreted to occur on the northern limb of a northwest 

striking syncline. 

The massive sulphides are interpreted to be syn-volcanic in origin because: 

i) the massive sulphide and hydrothermal alteration assemblages have the same 

generations of tectonic structures as the host volcanic units; 

the largest and most extensive area of hydrothermal alteration is present in the rhyolitic 

volcanics stratigraphically underlying the massive sulphide lenses; 

there is a strong stratigraphic control on the location of massive sulphides (at the 

stratigraphic top of the Mount Windsor Vokanics and intercalated with the lowermost 

volcanic units of the overlying Trooper Creek Formation). 

Two significant deformation events (D2  and D3) are inferred to have overprinted the host 

stratigraphy and the massive sulphide lenses at Thalanga. Both of these may have been 

associated with metamorphism. However, textural evidence indicates that peak 

metamorphism (485 ± 23°C and 2.5 ± 1.5 kbars) at Thalanga post-dated S3. Remobilisation of 

sulphides is interpreted to have occurred during both 1D2  and 1)3. The main structures are: 

D2: Ordovician age, regional-scale east-west vertical folds, possibly associated with 

regional metamorphism. The pervasive axial planar cleavage (S 2) is defined by 

metamorphic biotite, phyllosilicate alteration minerals, and compositional banding in 

the sulphide lenses. Formerly irregularly-oriented pyrite veins in footwall stringer zones 

are folded with axial planes parallel to S2. Steep, NE- to E-plunging mineral and clast 

elongation lineations indicate subvertical extension during D2. Chalcopyrite-rich 

sulphides (± quartz) have been remobilised into dilation sites associated with subvertical 

extension, including the subhorizontal boudin necks in CTC assemblages, pressure shadows 

around clasts (cm- to m-scale) and phenocrysts, and subhorizontal tension gashes and 

piercement veins at the upper and lower contacts of massive sulphide lenses. 

D3: Silurian-Devonian age, ENE-striking normal faults and weakly bifurcating crenulation 

cleavage (S3). The normal faults have cross-cut and truncated the ore horizon at depth, 
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structurally thicken the massive sulphide lens in places, and partly control the separation 

of the semi-continuous ore lens into four main lenses. Sulphides have been remobilised 

adjacent to the faults and parallel to S3. Late-stage strike-slip displacement has also 

occurred along these faults. 

Syn-volcanic structures may have controlled the location and geometry of the local basin in 

which massive sulphides and the QEV were deposited, but unequivocal evidence of their 

presence has been overprinted by hydrothermal alteration. The semi-conformable pyrite 

stringer zones are interpreted to reflect original permeability contrasts within the footwall 

rhyolitic volcanics, which are composed of perlitic rhyolite domes or sills, rhyolite breccia 

and sandstone, and local rhyolite pumice breccia units. 

Evidence that Thalanga was formed in the vicinity of an active volcanic centre includes: 

i) the rhyolitic volcanics reach a maximum stratigraphic thickness at Thalanga, which 

gradually decreases along strike; 

QEV is locally intruded by co-magmatic QFP sills with peperitic margins at Thalanga; 

minor rhyolite eruption continued after QEV and QFP emplacement; 

iv) dacite lavas and syn-volcanic andesite sills overlie the ore horizon, but dacite is not 

present within 2 km along strike from Thalartga. The similarity between immobile 

element ratios and REE contents of the QFP sills and the first erupted dacite suggests that 

both may have had the same parent magma; 

v) there is no evidence of extended ambient basin (terrigenous) sedimentation, until deposition 

of the overlying Rollston Range Formation, that would indicate periods of volcanic 

quiescence. 

The QEV is interpreted to have either: 

i) been sourced from an explosively erupted QFP magma at an unknown vent which liberated 

abundant quartz and feldspar crystals. This would probably have occurred at water 

depths of km (McBirney, 1963). If the thickest parts of the underlying rhyolitic 

volcanics correspond to a regional-scale, topographic high, then the vent was probably 

located near Thalanga; or 

ii) formed by intense quench fragmentation, gravitational collapse and mass wasting of one or 

more QFP domes. This interpretation is consistent with the variable crystal concentrations 

and poorly sorted components of the QEV. 

Quartz and feldspar crystal and crystal fragments, non-vesicular QFP clasts and pumiceous 

QFP clasts from the collapsed domes or explosive eruption are interpreted to have been 

transported and redeposited by a sub-aqueous mass-flow into local basins at Thalanga, 

interrupting incipient seafloor massive sulphide formation. The QEV was not deposited in 

the Vomacka Zone and eastern parts of Central Thalanga, indicating that these areas were 
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topographic highs at that time. Locally, non-vesicular QFP sills were emplaced while the 

QEV was wet and unconsolidated. 

The large sizes of the phenocryst and crystal component of the QFP and QEV units indicates 

that the parent magma was volatile-rich and had remained in the magma chamber for 

sufficient time to grow large crystals. This magma chamber is interpreted to have been the 

heat source required to drive the circulation of hydrothermal solutions, which as well as 

comprising evolved seawater (as indicated by sulphur isotopes), may also have contained 

volatiles and metals released from the fluid-rich QFP parent magma. 

The major conclusions about the composition and origin of the massive sulphides at Thalanga 

are: 

i) the sulphide lenses comprise massive to banded lenses of sphalerite-galena-pyrite ± 

chakopyrite-rich sulphides, with minor tetrahedrite-tennantite and arsenopyrite. These 

sulphide lenses stratigraphically overlie massive pyrite ± chalcopyrite ± minor 

magnetite lenses; 

barite-rich sulphides are present at the stratigraphic top and lateral margins of the ore 

lenses, and in places are associated with quartz-magnetite lenses. In East Thalanga barite-

rich sulphides overlie the QEV breccia facies; 

iii) the sulphides are coarse-grained, strongly annealed and any evidence of deformation has 

been obliterated by recrystallisation during metamorphism. Banding is defined by 

alternative bands of pyrite-rich and sphalerite-rich sulphides, and is interpreted to be 

metamorphic in origin; 

iv) the gradation from semi-massive to massive sulphides at Thalanga is consistent with the 

lateral migration of hydrothermal solutions and deposition of sulphides (probably due to 

changes in pH and f02) by replacement of favourable units. Massive sulphide veins and 

disseminations have replaced CTC alteration assemblages in West and parts of Central 

Thalanga, and massive sulphides have replaced the poorly sorted, coarse-grained base of 

the QEV breccia facies, the coarse grained base of the overlying QEV sandstone facies and 

the upper rhyolite breccia unit in East Thalanga. Local formation of sulphide mounds on 

the seafloor is interpreted to have occurred in Central Thalanga and parts of East 

Thalanga; 

v) barite-rich sulphides may have formed on the seafloor in East Thalanga, but in the 

Vomacka Zone, barite-sulphide veins have replaced a polymict rhyolite breccia that 

overlies the footwall rhyolitic volcanics; 

vi) metal zonation within the ore lenses is poorly developed and is interpreted to reflect 

widespread remobilisation and repetition of the normally zoned massive sulphide lenses 

along normal faults during D 3; 

vii) 834S of pyrite disseminated in the footwall indicates that sulphur is sourced from 

hydrothermal solutions containing a mixture of dissolved igneous sulphur and Cambro- 
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Ordovician seawater that was inorganically reduced during circulation. Progressive 

mixing with partly reduced seawater is interpreted to have occurred as the hydrothermal 

solutions ascended through the permeable rhyolitic volcanics. 

viii) 634S of barite is consistent with sulphate derived from the overlying Cambro-

Ordovician seawater and deposition of barite on or immediately below the seafloor. 

The important types and distribution of metamorphosed hydrothermal alteration 

assemblages at Thalanga are: 

i) quartz-muscovite ± pyrite ± phlogopite ± chlorite-rich assemblages are concentrated in the 

rhyolitic volcanics underlying the massive sulphide lenses at Thalanga. The pre-

metamorphic hydrothermal alteration assemblage is inferred to have been quartz-sericite 

± chlorite ± pyrite. Except for quartz phenocrysts, most original volcanic textures have 

been destroyed by this alteration and pseudoclastic textures are common within the 

footwall rhyolitic volcanics. Quartz-muscovite-phlogopite-rich assemblages 

(metamorphosed quartz-sericite ± chlorite alteration) and pyrite ± sphalerite veins have 

overprinted the QFP and QEV units that are overlain by massive sulphides; 
ii) semi-conformable pyrite stringer zones in the rhyolitic volcanics comprise 5-50 % irregular 

pyrite veins, now subparallel to S2, in quartz-muscovite-rich intervals. Minor amounts of 

chalcopyrite are present in stringer zones closest to the ore horizon. The thickest lenses of 

massive sulphides are present where the stringer zones intersect the ore horizon; 

intervals of intense silicification in the footwall rhyolitic volcanics contain only traces of 
muscovite and few pyrite veins, are typically not overlain by massive sulphides, and are 

therefore considered to have formed prior to sulphide formation and acted as a barrier to 

hydrothermal solutions. This interpretation explains the local gradational contacts with 

quartz-muscovite-pyrite-rich rhyolitic volcanics; 
iv) domains of clinozoisite-chlorite-tremolite near the stratigraphic top of the rhyolitic 

volcanics in West and Central Thalanga are interpreted to be metamorphosed zones of 

calcite-chlorite-quartz alteration, and may have been feeder zones to the CTC 
assemblages within the overlying ore horizon; 

v) chlorite schist has replaced the stratigraphic top of the rhyolitic volcanics in places and 

typically contains disseminated pyrite and is closely associated with massive pyrite 

lenses; 
vi) CTC units within the ore horizon are interpreted have formed by the low temperature 

replacement of a rhyolitic precursor and the QEV in places. The QEV is interpreted to 

have been deposited prior to alteration and acted as mostly impermeable barrier, 

allowing low temperature hydrothermal solutions (containing marine HCO3-  and possibly 
minor CO2  from the QFP parent magma) to mix with cold seawater in porous rhyolitic 

volcanics at the top of the footwall. Calcite is interpreted to have nucleated on and 

replaced glassy rhyolite fragments, and chlorite precipitated in pore spaces. Calcite was 

dolomitised as the hydrothermal system evolved and heated up. 
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vi) epidote-actinolite- and epidote-quartz-rich assemblages are common in the QEV and 

dacite that overlie CTC units, and are considered to be the metamorphosed equivalents of 

calcite-chlorite-quartz alteration that formed during the waning stages of the 

hydrothermal system. 
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