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ABSTRACT

Quartzite Ridge 1is an extensive, linear zone of siliceous and high
alumina alteration within the Cambrian - Ordovician Balcooma
Metavolcanics. These acid to intermediate ﬁetavolcanics and lesser
metasedimentary host rocks are metamorphosed to greenschist facies
and steeply dipping. A regional submylonitic foliation was developed
during the early Silurian, when the rocks formed the axial zone of a
major orogeny. This foliation is subparellel to stratigraphy and

coeval and parallel with the Balcooma mylonite zone lkm to the west.

The alteration occurs along a high strain zone of the main
foliation and cuts the stratigraphy at a low angle. It consists of
an elongate, fine grained, mylonitic siliceous body in which
widespread kyanite and andalusite occur along foliation planes and
in crosscutting veins. It also contains elongate pods up to 8m
across of structureless kyanite or andalusite, with lesser corundum,
diaspore, muscovite, topaz and apatite. Aluminium phosphates
scorzalite, lazulite, goyazite and svanbergite occur abundaﬁtly with

apatite and andalusite in a restricted area.

Topaz occurs also as extremely fine grained irregular aggregates
and veins within fine grained quartz and angular or finely milled
quartz - topaz breccias. Topaz and abundant foliated muscovite are
present in some areas within the foliated quartz. Apatite, pyrite
and fluorite are common in topaz rich rocks. Fine grained rutile is
present ubiquitously in the alteration zone. Pyrophyllite and
kaolinite extensively vein and replace aluminosilicates throughout

the zone.

The paragenesis of the above assemblage can be divided into four
stages: (1) silicification of host rocks (2) aluminous alteration

(3)topaz/muscovite alteration (4) clay alteration. All phases of



alteration were part of a continuous evolving hydrothermal event
with gradually waning temperature and increasing upHF. The physio-
chemical conditions during formation of the alteration assemblage
can be inferred by a study of the system F,0.,-K,0-Al,0;-Si0,-H,0

and mineral reactions infered from textures.

Silicification probably occured in conjunction with hydrolytic
cation leaching of the host rocks producing a residual enrichment of
silica, aluminium, TiO, and possibly phosphate. Aluminium was
mobilized and extensively veined and replaced the silicification.
Increasing temperature and low aSiO, causes nonstochiometric
disolution of Si0, over Al,0;. Low aSi0, within aluminous veins
formed corundum and diaspore in high fluid flow areas. Muscovite
formed as K'/H'" increased. uHF can increase due to cooling, thus
topaz usurped Al,SiOs; as the stable aluminosilicate, and fluorite
formed. Kaolinite and pyrophyllite alteration occured as the low

aSi0, fluid cooled futher.

Widespread apatite shows the fluid was high in H,PO,.
Scorzalite/lazulite (Mg/Fe bearing aluminium phosphates) formed from
H3PO4 alteration of andalusite. Sulphate bearing aluminium phophates -
(goyazite and svanbergiﬁe) are isostructural with alunite and formed

from in response to increased H,S0, and Sr.

P/T considerations of the assemblage andalusite-kyanite-corundum
indicate the assemblage was not the product of prograde regional
metamorphism and that it probably formed between 2.5 - 3.0 Kb and
over a range of 435-220°C. This suggests the event was of Silurian
age. This is consistant with foliation developement within the
alteration suggesting it developed in the closing stages of the
mylonitic event A possible source for an acidic F rich fluid of-

appropriate age is the Ringwood Park Microgranite.

High alumina alteration zones of extremely analogous mineral
assemblages and similar styles occur in other Palaeozoic felsic
metavolcanic belts in the world, particularly the Carolina Slate
Belt. These high alumina zones are sometimes associated with Au and
sulphide mineralization however a drilling program ' at Quartzite

Ridge failed to detect significant mineralization. These zones



represent a distinctive alteration style characterised by high F and
PO, and having genetic affinities with both porphyry Cu-Mo systems

and greisens.
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CHAPTER 1 - INTRODUCTION

1.1 INTRODUCTION

Quartzite Ridge is a 2km linear zone of aluminous alteration hosted
by the Palaeozoic Balcooma Metavolcanics. It is located on the
western mérgin'of the Greenvale Subprovince, 250km west of
Townsville, North Queensland. The alteration is a dominantly
aluminosilicate assemblage: kaolinite, pyrophyllite, andalusite,
kyanite, diaspore. Muscovite and F- and PO,- bearing minerals and
rutile are common associate phases. The zone is closely related and

partially hosted by a fine gréined mylonitic siliceous body.

The alteration suite at Quartzite Ridge is particularly
distinctive. It has correlatives both internationally (e.g. Brewer
Mine, Carolina Slate Belt, USA; Schmidt, 1985) and locally (e.g.
Truncheon Prospect, Mt Windsor Volcanics, Australia; Beamé et al.,
1989). This alteration style is sometimes associated with gold or
sulphide mineralisation and is typically mesothermal. Its genetic
relationship to magmatic processes is generally unclear, but is
characterised by formation from a high fluid flow of strongly acidic

F bearing solutionms.

Advanced‘argillic alteration assemblages found associated with acid
sulphate epithermal ores and high levels of porphyry style deposits
have important differences from the high alumina suites mentioned
above. These latter have been largely overlooked in the literature
and are unknown as distinct alteration style in Australia, compared
with the veritable flood of information on epithermal and porphfy

systems from 1980 to the present.



1.2 AIMS

It is the aim of this study to document the alteration assemblage
at Quartzite Ridge and propose a paragenesis by means of the
following approaches:

(1) identification of mineral phases and their associatiomns.

(2) determining temporal and spatial relationships of mineral

associations to each other.

(3) determining the approximate conditions of formation of

different mineral associations, and of the alteration suite _ in
general with respect to fluid composition, temperature a n d
pressure. —

(4) investigating the timing of the alteration with regard to the

major mylonitic deformational event.

This approach was desigened to allow comment on the origin of the

fluid and the age of the.alteration event.

Due to the time constraints of a Honours thesis it is not within
the scope of this study to futher define the structural and

stratigraphic geology of the area.
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1.3 METHODS

The alteration zone was extensively sampled and mapped at 1:2000
during 4 weeks in the field, and 700m of drill core was logged and
sampled.

A petrological study included preparation and examination of 80
thin sections, use of the SEM probe on 10 polished thin sections,

and XRD analysis of clay and mineral phases.

1.4 EXPLORATION AND MINING HISTORY

The gnusual alteration was first noticed by Chevron Exploration
Corporation and -Carpentaria Exploration Company (CEC) geologists
during a regional exploration programme of ATP2036M ‘'Balcooma’ in
198?. Anomalous gold values detected in associated drainages during
) regional stream sediment sampling and initial identification of
pyrophyllite led to futher investigation by CEC and suggestions of a

possible acid-sulphate epithermal origin.

Quartzite Ridge is within M.L.’s 1451 and 1452 held by Carpentaria
Exploration Company and joint venture partner Metallgeschellshaft of
Australia Pty Ltd (fig 1). Testing for possible mineralisation was
carried out in 1988-89 by~CEC, and provided assistance for this
project, access to. drillcore and  geochemical analyses. No

significant mineralisation was detected.

Several massive sulphide prospects (Cu-Pb-Zn) ‘Surveyor' (ML805
Geopeko Limited), ‘'Balcooma’ (Harvey, 1984) and 'Dry River South’
(Withnall, 1989) (fig 1), are all within five kilometres of
Quartzite Ridge. They are hosted by the Balcooma Metavolcanics and

are of presumed syngenetic/volcanogenic origin (Withnall, 1989).



" Ten kilometers to the south are several old workings which were
included in the Balcooma Goldfield. Shallow mining of small but rich
reefs resulted in total production to the order of around 30kg

(records are incomplete) (Anon.? 1984).

1.5 LOCATION AND GEOGRAPHY

Quartzite Ridge is located approximately 40km NW of the mining town
of Greenvale. It is accessed via the Kennedy Developemental Road and
approximately 15km of 4WD track from Conjuboy Homestead (fig 1).

Several crossings of the Dry River are impassable after heavy rain.

The topography is characterised by low irregular ridges trending
NW, ‘and eroded plateaus of tertiary laterites and basalts.
Vegetation is open savanah of dry sclerophyll with areas of wattle

scrub and prolific speargrass with occaisional spinifex on hilltops.



CHAPTER 2 - REGIONAL GEOLOGY

2.1 GENERAL SETTING

The Balcooma - Dry River area is within the Greenvale subprovince,
which is the easternmost region of the Proterozoic Georgetown

Province (Withnall, 1982) (fig 2.1).

The Greenvaleisubprovince is an elongate fault bounded belt
trending NW, of dominantly Lower Palaeozoic rocks. The Balcooma
Mylonite Zone (BMZ) forms the western margin of the subprovince with
the Georgetown Province, represented here by the Precambrian
Einaéleigh Metamorphics. The Broken River Fault seperates the
Greenvale subprovince from the Palaeozoic Broken River Province in
the east. Both the NW and SE extensions of the region are obscured.
An extensive intrusion of the Silurian - Devonian Dido Tonalite
truncates the subprovincelin the south, and Cainozoic sediments and

basalts cover the northern end.

The Lower Palaeozoic rocks west to east, comprise the Balcooma
Metavolcanics and the Lucky Creek Metamorphic Group (Withnall,
1989). The contact between the two is concealed by the Dido
" Tonalite. Contacts of units within the Lucky Creek Metamorphic Groﬁp
are typically faulted parallel to the NW trend and are most probably
thrust faults (Withnall, 1989). Pervasive steeply dipping schistose

to mylonitic foliations are a feature.

A narrow fault bounded band of Proterozoic rocks (the Halls Reward

Metamorphics) occurs on the easternmost margin.
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Rare patches of later Palaeozoic sediments are unconformable to the
lower sequence, and small isolated outcrops of Carboniferous

volcanics.

2.2 PREVIOQUS WORK

2.2.1 Regional

The Georgetown Province and Broken River Province were mapped by
the Bureau of Mineral Resources (BMR) and the Geological Survey of
Queensland in the 1950’'s (White 1962a, b, 1965). Later work by the
BMR, GSQ, and university geologists on the Georgetown Province was

reviewed by Withnall and Mackenzie (1980), and Withnall (1982).

Bell and Rubenach (1976) discovered the BMZ, and Arnold and
Rubenach reappraised the geology of the Greenvale area with
particular reference to the origin and emplacement ‘of the

Proterozoic mafic and ultramafic complexes.

Additional mapping and investigations of the Georgetowﬁ Province
were carried out during exploration activities by they CEC
geologists led to the discovery of the Balcooma base metal deposit
in 1978 (Harvey, 1984), and identified deformed and metamorphosed
acid to intermediate volcanics in the Balcooma and Lucky Creek

areas.

The GreenvalevSubprovince and the Broken River Province were
studied as part of the BMR-GSQ Georgetown Project between 1980 and
1983, and are presented by Withnall (1989). Most of the following
lithological information on the Greenvale subprovince has been

summarized from this source.



Deformation and metamorphism of the Balcooma area were the subject

of a PhD study by Van der Hor (1989)..

2.2.3 Quartzite Ridge

‘The alteration at Quartzite Ridge has not been previously studied.
A similar kyanite assemblage has been observed by Withnall within

siliceous rock in the Lucky Creek Formation 25km to the ESE.

2.3 LATE PALAEOZOIC - Conjuboy Formation

The early Devonian Conjuboy Formation unconformably overlies the
Balcooma Metavolcanics and Einasligh Metamorphics in the BMZ. Its
main occurence is as a narrow northeast trending belt about 9km long

and 1.5 -2.0 km wide, and dips 30° to the NE.

Lithologies are thickbedded and commonly trough bedded medium to
coarse grained quartzose sandstones, mudstones and shales and
sporadic lenses of bioclastic calcirudites. Faunas have not been

studied in detail.



2.4 EARLY PALAEQZOIC

2.4.1 Balcooma Metavolcanics

The Balcooma Metavolcanics form a belt 30 km long and 7 km wide and
represent the remnnants of an extensive northerly trending
metamorphic belt that developed in the Ordovician-earliest Silurian
during compression and uplift of a Cambrian-Ordovician sedimentary

basin (Van der Hor, 1989).

Acid metavolcanics, rhyolitic to dacitic in composition,
volcanoclastic rocks and intercalated schist are the dominant
lithologies. Andesites, mafic andesites and andesitic tuffs form a
minor proportion and are found in the western region with rare

metadolerite (Withnall, "1989; Van der Hor, 1989) (fig 2.2).

The metasediments occur mainly in the eastern area of the formation
and comprise thick bedded greywackes, sandstones, mica schists,
quartzites, and minor calcsilicates. Graded bedding and cross
bedding can be seen in the northern area near the Balcooma massive

sulphide deposit (Van der Hor, 1989).

Primary lithologies inferred for the Balcooma Metavolcanics are
similar to the Seventy Mile Range Group of the Southern Charters
Towers Province and the two units are probably correlative

(Withnall, 1982; Henderson, 1986).

Metamorphic grade increases from greenschist facies in the western
part of the formation to amphibolite facies in the east, and mineral
assemblages indicate a temperature increase towards the north (Van

der Hor, 1989).

A lower Palaeozoic Cambrian-Ordovician age has been inferred by
Harvey (1984), Withnall (1982) and Oversby et al (1983) on the basis
of limited isotropic evidence (Gulson and Vaajofi, 1978). Withnall
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Figure 2.2 - Geology of the Balcooma Metavolcanics (Withnall, 1989).



(in prep) has ‘determined ages of 471t4 Ma (298pPb / 238U) and 507422
Ma (2%7Pb / QOéPb) obtained from zircons using an ion microprobe,

placing them as middle Ordovician.

Structure

Metasedimentary rocks are generally well foliated, and acid felsic
volcanics variably foliated. The féliation is sub-parallel to
bedding in some outcrops particularly towards the BMZ, but commonly
it cuts across bedding at low to moderate angles. Both bedding and
cleavage dip predominantly to the east to southeast (Withnall,
1989). Withnall takes the dominant foliation to be S1 and describes
a locally occuring partially differentiated S2_crenulation. Withnall
proposes the lack of repetition and vergences suggest that the

sequence is the western limb of a major anticline.

The structure of the area was the subject of a PhD study by Van der
Hor (1989). Van der Hor recognizes 6 deformation events. The complex
structural and metamorphic features of the Balcooma metavolcanics
are interpreted in terms of an orogen with several stages of
orthogonal cleavage developement, culminating in D5. DI1-3 were
detected by study of porphyroblast microstructures. Evidence for

these events in the matrix are destroyed by younger folding events.

Balcooma Mylonite Zone

The BMZ was discovered by Bell and Rubenach (1976). It is a diffuse
zone 1-2 km wide in the Einasleigh metamorphics adjacent to the

Balcooma Metavolcanics. The western margin is not well defined

(Withnall, 1989).

Withnall (1989) describes the deformation effects in the Balcooma
Metavolcanics as somewhat heterogeneous with more strongly deformed
and less deformed zones commonly interspersed. The Balcooma
Metavolcanics do show éome increase in deformation visible up to

700m from the contact, but the mylonitic effects may be less visible



in the finer grained rocks.

Van der Hor (1989) proposes dextral strike slip movement along the
fault zone. Evidence for strike slip movement are shallowly dipping
to subhorizontal stretching lineations. Dextral sense is infered
from microstructural studies and by correlation with overall dext;ai

transcurrent movements on the Tasman Fold Belt.

The Einasleigh Metamorphics have been much more strongly affected
however, with intensely ribboned and laminated rocks of probable
granitoid origin showing the most intense deformation in a

subvertical zone 30-100 wide (Van der Hor, 1989).

"Synkinematic mineral assemblages in ampphibolites indicate
transitional amphibolite facies metamorphic conditions during

mylonite formation. (Van der Hor, 1989).

A syntectonic or post D5 age is suggested by Van der Hor (1989) for
the BMZ. Dating of D5 is on the basis of the Silurian
metasedimentary rocks of the Graveyard Creek subprovince showing no
evidence of a major folding event that could be correlated with D5.
Thus suggests a maximum earliest Silurian age is inferred for the
BMZ. The BMZ is overlain unconformably by the Devonian Conjuboy

Formation. This sets a minimum age for the BMZ as pre Devonian.

2.4.2 Luc Creek Metamorphic Grou

The Lucky Creek Metamorphic Group includes from west to east , the
Lungano Metamorphics, the Eland Metavocanics and the Paddys Creek
Metamorphics (Withnall, 1989). These occur to the east of the
Balcooma Metavolcanics in a northeasterly trending zone, and are
generally of greenschist facies, and locally amphibolite facies

where intruded by the Dido Tonalite.
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Lungano Metamorphics

The Lungano Metamorphics include abundant massive to well layered
amphibolite; feldspathic schist and gneiss, mica schist, quartzite
and minor marble. Their origin is uncertain but they are thought to

be 'dérived from coarse grained, very thick bedded arenites and

siltstones, shale, and minor tuff with submarine basaltic lavas, *

volcanoclastics and minor limestone.

A distinctive ridge forming quartzite occurs near Galah Dam that
appears similar to Quartzite Ridge. It occurs in a synform and is
intelayered with quartz-mica schist. It contains abundant radiating
kyanite prisms on foliation planes, in places replaced by kaolinite
and minor muscovite with acessory rutile. Other acessory minerals
occuring at Quartzite Ridge have not been reported, but chemical
analyses show a similar anomalous Sr values.

The Lungano Metamorphics are generally well foliated ‘and

metamorphosed mainly in greenschist facies.

Eland Metavolcanics

These occur east of the Lungano Metamorphics and predominately
consist of chlorite and actinolite schists containing relict
plagioclase phenocrysts. Basaltic to andesitic volcanoclastics were
probably the original rocks. Less strained volcanogenic sedimentary

rocks, metacherts and tuffs also occur to a lesser extent.

They are very strongly foliated and locally mylonitic. The rocks
are of greenschist facies and are thought to be of early Ordovician
age by correlation with the lithologically similar Troopers Creek
Formation of the Seventy Mile Range Group (Henderson 1982, 1986).

Paddys Creek Phyllite

This unit consists mainly of quartz-muscovite phyllites with minor
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chlorite grading into quartz phyllite or quartzite. The rocks are
strongly foliated and show a layer differentiated crenulation
cleavage. They are thought to be derived from an original mudstone
and quartz arenite sequence and are now probably metamorphosed to

greenschist facies.

A probable early Palaeozoic age is suggested by correlation with

the Judea Beds of the Graveyard Creek subprovince.

2.5 PROTEROZOIC ROCKS - Halls Reward Metamorphics

These rocks outcrop as a narrow belt 5 km wide and 90 km long east
of the Lucky Creek Metamorphic Group, and together with the mafic
and ultramafic Boiler Gully Complex form a sliver of fault bounded

proterozoic rocks of indeterminate origin.

2.6 INTRUSIVES

2.6.1 Ringwood Park Microgranite

The early Pélaeozoic Ringwood Park Microgranite intrudes the
Balcooma Metavolcanics in the northern region and Withnall (1989)
proposes it is coeval with them. However increasing metamorphic
grade towards the north of the Balcooma Metavolcanics suggests a
correlation between metamorphism and granite emplacement and that

emplacement was syntectonic (Van der Hor, 1989).

Composition is of variably porphyritic microgranite and
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microgranodiorite with local biotite granite. The fine crystal

texture and granophyric textures indicate high level emplacement.

The rocks are generally at least weakly foliated and were probably
metamorphosed with the Balcooma Metavolcanics. They are dated as
Middle Ordovician by Withnall (1989) on the assumption that they are

contemperaneous with the Balcooma Metavolcanics.

2.6.2 Dido Tonalite

The Silurian - Early Devonian Dido Tonalite forms a large NNE
trending batholith at least 90 km long and 30 km wide and intrudes
the Balcooma Metavolcanics, the Einasliegh Metamorphics and the

Lucky Creek Metamorphics.

It forms a composite batholith and includes tonalite, quartz
diorite, diorite and gabbro and this is more mafic than other pre
Carboniferous granitic rocks of fhe Georgetown Province. The Dido
tonalite generally shows a foliation. Muscovite pegmatite dykes and
veins probably generated by partial melting of'the country rocks
intrude the tonalite near the contact in places. The Dido Tonalite
is petrologically similar to the Craigie Granodiorite and the
Ravenswood Granodiorite in the Ravenswood - Lolworth block (Wyatt
and others 1971, Clarke 1971, McLennan 1986). The Ravenswood
Granodiorite has lower Sr and Y values, however and was generated at

shallower depths ( D. Wybon p. comm to Withnall 1989).
Dating by Black and Mc Culloch (in prep.) U-Pb, and Richards and

others (1966), K-Ar; indicate an Early Silurian or older age for the

Dido Tonalite.

2.6.3 Carboniferous volcanics. and related intrusives

The Carboniferous Bally Knob Volcanics are relatively flat lying

and unmetamorphosed. An irregular belt 5 by 20 km outcrops in. the
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northeast of the area (fig.2.2), and a smaller area occurs a few

kilometers to the northeast of the Balcooma Base Metals prospect.
The volcanics overlie or are faulted against the Balcooma

Metavolcanics , Lucky Creek Metamorphics, Halls Reward Metamorphics

and Dido Tonalite.

They are an acid assemblage of crystal plagioclase rich lithic
tuff, rhyolite ignimbrite, aphyritic dacite (weakly flow banded) and
flow banded rhyolite.

Intrusive felsic and mafic Carboniferous rocks are mainly
associated with the Bally Knob Volcanics. These include sparsely
porphyritic small rhyolite plugs and dykes, microgranite,
porphyritic microdiorite or dolerite intrusions 4 by 2 km’'s wide and

a small dyke like body of gabbro.

A few rhyolite dykes were observed by Withnall(1989) locally along

some of the major faults.

The Bally Knob Volcanics’s have not been dated radiomegtrically, but
are correlated with lithologically similar units of the Cairns-
Townsville hinterland (the Coastal Ignéous Province) which have

Carboniferous ages.

2.7 TECTONIC HISTORY

The Palaeozoic geological history of the Greenvale subprovince is
dominated by large scale strike slip faulting, parallel the general
trend occuring in the Tasman Orogenic Zone at that time; and
periodic episodes of crustal compression and extension. Both of
these were controlling factors in basin developement. Interpretation
of the Palaeozoic history of the area discussed below is a brief

summary of wvan der Hor (1989) .
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The Balcooma Metavolcanics and Lucky Creek Metamorphic Group,
probably formed during a Cambrian - rifting of the eastern margin
of the Proterozoic craton. Scarcity of basaltic assemblages suggests
that rifting would not have been so extensive as to generate the

formation of oceanic crust (van der Hor 1989).

The Cambrian - Ordovician basin was closed during E-W compression
and orogenesis in the Late Ordovician - Early Silurian. The Balcooma
Metavolcanics represent the axial core of the hinge, and
gravitational collapse produced low angle thrusts emplacing a Lower
Palaeozoic Paddys Creek and Eland Metavolcanics over the Halls

Reward Metamorphics.

Crustal thinning due to possible lithospheric root detatchment and
accompanying emplacement of the Dido Tonalite may have occurred late
in the orogenis. Heated crust would have facilitated the

developement of ductile mylonite zones.

Developement of the Balcooma Mylonite Zone and other N associated
trending dextral strike slip faults (Pélmerville, Clarke River and
Graveyard Creek Faults) occured during the Early Silurian, following
the northerly structural trend of the fold belt. The first phase of
crustal extension produced the Greenvale Subprovince as a pull apart

basin.

Futher extension resulted in the formation of the Hodgkinson and
Camel Creek basins and later Palaeozoic sedimentation. to occur.
Rapid subsidence of parts of the axial zone of the fold belt during
wrench faulting covered it in later Palaeozoic sediments. Closing
and folding occured of these basins in the Late Devonian. Variations
of the above model are also proposed and discussed by Fawkner

(1981).

Henderson (1987) interprets the formation of the later Palaeozoic
rocks differently. An active Andean style subduction zone with
forearc basin and accretionary prism is used to explain the
Graveyard Creek subprovince and Camel Creek - Hodgkinson provinces

respectively.
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CHAPTER 3 - QUARTZITE RIDGE GEOLOGY AND MINERALOGY

3.1 GENERAL SETTING

The alteration zone that defines Quartzite Ridge, (fig 3.1) 1s very
extensive being some 2km long and a maximum of 70m wide, and extends
to a depth of at least 210m. It strikes NNE and is steeply dipping
concordant with the dominant foliation. It crosscuts the
stratigraphy of the Balcooma Metavolcanics at a low angle. To the
north the zone narrows slightly and is less intense where it
disappears under tertiary lateritic cover. At its southern end the
zone is obscured by Cainozoic sediment cover of the Dry River’ and

was not observed to outcrop south of the river.

The alteration zone forms a narrow prominent ridge, slightly
sinuous and trending NNE, parelleling the Balcooma Mylonite Zone.
The ridge is displaced by two sets of crosscutting brittle faults,
trending NE and E, the displacement of which are visible on the

summary map (fig 3.1).

A prominently outcroping fine grained mylonitic silicic zone (the
quartz tectonite) forms the backbone of the ridge along much of its
extent. Mylonitic quartz andalusite/kyanite rocks form the main body
of the ridge. Irregular patches of medium to coarse grained
andalusite/kyanite structureless rock (Al,SiOs; rock) outcrop along
its length. Significant replacement of andalusite fock by Al
phosphates and-apatite occurs but is restricted to a confined area

(map - appendix 5).

Sub-angular breccias of very fine grained topaz - quartz rock are
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peripheral to outcrops of Al,SiO; rock, and topaz - muscovite
veining and alteration overprints the purely aluminous assemblage

extensively in some areas.

Alteration to, and veining by a clay assemblage of dominantly
kaolinite and pyrophyllite, is widespread and pervasive. Al,S1i04

rock is commonly almost entirely replaced.

3.2 COUNTRY ROCKS

At Quartzite Ridge the Balcooma Metavolcanics units trend NNW and
consist of interbedded metasedimentary rocks and basic to
intermeadiate metavolcanics; and acidic volcanics in the northern
most area. They are generally well foliated and may have three or
more additional subparallel crenulations present. They are
metamorphosed to greenschist facies. They have been affected by
several apparently previous metasomatic episodes of alteration and

veining and have been extensively silicified in areas.

Lithologies which are probably of metasedimentary origin include:
- fine grained quartz - biotite schists,
- fine grained dark grey quartz - mica - chlorite schist

(with variable epidote and sericitic

alteration),interbedded with minor fine grained

calcsilicate schist,

- fine grainéd quartz feldspathic schists with chlorite and

sericite,

- very fine grained sericitic quartzite.



The basic to intermeadiate metavolcanics in the area are:

- Metadolerite consisting of augite, olivine,

plagioclase, serpentitised and displaying ophitic texture.

- Albite - tremolite - quartz - chlorite - epidote schist

with magnetite (Coxford, 1989).

- Actinolite - albite - quartz schist, with oligoclase,

chlorite, sphene, and illmenite.

More acidic metavolcanic rocks were obsreved at the northern end of
the alteration zomne. These were not sampled and were classified in
the field as quartz porphyry rhyolites. Samples submitted by CEC to
Rocko Pty Ltd (Mineralogical Services) for petrological analyées

included :

- Quartzofeldspathic schist of acid volcanic origin, with

quartz phenocrysts.

- Quartzofeldspathic, blastoporphyritic schist of probably

derived from an acidic tuffaceous rock.

- Biotitic, quartzofeldspathic blastporphyritric schist
probably derived from a dacite.

(Coxford, 1988).

Veining of the country rocks is by:

(1) Quartz - carbonate
(2) Quartz - carbonate - chlorite - epidote -
pyrite (up to 1l0cm wide)

(3) Carbonate (approx. lmm)
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3.3 ALTERATION PETROGRAPHY AND PARACENESIS

3.3.]1 Aspects of paragenesis

Paragenesis of the alteration assemblage can be broadly divided
into four major phases (table 3). A detailed paragenesis of
individual mineral phase relationships can be postulated on the

basis of microtextures.

Overprinting of later phases 1is prevalent throughout the
alteration zone. This caused some difficulty in interpretation of
some individual mineral phase replacement textures. Distinguishing
repiacement from infill textures is problematic in a system under
moderate pressure (lithostatic pressure equal to hydrostatic
pressure) as both can promote euhedral crystal growth. Infill would
not be expected to éonstitute a major process in this type of

enviroment.

Identification of some individual mineral phases in hand specimen
(e.g. fine grained topaz) caused problems in interpretation..of
macrotextures. Identification of clay minerals and fine grained
aluminosilicates was very difficult optically, and electron

microprobe and XRD methods were used.

Broadscale alteration types in pargenetic sequence were determined

to be:

I. Silicification of country rocks.

II. The formation of large (15m x 8m) pods of Al,SiO; rock
within the silicified rock (also coﬁtaining corundum and diaspore),
a finer network of Al,SiO; veins and Al,SiO; along foliation planes

within the silicified rock.
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TABLE 3.1 - MINERAL PARAGENESIS

Mineral

Siliceous

Aluminous

Topaz/Musc

Kaol/Pyroph

quartz
andalusite
kyanite
corundum
diaspore
topaz
apatite -
scorzalite
goyazite
muscovite
pyrophyllite
kaolinite
rutile

o ?

pyrite
fluorite
REE phos.

mylonitization

TIME
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III. Alteration of silicification and other assemblages.of II
by muscovite, topaz and apatite (+ quartz). In one locality of

limited extent apatite alteration of andalusite rock is associated

aluminium phosphate minerals including distinctive blue - green
scorzalite.
IV. Widespread pervasive alteration of both I and II by

veining and brecciation to fine grained pyrophyllite and kaolinite

with small amounts of muscovite and ubiquitous rutile. Fluorite

occurs in some topaz rich rocks.

3.3.2 Alteration assemblages-and textural relationships

Vein and rock types of the three groups outlined above and their
interrelationships and processes of formation are described in more
detail in this section and are summarized in table x. Overprinting
of these groups on prexisting alterations results in mineral
assemblages listed in the table, the textural relationships of which

are discussed below.

ALUMINOUS AND SILICEOUS ALTERATION:

Silicification

This consists of replacement of prexisting country rocks by a very
fine grained mylonitic quartz tectonite with quartz veins from 1 -20
cm wide (fig 3.2). A large massif of this fine grained quartz rock
forms an extensive outcropping unit that is largely unaffected by
later alteration with the exception of a marginal zone of <Im.
Drilling directly below this pure quartz rock did not intersect it

at depth ( drilling summary - appendix 3).
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Quartz veins remaining in altered silicified rock are wusually
irregularly folded, the nature of which may be obscured by later
brecciation. Casts after pyrite up to 12mm were observed in some
larger veins. Vein quartz crystals are up to 8mm in size, highly
strained and with sutured boundaries. They are sometimes

recrystalized to a finer grained equigranular texture.

Country rocks mnot proximate to the main alteration zone
contain quartz veins of a similar nature that may be related to this

silicification.

Andalusite/Kyanite Alteration

Al,SiO; polymorphs andalusite and kyanite occur as vein material
within silicified rock. The aluminosilicates are found in three

general styles:

(i) Veins commonly one crystal wide, are developed in fine
grained quartz tectonites parallel to foliation planes, and

are continuous with occaisional larger crosscutting veins.

(ii) Larger sized veins are found concordant with, and of a
similar proportion to prexisting deformed quartz veins in the

altered quartz tectonite.

(iii) Brecciation and/or replacement of the coarsley quartz
veined silicous rock by the larger Al,SiO; veins produces
extensive areas of medium to coarsely crystalline Al,SiOs

rock.

Andalusite and kyanite occur in fine grained quartz schists along
foliation planes, as strings of single crystals 240um - 1.2mm (fig
3.3). These can be seen forming as 1lOum grains which nucleated along
quartz foliation planes in optical continuity in fig 3.4.

Crosscutting the foliation are wider AlSi2;5 veins in optical
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continuity with the Al,Si0; extending along foliation planes (thus
the Al,Si0; are of vein origin and not the result of regional

metamorphism) (fig 3.5).

Deformed vein quartz encloses proportionally sized areas of
randomly orientated medium grained Al,SiOs; laths. Andalusite
frequently displays an equigranular texture. These apparently
initially vein concordant with the prexisting quartz veins. Al,SiOs
vein thickness 1is (approximately) in direct proportion to the

grainsize of the silicous rock.

In areas of intense alteration of prexisting deformed quartz veins,
these are replaced and possibly brecciated by Al,SiO; minerals (fig
3.6). This has produced a medium to coarse grained rock composed
dominantly of Al,SiO; (fig 3.7) occuring in pods up to 10m wide (map
- appendix 5, fig 3.8). Vein quartz relicts or fragments are

commonly enclosed in this rock at vein margins (fig 3.7, 3.6).

Kyanite occurs as masses of interlocking laths from 150um to 15mm
long. Andalusite 1is more commonly equigranular with sutured
boundaries, but may occur as stubby prisms. Crystals range from 30um
to 2.4mm and patches of finer grained crystals may show triple point
junctions. Andalusite equigranular rock in one locality has a banded
texture. Gradational bands up to a few milimeters wide are of
coarser (lmm) crystals alternating with finer ones (250pm) (fig
3.14). Rutile trails along these bands suggests they may represent

an original foliation texture.

The Al,Si0; polymorph mineral present is generally .either 100%
andalusite or kyanite, but also found are mixtures of both,
apparently coexisting stably. However kyanite appears to replace
andalusite in some instances (fig 3.9). The two polymorphs are
.indistinguishable in hand specimen and their is insufficient
information from thin sections to speculate on gross spatial

relationships.

In rock consisting almost completely of Al,SiO5 corundum and

diaspore are commonly present as alteration products.
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FIG 3.2 - Outcrop of unaltered silicification with quartz veins on

the mainridge area.

FIG. 3.3 - Quartz tectonite with single crystals of both andalusite
‘and kyanite along foliation planes and crosscutting foliation
planes. Andalusite and kyanite are the very pale crystals indicated

by the arrow up to several millimetres long (field specimen 32).
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FIG. 3.4 - Quartz tectonite with fine grained andalusite nucleated
along foliation planes in plane light (A), and crossed polars with
gypsum plate inserted (B). (B) displays the optical continuity of
the crystals. Field of view is 5.4mm (sample field specimen 32,
TS 162).

FIG. 3.5 - Recrystalized quartz tectonite with andalusite developed
along foliation planes in optical continuity with andalusite from a
crosscutting vein. The middle of the wvein is replaced by clays and

fine grained muscovite. Field of view is 5.4mm (TS 122 from DDH2,
193.3m).
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FIG. 3.6 - Structureless medium grained kyanite occurs as veins
within quartz and enclosing quartz fragments. Fine brown veins in
the middle sample are are later clay (samples are a selection of

drillcore from DDH4, 46-51.4m).

FIG. 3.7 - Andalusite rock with both medium and fine grained
equigranular texture. A relict quartz crystal in the left of the
frame is veined and replaced by pyrophyllite and kaolinite. Field of
view is 5.4mm (field sample 34D, TS 151).
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FIG. 3.8 - Outcrop of an andalusite pod on the main ridge area with
abundant aluminium phosphate alteration (20m SW of DDH4). Some of

the boulders have a banded texture.

FIG. 3.9 - Al,Si0; rock with both andalusite and kyanite. The
kyanite laths formed after the equigranular andalusite. Field of
view is 5.4mm (field sample 36F, TS 145).
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Corundum

Corundum occurs as oilkocrysts which are 10um to 250um hexagonal
plates or stubby prisms within andalusite or kyanite crystals. In
some areas it is found as single crystals studding margarite veins
in the same rock (fig 3.10). Complete replacement results in
irregular pea sized aggregates of corundum crystals veined and
brecciated by muscovite (fig 3.11). This latter rock is a dark grey-
blue colour in hand specimen and rocks with partial corrundum

replacement show patchy areas of the same colouration.

The physical processes of corundum replacement are not clear, as
replacement tends to be pervasive, and veining and brecciation
textures are ambiguous. The formation of pervasive oikocrysts of
corundum is possibly from diffusive alteration of irregular Al,SiO;
breccia fragments by veins of the same. Corundum may occur as
irregular rings around both fine and coarser grained andalusite (fig
3.13). Rock with complete corundum replacement occﬁrs as irregular
rounded breccia fragments of up to 30cm in size in a Al,Si0; matrix
(This matrix is altered and veined by later muscovite and clay

alteration) (fig 3.12).

Diaspore

Diaspore is present in three different textural forms within

Al,Si0O; rock. These are:

(i) Sparse prismatic needles up to 25mm long randomly
orientated to radiating, and crosscuting all other textures

(fig 3.14, 3.15).

(ii) Interlocking bladed prisms within subspherical vugs 3
to 15mm across, displaying coarsening of crystal size
‘towards the centre (fig 3.15) (and more rarely filling

interstitial spaces and as small veins).

(iii) Fine grained masses associated with kaolinite, replacing
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FIG. 3.10 - Andalusite (An) rock with corundum (C) replacement, and
corundum within margarite (Ma).-An apatite (Ap) vein replaces the

other minerals. Field of wview is 5.4mm (field sample 31, TS 154).

FIG. 3.11 - Rounded aggregates of corundum are veined by muscovite.

The corundum has replaced andalusite (An) which is now completely

altered to a fine grained diaspore - kaolinite mixture. Field of
view 1is (field sample 39 - indicated by arrow in fig 3.12, TS
5.4mm

160).
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FIG. 3.12 - Kyanite rock enclosing irregular fragments of corrundum

rock. Both are veined by muscovite. The arrow indicates the location
of figure 3,11 (field sample 39).

FIG. 3.13 - Andalusite rock with fine grained corrundum (C)

irregular trails.

in
A fracture controlled clay wvein (P) with fine
grained dias&ore alteration cuts the rock. Field of view is 5.4mm
(field sample 28D, TS 159).
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FIG. 3.14 - (A) CGoarse grained kyanite rock veined by orange
muscovite (field sample 7).

(B) Banded andalusite rock with large prismatic crosscuttlng
-diaspore crystals. The dark bands are rutile rich (field specimen
281).

FIG. 3.15 - Andalusite rock with large prismatic crosscutting
diaspore crystals. The diaspore crystals have fine grained
pyrophyllite alteration rims. Field of view is 5.4mm (field
sample 28D, TS 160). ' ’
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Al,8i0; or corundum (fig 3.27). Diaspore occuring as (i) does
not appear to be associated with any vein formation and is probably
a direct replacement; Interpretation of type (ii) as wvug infill is
not certain as actual margins with Al,SiOs; minerals show replacement
and are usually associated with kaolinite/pyrophyllite alteration of
the same. This alteration is most likely associated with later clay
alteration overprinting, but small amounts of pyrophyllite also

occur interstially with diaspore.

Type (iii) is. associated with later clay alteration of aluminous

minerals.

PHOSPHATIC ALTERATION OF ALUMINOSILICATES

Medium grained equigranular andalusite rocks in an area
approximately 8m by 15m shown onlthe map are extensively replaced
and veined by apatite and aluminium phosphate minerals. These
include blue green scorzalite/lazulite series ( magnesium - iron
aluminium phosphates) and goyazite/svanbergite (strontium aluminium
phosphate with sulphate substitution). In intensley altered rocks of
this type veining relationships are commonly obscure. Aluminium

phosphates were not observed associated with kyanite.

The two main aluminium phosphate minerals and fluorapatite, were
identified initially by XRD at the University of Queensland, during
initial petrologicaliinvesfigations by Rockco Pty. Ltd. for CEC.
These identifications were confirmed by electron microprobe
(microprobe analyses - appendix 1) during this study. Several other
aluminium phosphates containing C; and variable silica were analysed
but did not correspond to any available analyses in the literature.
However these did not appear to be present in any significant

quantity.

Apatite  is present as small diffusive veinlets in Al,SiO; rocks,

but is not widespread and is more common in those with partial
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corrundum replacement (fig 3.10). It is present as a major
constituent in alumino phosphate bearing rocks as veins and large
hexagonal plates up to 4.5mm across in the more goyazite rich rock

(fig 3.21).

Scorzalite extensively veins and replaces andalusite pervasively
imparting an intense blue green colouration to the rock in hand
specimen and displaying characteristic polysynthetic twinning in
thin section (fig 3.17). Late veins of andalusite (white) up to 8mm
wfde, sometimes vein the scorzalite - andalusite rock along
breakages. These may also contain apatite (fig 3.18, 3.19).
Andalusite and scorzalite is often veined and replaced by apatite-
goyazite veins which are white - cream in hand specimen. These occur

both as breakages and more diffuse replacive channelways (fig 3.20).

Goyazite occurs interstitially within apatite veins and pervasively
within apatite altered andalusite rock with or without scorzalite.
Goyazite has remarkably similar optical properties to quartz, but

has a slightly higher relief.

TOPAZ MUSCOVITE ALTERATION

Topaz muscovite alteration of quartz tectonite

Topaz muscovite alteration and replacement occurs in quartz

tectonites and Al,Si0O; -rocks i.e. it overprints siliceous and
aluminous alteration. Within quartz tectonites the .alteration is

multiphase and may be:

(1) Very fine grained (1Opm) nodular crystals of topaz replacing
quartz along foliation planes with small amounts of accompanying

muscovite (+ pyrite)

(2) Brecciation and intense alteration and discordant veining by

fine grained nodular topaz. These are frequently brecciated and
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FIG. 3.16 - Kyanite rock with part of a subspherical diaspore
nodule. At the margin of the nodule, pyrophyllite alteration of
kyanite occurs, and a thin kaolinite vein cuts the nodule. Field of

view is 5.4mm (field sample 36D, TS 153).

FIG. 3.17 - Andalusite (An) rock extensively replaced by scorzalite
(Sc). A thin apatite vein replaces both. Field of view is 5.4mm
(field sample 28I, TS 158).



FIG. 3.17
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FIG. 3.18 - Scorzalite/lazulite - andalusite rock veined by later
andalusite and apatite (pale yellow). The thin white crosscutting

veins are kaolinite. field of view '5 . 4mp (field sample 283).

FIC. 3.19 - Scorzalite/lazulite (Sc) - andalusite (An) rock with
fracture controlled andalusite 'vein (shown in figure 3.18). The
andalusite vein contains apatite (Ap) in the centre, and has fine
grained edges, and extends along a fine fracture in the phosphatic
rock shown by the arrow in the bottom right of the frame. Field of
view is 5.4mm (field sample 28J, TS 166).



FIG. 3.18

FIG. 3.19
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FIG. 3.20 - Andalusite (An) - scorzalite (Sc) rock is replaced
extensively by apatite (Ap) and goyazite (Go). Diaspore (Di)
replaces scorzalite, but is replaced by apatite and goyazite. Field

of view 5.4mm (field sample 28D, TS 147).

FIG. 3.21 - Andalusite (An) rock replaged by diaspore, both of which
are replaced b; apatite (Ap) and goyazite (Go). Diaspore (Di) has a
pyrophyllite alteration rim and clay alteration (KP) extensively
replaces andalusite. Field of view 1is 5.4mm(field sample 28D, TS
148).
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crystals of topaz, and also commonly contain abundant apatite, and
less commonly pyrite. These may follow the quartz foliation or be

discordant, and commonly vein and brecciate (2) (fig 3.23).

All of the above phases aré usually accompanied by small amounts of

5 - 30um globular rutile grains in clusters.

Topaz appears to form in a similar manner to Al,Si05 on foliation
planes in silicified rock. In some cases small andalusites are
present and are seen to be replaced by topaz. Euhedral cubes of
pyrite may be widely distributed in the same veins. In the strain

shadow of the pyrite crystals topaz crystals may grow up to 200um.

Topaz replacement also occurs as discordant veins and irregular
replacment patches. Topaz altered quartz tectonites are frequently
brecciated by futher very fine grained topaz veins (fig 3.22, 3.24)
These veins may contain angular to subangular fragments of vein
quartz and quartz tectonite and topaz altered quartz tectonite.
Muscovite topaz apatite (+ pyrite) veins may also brecciate and vein
these very fine grained topaz breccias (fig 3.23). 100um apatite
" veins may be present, apatite also occurs as vug infill in some late
topaz.veins. These veins consisting of topaz and flourapatite are up

to 30mm wide and have replacive margins.

Muscovite topaz veining also occurs of silicous rock. These may
follow foliation planes forming a greenish quartz - muscovite-
topaz schist (fig 3.34) or are fracture controlled. Typically larger
(up to 150um) euhedral prism and diamond shaped crystals stud a fine

grained muscovite matrix.

All these phases of topaz and topaz - muscovite veining are
intimately associated in intensley brecciated zones up to l1l.5m wide
in drillcore. Breccia fragments are generally angular to slightly
rounded and vary from 50um to 4cm. Larger fragments are commonly
previously  brecciated rock. Fragments of older quartz veins are

often present.
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Late quartz veins occuring in -these topaz altered and brecciated
rocks (originally siliceous) may represent local silica
remobilization. Late quartz veins do not occur in any other rock
type. These veins are characterised by their less deformed nature,
crystals are less strained and sutured; and more euhedral crystal
growth representing infill. The veins may also contain coarse
grained (2 - 3mm cubes) aggregates of pyrite,/0um euhedral apatite,
and vugs containing flourite (fig 3.25). These veins are sometimes
dominantly either apatite or quartz at different areas along their

length.

Topaz muscovite alteration of aluminous assemblages

Topaz - muscovite alteration also overprints aluminous alteration

zZones as.:

(1) Muscovite - topaz veining, replacement and

brecciation of Al,SiO; rock (fig 3.26, 3.14)

(2) Topaz - muscovite alteration of apatite veins in Al

phosphate bearing rocks.

Coarse to "medium grained muscovite commonly veins corundum and
diaspore altered Al,SiO; rock, and Al,SiO; rock (fig 3.14). Small
(20-100pm) rounded crystals of topaz often line vein margins and
replace Al,Si0O; mineral, and diaspore (fig 3.26). It may occur also
as sparse 200-800um euhedral oblong or diamond crystals in a fine
grained muscovite matrix (fig 3.27). Al,Si0; is sometimes altered to
very fine grained kaolinite /pyrophylite/diaspore psuedomorphs
during this process, or is less commonly directly replaced by topaz.
The muscovite veins appear also to replace the altered product
occasionally and relicts or fragements of altered Al,SiO; minerals.
Small amounts of interstitial muscovite is sometimes observed in

Al,;Si05 rock, and muscovite without topaz also veins Al,SiOs rock.

Topaz occasionally is found as tiny (up to 100um) oikocysts within

~apatite and goyazite in in phosphatically altered rocks associated
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FIG. 3.22 - Quartz (Q) - topaz (T) breccia, with fragments of quartz
vein, quartz tectonite and quartz tectonite with fine grained topaz
alteration. The high relief matrix is fine grained topaz. Field of

view is 5.4mm (TS 140 from DDH4, 91.7m).

FIG. 3.23 - Quartz - topaz rock with fine grained muscovite and
muscovite - apatite veins. The muscovite - apatite vein is is veined
by later clay, fine grained topaz and fluorite. field of veiw is 5. 4mm

(TS 142 from DDH3, 99.0m).
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FIG. 3.24 - Quartz topaz breccias. The paler material is very fine
grained topaz, and pale green areas are muscovite rich. The sample
on the right is cut by later quartz fluorite veins (A selection of
drillcore from DDH2).

FIG. 3.25 - Fine grained topaz alteration (To) of quartz tectonite
is veined by muscovite (Mu) - topaz - apatite (Ap), quartz-
fluorite (F) and clay - fluorite veins with quartz fragments. Field

of view is 5.4mm (TS 142 from DDH3, 99.0m).
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FIG. 3.26 - Kyanite rock is veined and replaced by topaz (To) and
muscovite (Mu). Field of view is 5.4mm (field sample 36F, TS 152)

FIG. 3.27 - Kyanite rock is altered to clays and fine grained
dispore (Di), and is extensively veined by muscovite with large
euhedral topaz crystals, and sometimes partly replaced. Field of
view is 5.4mm (field sample 31 II, TS 149).
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with muscovite and pyrophyllité veins.

Muscovite alteration of host rocks

A peripheral muscovite alteration zone 5-lm wide, of host rocks is
seen in the drillcore at both margins of the alteration =zone.
Muscovite completely replaces albite, chlorite, and biotite through
the 1.5m transistion zone from the meta andesite resulting in
muscovite - quartz schist. This zone is often highly altered to
kaolinite. The possible identification of a topaz within this
muscovite suggests that this alteration is associated with topaz-
muscovite overprinting of the previous margins rather than an

earlier muscovite alteration associated with the silicification.

CLAY ALTERATION

Widespread, pervasive multiphase veining and replacement by

pyrophyllite and kaolinite has occured. Al,Si0O; rock is often almost

compltely replaced. Quartz and other mineral phases such as topaz,

muscovite, apatite and goyazite; are less affected by the clays to
the same degree. Fracture controlled clay veins up to lmm wide are

ubiquitous throughout the alteration.

Late stage pervasive alteration of prexisting Al,SiO; phases to a
very fine grained pyrophyllite kaolinite mixture is extensive. This
overprints all other texture. It is usually accompanied by small

amounts of fine grained nodular rutile.

Pyrophyllite and kaolinite are extremely difficult to distinguish
optically. Electron microprobe investigations suggest that most clay
veins are a kaolinite pyrophyliite mixture, but that areas of higher
birefringence (first order white) are pyrophyllite rich and vice

versa.
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Clay alteration of silicous and aluminous rocks

A1,Si05 veins are replaced almost completely by clays, which also
vein the quartz discordantly. Al,S8i0; rock is highly altered in
large areas to a pale grey to grey green translucent rock with pale
opaque irregular rounded patches of less altered A125105 mineral
(fig 3.28,3.29). Fine grained pyroph&llite along Al,SiO5 cleavgae
traces outlines the completely psuedomorphed minerals. Relicts of
the andalusite or kyanite commonly remain. (fig 3.29). Quartz 1is
veined and altered by pyrophyllite discordantly. It 1is sometimes
replaced more completely than the Al,Si05 (fig 3.7), but is usually
only slightly replaced along grain boundaries and is preserved as
large relicts with ‘cloudy’ margins in pervasively altered rocks

(fig 3.31, 3.30).

Diaspore large prisms and subspherical aggregates are commonly
rimmed and replaced by pyrophyIlite. Kaolinite futher surrounds

these and forms later small crosscutting veins (fig 3.15, 3.32).

Topaz and muscovite are less affected by the clay alteration and
are commonly present as relatively unaltered relicts -in highly
altered Al,SiO; rock, representing earlier veining of the same (fig
3.32). Muscovite may accompany some stages of clay alteration, but
is not found in late stage kaolinite rutile rich veins (fig 3.30).
It is often found in clay veins whose sequence 1is muscovite,

pyrophyllite/kaolinite, rutile.

Extremely small (>5um) crystals of Ca-La-Th-Ce aluminium phosphate
mineral were detected by electron microporbe in some clay veins, the
paragenesis of which is uncertain. Margins of these crystal appear
indistinct under electron backscatter. Other crystals with a similar
form were analysed as aluminium - phosphate - silicates, and do not
correspond to any available analyses in the literature. They are
most similar to viseite, a hydrated mineral of the zeolite group.
This identification is supported by the presence of a broad
illdefined peak on two clay XRF traces, which is typical of a

zeolite (Cuff, Personal comm.) (appendix 2).
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FIG. 3.28 - (A) Quartz - Al,SiO; rock pervasively altered and veined
by clays (DDH2, 206.5m). |
(B) Al,SiO; rock veined and pervasively replaced by clays and some

fine grained diaspore and muscovite (field sample 22).

FIG. 3.29 - Outcrop of pervasively clay altered Al,SiOs; (- quartz)
rock on the main ridge area 50m SWW of DDH4 . The rock 1is
distinguished in the field by its softness.



FIG. 3.28
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FIG. 3.30 - ‘Highly clay altered quartz and kyanite veins. Kyanite
has been veined by muscovite, and almost completely replaced by
psuedomorphing ciays, with some relict kyanite remaining. Quartz is .
veined by clays along crystal boundaries and fractures and is partly

replaced. Field of view is 5.4mm (TS 134 from DDH4, 46.0m).

FIG. 3.31 - Clay psuedomorphs after andalusite. Andalusite cleavage
traces are outlined by pyrophyllite. Veined and partly replaced
quartz, irregular groups of rounded topaz grains and rare relict
fragments of andalusite are identified in plane light by relief

differences. Field of view is 5.4mm (field sample 28A, TS 116).
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FIG. 3.32 - Diaspore nodule within highly clay altered kyanite rock.
Kyanite is partly to completely replaced by clays. Clay veins cut
the tﬁrough the diaspore nodule. Topaz (To) crystals at the bottom
right of the frame are relatively unaltéred in comparison to

kyanite. Field of view is 5.4mm (field sample 21C, TS 162).

FIG. 3.33 - ﬂate quartz veins with fluorite within quartz - topaz
breccia rock,lare veined and brecciated by multistage clay veins. In
the left of the frame a pyrophyllite diaspore vein along a fracture
contains angular quartz fragments, fine grained topaz (or topaz-
quartz) fragments and muscovite flakes. This is cut by a dominantly
pyrophyllite and kaolinite vein that extends across the top of the
frame. It contains angular fragments of quartz, quartz - topaz rock
and fluorite (+ quartz‘inclusions). Atopaz vein in a quartz fragment
is shown by To. Very fine'grained rutile (R) is also in the vein.

Field of wveiw is 5.4mm (TS 142 from DDH3, 99.0m).



FIG 3.33
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Clay alteration of siliceous topaz rocks

Clay alteration is fracture controlled and in places is associated
with angular microscopic breccias of the topaz quartz rock and is
multiphase (fig 3.33). Purple fluorite is frequently present
particularly in the more brecciated quartz rich rocks (fig 3.24).
Muscovite is not usually found with later clay veins in these rocks.
Pyrophyllite/kaolinite also commonly veins earlier muscovite topaz
(apatite, pyrite) wveins, and topaz alteration pathways (fig 3.23,
3.25). '

Shards of wvein quartz and topaz altered“ quartz tectonite (1.5mm-
50um) are found within some fracture controlled clay veins and
fluorite infiilings (fig 3.33). Quartz is generally less replaced
than in the aluminous rocks by the clay phases, as fragments and

vein margins are ‘'sharper’.

Small amounts of extremely fine grained fibrous or nodular topaz
possibly occur with pyrophyllite and fluorite in some early clay
veins although identification 1is not certain. Very fine grained
rutile 1is common as as a centerally placed string within

prophyllite/kaolinite veins.

3.4 DISCUSSION OF ALTERATION PARAGENESIS

The overall paragenetic sequence of the alteration includes an
early synmylonitic silicification that produced several lenslike
bodies of fine grained quartz along the length of the ridge in
addition to less intense silicification and quartz veining of the

surrounding country rocks.

Aluminous alteration of these rocks resulted in pervasive
developement of andalusite/kyanite along foliation planes and fine

fractures; and the formation of larger Al,SiO; veins associated with
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prexisting quartz veins. These veins have developed into elongate
pods up to 15m long and 8m wide of medium to coarse grained Al,SiOs.
These commonly contain diaspore and ¢orundum alteration, and less
commonly apatite and aluminium phosphates. Mineral textures indicate
that both irregular brecciation with pervasive alteration of breccia
fragments and probable subsequent replacement by crosscutting
euhedral crystals (such as diaspore) were processes in an area of

intense alteration and fluid flow.

The cause of the banded texture (fig 3.14) of the phosﬁhatically
altered andalusite rock is unclear. Possibly andalusite crystal
growth was affected by residual rutile grains outlining an earlier
foliation. The rocks outcrop as a group of large boulders (fig 3.8)
about whiéh the banding appears to be broadly concentric. This
suggests that the banding is not related to an earlier foliation

texture but may have been related to some chemical parameter.

Microtextural evidence indicates that topaz - muscovite alteration

overprints aluminous alteration and is derived from futher evolution

of a continuing alteration process. Some areas appear however to.

have only been affected by topaz - muscovite and clay alteration and
not aluminous alteration i.e. andalusite and kyanite are not present
'in significant amounts (e.g. DDH3 - appendix 3). Narrow zones of
intensley brecciated very fine grained siliceous topaz rock show a
different style of fluid flow than indicated by textures in aluminus

alteration, and rechanneling of main areas of fluid flow.

These topaz - quartz rocks are the only rock type to show any
later quartz veining,.and may represent remobilization within these
more silicous rocks. The extent of topaz muscovite overprinting of
aluminous rocks is not well known from field mapping as hand
specimen identification is extremely difficult and large areas are

obscured by later clay alteration.

Clay alteration is also seen as a continuation of the alteration
process. Alteration of this sort involving microbrecciation is
associated with brecciated siliceous topaz rock, and some clay veins

even contain small amounts of very fine grained topaz. Larger scale
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breccias within aluminous alteration are the product of wveining
along tension fractures followed by intense pervasive alteration of

aluminosilicates to clays.

3.5 RELATIONSHIP TO DEFORMATIONAL HISTORY

Orogenesis of the Balcooma Metavolcanics occured in the late
Silurian to early Devonian during %egional E-W compression (Van der
Hor, 1989): Developement of ductile mylonites was associated with
the later stages of this orogenesis during crustal thinning and
heating. A mylonitic foliation  was developed in the Balcooma
Metavolcanics in this area, and the alteration zomne parallels this
foliation. The silicification and aluminous alteration appears to
have taken place in the late and waning stages of the mylonitic

deformation event. This is supported by the following observations:

(i) The silicified rock has a prototomylonitic foliation. In some
areas tight folding and intensive subparallel crenulations of
similar orientation were formed probably as part of the same event.
Quartz veins in rocks affected by later alteration are_ commonly
irregularly folded and enclose less deformed veins of Al,S5i0;

minerals.

(ii) Al1l,Si0; minerals within the quartz tectonite typically show
slight undulose extinction, but are not highly deformed, and veins
may crosscut the quartz foliation (fig 3.5). However the foliation
can also be seen wrapping around Al,SiO; minerals (fig 3.37). These
minerals may also contain inclusions that display relict foliations,
which have been destroyed in the matrix during the mylonitic event.
Al1,S8i05 veined quartz tectonites are often recrystalized to an

equigranular texture (fig 3.5).
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(iii) Al,Si0; rock 1is typically undeformed and muscovite within

this rock is not schistose (fig 3.14 A).

(iv) Muscovite within quartz tectonite rock is highly crenulated
in places (fig 3.34). At the margins of the unéitered siliceous
body muscovite - topaz veins are largely unfoliated (fig 3.35).
Occasionally quartz - topaz - muscovite - apatite rocks are highly
sheared (fig 3.36). Orientations of these deformations are unknown

as samples are from drillcore.

(v) Clay alteration crosscuts all foliations and does not appear to

have been affected by deformations.

In general the post silicification alteratién has been deformed to
varying degrees in localised areas, but is largely less deformed in
comparison to the quartz tectonite. The mylonitic foliation probably
developed late during the D5 stage of the orogeny, as defined by Van
der Hor (1989). A later weak D6 was also noted by Van der Hor
(1989), and muscovite crenulations may have developed during this

stage. Late stage clay alteration may have been post tectonic.

Angular haematitic fault breccias occur where fault zones cut the
quartz tectonite. There are two sets of brittle faults trending NE
and E which displace the ridge. This faulting may have occured much

later than the major orogenesis.

The alteration appears to have been late syn to post mylonitic in

age, and has been affected by relatively minor later faulting.
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FIG. 3.34 - Deformed quartz - muscovite - topaz rock. Several
subparallel crenulation sets are well developed in the muscovite
without topaz (To) in the bottom right area of the frame. Field of
view is 5.4mm (TS 132 from DDH3, 103.6m).

FIG. 3.35 - Unfoliated muscovite - topaz vein in the quartz
tectonite The sample was taken approximately 30cm from the contact
of the main quartz body with a highly altered area with all- main
phases of alteration overprinted. The vein also contains also
contains clay psuedomorphs after Al,Si0; minerals (K). Field of view

is 5.4mm (field sample 27a, TS 167).
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FIG. 3.36 - Higﬁly sheared quartz - topaz rock. Deformation
partitions around patches of fine grained topaz alteration (To) in a
matrix of fine grained quartz and muscovite. A deformed muscovite-
apatite (Ap) - topaz vein is in fhe bottom right of the frame. Field
of view is 5.4mm (TS 127 from DDH3, 124.3m).
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FIG. 3.37 - Foliation wraps around a fractured andalusite (An) in
the quartz tectonite. The andalusite is partly replaced by clay

(PK), and muscovite (Mu) may have initially filled the fracture
void. Field of view is 3mm (field sample 32, TS 161).



FIG. 3.37
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CHAPTER 4 - GEOCHEMISTRY

4.1 INTRODUCTION

Geochemical analyses of the alteration zone show general trends in
major element variations being extremely low cation wvalues and a
high percentage of Al,0;, and anomalous levels of some minor
elements such as fluorine and strontium. This is conéistant with
observed mineralogy. In interpreting bulk analyses, values are
normally considered as a ratio with an immobile standard, so that
actual volume loss or gain during alteration does not cause an
apparent depletion in a component due to dilution. No standard
reference frame appears to be suitable as textures of titanium and
other ‘immobile’ elements suggest they are mobile. Thus although
anomalously low wvalues of any component most probably indicates
depletion, this 1is actually based on the assumption of constant

volume which may or may not be the case.

Bulk XRF analyses of 12 samples of 20m intervals of split drill

core selected by CEC were carried out by Australian Assay
Laboratories in Perth. The samples were aﬁalysed for SiO02, A1205,
K,0, Na,0, Ca0O, Fe,0,, Mg0, P,05, TiO,, F, Sr, Ba and Cl. (Table 4-

the results for Cl are not included as all were below the level of
detection. Cl is not found as a constituent of significance in many
rock forming minerals and is highly volatile, and thus would be
unlikely to remain even if the rocks had been altered by chloride
rich fluids. Apatite can be Cl bearing, but microprobe analyses did
not indicate that it is in this case.) Variations in alteration

lithology over the length of the samples and overprinting of
A alteration phases precludes a detailed interpretation of XRF results

with individual mineral assemblages.
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Results are grouped according to dominant alteration mineralogy and
include a sample of dominantly country rock at the margin of the

alteration envelope.

Systematic sampling of the drillcore by CEC consisted of assays for
Au, Cu, Pb, Zn, Ag, As and Bi (by Australian Assay Laboratories in
Townsville) over 2m intervals for the length of each hole (appendix
3).

4.2 MAJOR ELEMENT RESPONSES

Comparison of 5i0,, Al,0;, K,0, CaoO, Na,0, Fe,05, MgO, P,05; and
Ti0, can be made with the country rock interval (75666) and whole
rock analyses of other Balcooma Metavolcanics by Withnall (1988)
(appendix 4). The country rock interval from the foot wall 6f
DDH2is dominantly comprised of a meta andesite with altered
phenocrysts of albite in a quartz - chlorite (biotite) schistose
groundmass with sericite and epidote and acessory apatite, pyrite,
ilmenite and sphene. A metasedimentary quartz - biotite schist is at

the base of the interval,

The interval is veined by quartz and calcite associated with
sericitic alteration, and appears depleted in Ca, Na, Mg and
enriéhed in silica for an andesite (Cox et al., 1979). This is
probably because of the presence of the quartz - biotite rock in the
interval. The extent of bulk chemical changes related to the earlier

sericitic alteration is unknown.
Cation depletion
The alteration zone has low levels in all major cations except

aluminium, relative to the Balcooma Metavolcanics and would appear

to have wundergone substantial cation depletion. Areas with
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substantial muscovite alteration are less depleted in K,0 (as
expeci:ed). Highly altered clay zones have extremely low levels with
K,0, Na,0, Ca0, Fe,0; and Mg0 all <1%. Intervals containing massive
Al,0; corundum and diaspore bearing rock is slightly higher in all
of these, and is likely associated with a mineralogically similar

zone at the surface where scorzalite (Mg phosphate) is found.

Fe,0, (total Fe is as Fe,0;) content is up to 4% in quartz rich
topaz muscovite altered rocks. These often contain appreciable
pyrite associted with topaz and muscovite and within late quartz

veins.

Phospate

P,05 has a fairly uniformly low value from around 0.3 to 0.1%, but
is slightly higher in sample 75669, a highly aluminous zomne
extensively overprinted by topaz/muscovite and clay alteration, at
0.9%. Apatite is fairly common in some topaz - .quartz - muscovite
Veiné and breccias common in this interval ( a higher Ca0 value for
this interval is consistant with apatite as the main phosphate
bearing phase). Aluminium phosphates were not observed in any of the
thin section samples from the drill core and may or may not be
present. P,0s distribution is reasonably consistant with the low

solubility of H;PO,.

Titanium

Ti0, content is remarkably consistant throughout the alteration
zone at about 0.5%. The country rock has a reasonably high TiO,
conteﬁt for a andesitic rock, with Ti bearing accessory minerals
such as ilmenite and sphene, at 1.26%. The ubiqutous presence of
small amounts of rutile throughout the alteration reflects the known
insolubility of Ti** and instability of other usual 'Ti bearing

minerals within the alteration enviroment.
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Aluninium

" An Al,0; content of about 30% is found in intervals with a large
proportion of Al,SiO5 rock, reflecting a mineralogy composed almost
entirely of aluminosilicates and quartz. Overall this would not
represent a large substantial net increase if the original rock was
a quartz mica schist. However overprinting of theumargins of the
alteration obscures the relationship of the earlier silicic and
aluminous alteration to the host rocks. There is however no evidence
to suggest that a quartz mica rock was a precursor. Metavolcanics of
dacitic to andesitic composition are the dominant hostland would be
expected to have a maximum Al1203 content of around 17% (Withnall,

1988; Cox et al., 1979).

Al,Si05 veins up to 8m_ across "would require significant
concentration and mobility of aluminium even if the precursor was
highly aluminous. Transport of aluminium is thought to occur even in
chloride bearing fluids (aqueous Al decreases with increasing
chloride contents (Anderson et al., 1988)) under metamorphic
conditions as alkali silica complexes (Woodland and Walther, 1987).
Aluminium is known to form readily soluble hydrated fluoro complexes

-

in HF aqueous solutions (Cotton and Wilkinson, 1972).

4.3 MINOR ELEMENT VARIATIONS

Gold and base metals

Drillcore analyses show a general trend of for depletion of Cu, Pb
and Zn in comparison to the host rocks. All three are consistently
below 25ppm within the alteration zone, with the exception of
slightly higher levels of Cu (and Zn) found in the peripheral
muscovite alteration zones. Host rocks have consistently higher

background levels for these elements.

Slightly anomalous gold levels (> 0.05ppm) are not uncommon in the

61



host rocks and are associated with shear zones and quartz veins, and
anomalous base metal values and rarely As. Soil anomalies of Au and
As (fig 3.0) are probably derived from these host rock sources, and
auriferous veins are known from the Balcooma Metavolcanics a few
kilometres to the south. Muscovite alteration in the foot wall area

of DDH2 is also associated with slightly anomalous Au and Cu.

Fluorine and strontium

Bulk XRF analyses show anomalous values of both F and Sr,
particularly associated with topaz muscovite alteration. Sr is quite
variable and is actually at notably low values in some zones.
Al,Si05 rocks with the Sr bearing aluminium phosphates goyazite and
svanbergite would also be expected to be Sr anomalous. These
minerals seem to have similar timing to the late phases of topaz
muscovite alteration. Sr and REE bearing aluminium phosphate mineral

(probably florencite) may be associated with clay veining.

Although quantitative analyses of fluorine bearing minerals was not
available, the level of anomalous flourine over the 20m interval
indicates that the F/OH ratio must(be high. Ba content is quite low
generally. The nature of sampling means real levels of enrichment on

a smaller lithologically based scale are not discernable.
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- TABLE 4.1 - BULK XRF ANALYSES .

Ssample no. Rock $i0,% | Al03% | k,0% | Nap0 Ca0X | Fep03%] HMgoX | Po0g% | TiopXx | sr 3 Ba
and location ‘ (ppm) (ppm) | Cppm) | ¢ppm)’
75666 Propyllitic albite - quartz - chlorite schist, ’

. 6 410 560
(DDH2 280-300m) and quartz - biotite schist. 73.0 15.7 |2.35 2062 0.34 3.22 0.48 0.28441 1.2 97
75662 Muscovite - kaolinite - quartz rock, and 30%
(DDH2 168-188.3m) quartz - Al,Si05 rock. 74.0 13.9 1.89 | 2656 0.07 | 3.02 0.09 | 0.078 | 0.47 | 147 370 183
75663 Quartz - AlSi05 rock (variably clay altered).
) 76.3 18.3 0.35 930 0.02 0.84 | <0.01} 0.071 0.47 170 320 37
(DOKH2 188.3- 208m) '
75670 Quartz - AlpSi0g rock (variably clay altered). )
(DDHE 44-66m) 75.1 17.0 0.92 1308 0.12 1.61 0.01 ] 0.100 0.46 110 480 66
75671 Quartz - Al,Si05 rock (plus kyanite veins 3-4cm)
(DDH4 66-8 i riti .
6m) variably pyritic and altered to clays 76.4 17.0 0.64 1000 0.05 1.36 | <0,01| 0.108 0.48 89 640 63
75664 Quartz - AlpSiOg rock (variably clay altered)
(DDH2 208-228m) With numerous Al,;Si0Og5 veins up to 10cm. ’
68.9 22.0 | 0.99 | 1469 | 0.02 0.49 | 0.04 | 0.096 0.46 304 560 59
75673 Massive AlpSi0g rock with diaspore and corundum
(DDH4 106-126m) veined by clays. - s
55.8 28.5 2.05 | 2550 0.85 2.00 0.75 { 0.181] o.s58 344 600 337
75667 Quartz - muscovite - topaz - AlpSi05 rock
(DDH3 42-62m) i .
(variably clay altered) 73.9 17.1 1.02 1432 0.04 4.03 0.014 o0.112 0.49 t 168 320 93
75668 o Quartz - muscovite - topaz rock (with quartz -
(DDH3 62-82m) topaz - (fluorite - pyrite) veins and breccia) .
(variably clay altered). 71.4 17.8 1.44 1698 0.03 4.23 0.20 0.094 0.51 310 400 120
75669 Massive Algiog rock and quartz - muscovite -
(DDH3 106-126m) topaz - Al,giOg rock and quartz - topaz - fluor-
apatite - (fluorite - pyrite) breccias (with 4
! 2200 564
variable clay alteration). 65.4 23.4 2.27 1901 | 0.67 1.97 {0.10 { 0.911 0.53 2812
- . . ‘(‘if.’;e*
75672 - . Al,Si0g - (quartz) - topaz - muscovite rock,
(DDH& 86-106m) extenéively altered to clays. 55.9 32.4 0.29 1267 0.06 0.90 {0.06 0.137 | 0.47 386 950 35
76665 — AlpSi0g5 - quartz - topaz - muscovite rock,
(DDH2 228-248m) _ extensively altered to clays. 70.3 26.8 0.67 1321 0.10 0.71 0.18 0.098 0.61 159 1300 47
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CHAPTER 5 - MINERAL. REACTTIONS AND STABILITY FIELDS

5.1 INTRODUCTION

Stabilities of minerals, defined in terms of the. variables
temperature, pressure, bulk chemical composition of solid phases and
solution composition,. provide a framework which can Be used to
interpret alteration enviroments. The different alteration
assemblages at Quartzite Ridge are compositionally restricted,
comprising dominantly quartz, aluminosilicates, hydrated
aluminosilicates and muscovite. Most reactions within the alteration
assemblage can be described within (or part thereof) the system (HK.
1)-A1,0,-510,-H,0-(F,0_,). Major reaction processes that can be

postulated to have taken place are

fl) Hydrolysis reactions are decomposition reactions in which
either H* or OH- ion is selectively consumed thereby changing the
ratio of these ions in the solution. These will generally be base
leaching reactions with silicate minerals in which the reacting
phases are depleted in cations (such as K", Ca**, Mg'*, Na') by

exchange with H* from acidic fluids.

(2) Hydration reactions are a chemical combination of H,0 with
another substance without selective consumption of H" or OH-, and

without the release of another ion to solution.

(3) Silicification /desilicification reactions in which aqueous
silica H,Si0, is added to, or depleted from the reactant phase
(aluminium oxide, hydroxide or silicate) and is thus conversely

effécted in the fluid.
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(4) Hydrofluorination reactions are those of HF from acidic
solutions with silicate minerals involving the exchange of one or

two HF per H,0, for O or OH.

The physio-chemical conditions during the developement of the
alteration assemblage, can be determined from the experimental data
for reactions interpreted to have occurred in the course of its
formation. This is most easily done by the épplication of mineral

stability diagrams from the literature.

5.2 HYDROLYTIC ALTERATION

Direct evidence for extensive hydrolytic alteration has been
obliterated by the overprinting halo topaz/muscovite and clay
alterations. However for such a large scale change in bulk chemistry
to have occurred, in which virtually all cations excepting aluminium

have been massively depleted, hydrolytic processes must have been

operating. The F bearing nature of the fluids (indicated by the’

occurance of topaz and fluorite) means that they were of an acidic
nature with a tendency towards producing peraluminous alteration and

alkali or base leaching (fig 5.1) (Burt, 1981).

The peripheral muscovite alteration of the country rocks, is

overprinted by kaolinite and is probably representitive of this

alteration process. Quartz - albite - chlorite - epidote schist
shows a fairly sudden transition to a quartz - muscovite - (pyrite)
schist.

Stability fields of minerals as a function of temperature and
cation ratio with H' in a coexisting aqueous phase at 500 bars (fig
5.2), show in principle how all systems conserve Al,O, amohg
solids, and contain excess Si0, and H,0 (Beane, 1982). Although
during the development of the main aluminous alteration zone, fluids

are presumed to be locally quartz undersaturated, initial alteration

<
G
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FIG. 5.1 - Vector diagram showing showing chemical potentials and
alteration types related to increasing uHF (aciditj) andd uKF
(salinity) in the presence of quartz and an aqueous phase in the
system KZO'Aléoa'SioszZO'on_l (#H,0 is externally controlled)
(Burt, 1981). -

FIG. 5.2 - Calculated stability relations among minerals as a
function of temperature and cation activity ratios in a co-existing
aqueous phase at 500bars. All systems conserve Al,0; among solids

and and contain excess Si0, and H,0 (Beane, 1982).
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Key to Minerals:

alb = albite

and = andalusite

anor = anorthite

epid = epidote

gam = gamet
(grossular/andradite)

gros = grossular
{component of garmet)

kaol = kaolinite

K-spar = K-feldspar
(orthoclase/microcline)

marg = margarite

mont = montmorillonite

Mmus¢ = muscovite

par = paragonite

plag = plagioclase

preh = prehnite

pyro = pyrophyliite

Zois = 20isite
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involving intense silicification is most likely to be coeval with

muscovite alteration involving cation base leaching reactions.

Some rutile may have formed at this stage by the hydrolysis of
ilmenite, which is known to occur in the host rocks. The reaction

is:

FeTiO;  + H' = FeOH* + TiO, (15)

Ilmenite rutile

5.3 REACTIONS WITHIN ALUMINOUS ALTERATION : THE SYSTEM Al,0,-SiO,-
H,0

Pressure and temperature

The presence of bofh andalusite and kyanite means that physical
conditions are close to the polymorph boundary. This is shown (fig
5.4) on the PH,0 - T diagram, also showing dehydration reaction
curves for the Al,0, - Si0, - H,0 system. The presence of corundum
in both andalusite and kyanite, then suggests a maximum pressure of
2.7Kb during the formation of corundum, and a temperature of &50°
(at PH,0=Ptotal). This means that the assemblage has formed at depth
(approximately 10km) during orogenesis. A P of 2Kb is therefore used
for the aSi0, / T diagram (fig 5.5).

Kyanite is in equlibrium with, or in places appears to have formed
slightly later than andalusite, which is consistant with isobaric
conditions and falling temperature. If andalusite and kyanite had
formed by prograde regional metamorphism then kyanite would have to

have been formed first.



FIG. 5.3 - Schematic stability of minerals in the system K,0-Al,0, -
810, -H,0 as a function of pH,0 and pHK_ ,. This assumes low to
moderate pressure and temperature, and isothermal, isobaric
conditions. Heavy lines indicate quartz bearing systems (Rdse and

Burt, 1979).

FIG. 5.4 - Calculated pressure temperature curves in the system
‘A1203-SiOZ-H20 based on 1Kb stability relationships and derived from
thermodynamic data. (K = kaolinite, P = pyrophyllite, D = diaspore,
C = corundum,

Q = quartz, K = kyanite, A = andalusite, Si = sillimanite,

W = water) (Hemley et al., 1980).
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Silica activity and temperature

Prograde and retrograde reactions occuring in aluminous alteration
can be described within the system Al,0,-Si0,-H,0, the dominant
controls being aSi0, and temperature. A mineral sfability field
diagram for this system as a function of these variables, at 2Kb,
(experimentally derived) is shown in fig 5.5 (Hemley et al 1980).

Reactions that textural evidence suggests occur are

prograde:

Al,8i05 + 2H,0 = corundum + H,S8i0, (aq) [@8)
retrograde:

Al,Si05 + 3H,0 = diaspore + H,S8i0, (aq) (2)
Al,Si0s + 3H,Si0, (aq) = pyrophyllite + 5H,0 (3)

2 Al,8i05 + 4H,Si0, (aq) = pyrophyllite + kaolinite +

5H,0 (4)
corundum + H,0 = 2 diaspore (5)
2 diaspore + 4H,Si0, (aq) ; pyrophyllite + 8H,O0 (6)
pyrophyllite + H,0 = kaolinite + 2HSiO&4 (aq) (7)

Highly aluminous rocks, such as Al,8i05; rock, contain no quartz,
but are hosted by quartz rich rocks. Quartz at the margins of
Al,8i05 veins shows dissolution and replacement (fig 3.4) and fluids
that formed Al,SiO; rock, must have been locally undersaturated with
respect to quartz. Futher, corundum and diaspore, common alteration
products of this rock can only form from quartz undersaturated
fluids. Compositional restrictions of Al silicates are displayed on

fig 5.6.
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FIG. 5.5 - Stability relationships in the system Al,0;-Si0,-H,0 at
2Kb H,0, derived experimentally (Hemley et al., 1980). '

FIG. 5.6 - Composition diagram and compatability triangles in the

system Al,0Q5-Si0,-H,0 (Hemley et al., 1980).
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A possible path for fluid evolution in aSi0, vs 1/T space then will
be below the quartz saturation curve, and is shown as lipe 1 (fig
5.5). This cannot be representitive for all aluminous alteration
however, since the silica activity of the fluid appears to have had

a considerable spatial variation.

Bulk composition would initially be that of Al,Si0O5, and local
increases in temperature would have caused the growth of corundum,
since generally increasing temperature favours nonstochiometric
dissolutién of silica over aluminium. Alternatively a local decrease
in a$i0, would also promote the formation of corundum, and futher
decreases in temperature result in diaspore and kaolinite as low

aSi0, alteration products (fig 5.5, line 2).

Diaspore has commonly replaced andalusite and kyanite with
decreasing temperature. Small amounts of interstitial pyrophyllite
in some diaspore nodules, and pyrophyllite alteration rims to
diaspore prisms may indicate a slight rise in aSi0O,, and a position
close to the pyrophyllite - diaspore reaction curve. Otherwise
pyrophyllite represents a later chamge in aS$i0, and overprints a

stable diaspore occurrence.

Andalusite and kyanite more usually show pyrophyllite alteration
rims sometimes accompanied by small amounts of fine grained diaspore
followed by almost complete replacement by kaolinite. Corundum
bearing Al,Si0Os; minerals are shifted to a higher Al bulk composition
and were replaced dominantly by diaspore, with minor kaolinite, and
in places veined by later pyrophyllite. The reaction path then
varies somewhat in silica activity throughout time and space as to
its position relative to the pyrophyllite - diaspore boundary, but
with futher decreasing temperature and silica activity would enter

the kaolinite stability field.

Quartz fragments and relicts within highly altered rocks show
pyrophyllite alteration rims representing active removal and
replacement of quartz by pyrophyllite and finally kaolinite,

reflecting the silica undersaturated nature of the fluids.
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5.4 TOPAZ - MUSCOVITE ALTERATION AND THE SYSTEM K,0-Al,0;-Si0,-F,0_,

Muscovite and topaz, both of which formed during later evolution of
the alteration fluid, represent a change from a completely Al
dominated fluid to gradually increasing K* and F-. Topaz became the
dominant aluminium silicate, replacing, and forming instead of
andalusite or kyanite, while muscovite forms as an additional phase
in response to increasing K', and slightly decréasing T, from
existing aluminium silicates. Compositional variations based on the

addition of HF to aluminosilicates are shown on fig 5.7.

Mineral stability fields within the system K,0-Al,0;-Si0,-F,0_, are
shown on fig 5.8 (Burt, 198l) in an isobaric, isothermal diagram
whose axes are pHF (acidity, where pHF = pHC1 + pFCl.,) and upKF
(salinity, where pKF = pNaCl + puKNa_, + pFCl_,). The diagram assumes

conditions of quartz and fluid saturation and is purely qualitative.

Muscovite stability field

Variation in K*/H* controls the boundary of the muscovite
stability field over that of the aluminium silicates and is shown on
fig 5.2A as a function of temperature (as discussed in section 5.1).
This serves only to demonstrate that muscovite becomes stable over a
wide range of temperatures with increasing K'/H", and slight T
decrease from the andalusite stability field will promote muscovite
formation. The muscovite stability field is also controlled by pH,O0,
(fig 5.3). (Rose and Burt, 1979) and at high pH,0 values (which
correspond closely to decreases in temperature) and reasonably high
H* it is replaced by kéolinite. The hydrolysis reactions that bound

the muscovite stability field with the aluminium silicate field are:

andalusite + 2KF + 3H,SiO, = 2 muscovite + 2HF + 3H,0 (8)

2 muscovite + 2HF + 6H,Si0, = 3 pyrophyllite + 2KF + 12H,0 (10)
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FIG. 5.7 - Composition diagram showing the limiting bufferiﬁg
asseﬁblage for topaz solid solutions on the join AIZSiOA-HéO-FZO_1
in the system Al,0,-Si0,-H,0-F,0. HF represents the limit of topaz
buffering as compositions above this are unobtainable. Tie lines are

schematic. (v=yapour, tpz=topaz, and=andalusite) (Barfbn, 1982).

FIG. 5.8 - Schematic diagram of the system Al,0,-SiO,-H,0-F,0, as a
function of uHF and wKF at fixed pressure, temperature and upH,0
(Burt, 1981).
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. muscovite + HF + 2H,0 = 3 kaolinite + KF . (9

These reactions can also be written using HCl in the place of HF,

however in this instance the fluids are known to be F bearing and

the use of HF is appropriate (a small amount of Cl was detected as a’

minor constituent in some qualitative micropropbe analyses, so

fluids are likely to have had a chloride component).

Muscovite is found veining and replacing andalusite and kyanite,
and is also replaced by later clay alteration according to the above
reactions. However these reactions occur also in the Al,S10; rock
which are thought to be silica -undersaturated. Reactions (8) and
(10) are silica dependant, however silica undersaturation is

variable and may have been higher during topaz/muscovite alteration.

Hydroxymuscovite undergoes significant substitution by one HF for
each H,0, and thus acts as a buffer for aqueous HF (Burt, 1981)

according to the reaction :

Kal, (A1Si40,,) (OH), + 2HF = KAl,Si30,,F, + 2H,0 (11)
hydroxymuscovite fluormuscovite
The extent of this substitution in muscovites at Quartzite Ridge is
unfortunately unknown as a fluorine standard was unavailable for the

electron microprobe.

Topaz stability field

Under increasingly fluorine rich conditions topaz usurpes the role
of aluminium silicates (Barton,1982) and replaces andalusite or

kyanite and buffers HF according to the reaction:

Al,Si0s  + 2HF = Al,Si0,F, + H,0 (12)

andalusite topaz

Topaz commonly exists with muscovite. The reaction boundary between

the stability fields for the two minerals is given by:
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2KAl, (A1Si50,,) (OH), + 8HF = 3A1,Si0,F, + 2KF + 3510, + 6H,0

muscovite topaz -

Thus topaz more effectively buffers HF than muscovite and 1is
stable "at higher pHF values (fig 5.8). Topaz and muscovite coexist
and appear to be in equilibrium, although topaz is cémmonly present
without muscovite indicating that the K'*/H* has fluctuated in time
and space to intersect the muscovite stability field during the
later stages of aluminous alteration (i.e. fluid was on the and-musc
boundary), as K' increased (fig 5.2A). The topaz field is then
intersected as HF increased, and topaz and muscovite were stable
together until HF increases out of the muscovite stability field
(fig 5.8). The less common association of pyrophyllite-muscovite-
topaz shows that K'/H' was p;riodically in the vicinity of the
triple point,and the amount of K' available for the formation of
muscovite varies periodically. In later stages futher increasing HF

is shown by the formation of late stage fluorite.

HF variations and buffering

Physical processes such as boiling or cooling will affect- the
acidity and salinity of the fluid. These processes and their effects

are summarised in fig 5.9.

Given the inferred depth of 10km for the alteration system, it is
considered unlikely that boiling caused the the initial increase in
acicidity and decrease in salinity of the fluid. Alternative

explanations are:

(1) decreases in temperature causing oxidation and ionization of

acid and neutral complexes

(2) sudden pressure and density changes caused by fluid throttling

in constricted openings

(3) dilution of magmatic fluids with meteoric waters

(Burt, 1981)
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FIG. 5.9 - Véctor diagram showing the hypothetical effects of
various processes on uHF (acidity), and uKF (salinity) in porphyry
type systems (Burt, 1981),.

FIG. 5.10 - Schemmatic diagram showing the possible intersection of
F(OH).; substitution or exchange reactions with F,0_, substitutions

as a function of log HF and temperature (Burt, 1981).
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A temperature decrease alone can. lead to apparent or relative
increases in pHF. Fluoriﬁation reactions are of: two types: F
exchange for O or OH. An example of the first type then involves the
exchange of 2HF's for each H,0 in the conversion of andalusite to
topaz - reaction (12). Hydroxal substitution exchanges one HF for
one H,0 as in the formation of fluormuscovite - reac%ion (11) (Burt,

1981).

If hydroxyl exchange is the dominant control on HF/HZO ratio of the
fluid, then a temperature decrease with a corresponding increase in
#H,0 can cause the oxygen exchange reaction to go the right (Burt,
1976b) (reaction 12) thus resulting in the late formation of topaz
followed by fluorite as seen at Quartzite Ridge. The difference in
HF coefficents cause the reactions to have different T dependence.

The process is schematically displayed on fig 5.10.

The effect of Fluorine complexing

At high temperatures and pressures fluorine is significantly
complexed by silica, and HF and KF concentrations are relatively
low. However below about 500°C, fluoride concentrations that are
constrained by assemblages in&olving fluorite and topaz'are too low
to contribute significantly to the transport of silicon (Haselton et

al, 1988).

Aluminium has been observed experimentally to be increasingly
soluble in fluoride solutions that are alkali free, with increasing
temperature.A likely explanation is the formation of fluoro-
aluminium complexes (Haselton et al 1988). Hydrated fluoride
complexes of aluminium such as AlF; .nH,0 (n=30r9) are easily formed
in HF aqueous solutions and are very soluble in water (Cotton and
Wilkinson, 1972). Within silicate melts Al is beleived to be
progressively removed from the tetrahedral network by complexing

with F (Manning et al, 1980).

In geologic transport processes, the concentrations of fluoride

complexes are probably extremely low for most elements at
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temperatures less than 500°C because the topaz and flourite bearing
assemblages buffer HF to low values. At higher temperatures fluoride
complexing may be significant with regard to silicon and aluminium

transport (Hasselton et al, 1988).

5.5 THE FORMATION OF ALUMINIUM PHOSPHATES

Aluminium phosphates are comparatively rare minerals and their
occurrance and origin within hydrothermal alteration systems has
received little attention in the literature. Al phosphates found at
Quartzite Ridge are of two types whose origin and timing are
slightly different, but both reflect the high activity of H,P0, in
the fluid. The solid solution series for the relevant phoshate

minerals are given in table 5.

Table 5 - Aluminium phoshate minerals

Mineral Chemical Formula Occurs at QR
Lazulite FeAl, (PO, ), (OH),
Scorzalite MgAl, (PO, ), (OH), *

APS minerals: general formula - RAL; (PO, )4, (S0,);-4(OH)g_, .H,0

Svanbergite SrAl; (PO,)(SO,) (OH)g x=0 *
Woodhouseite GCaAl,; (PO,)(SO,) (OH) ¢ "

Goyazite SrAl, (PO,), (OH);.H,0 x=1 *
Crandallite  CaAl; (PO,), (OH)s.H,O0 "

Florencite (CeLaThSr)Al; (PO, ), (OH)g x=1 *

(after Stoffregen and Alpers,1987)



The lazulite - scorzalite series are Fe - Mg bearing Al phoshates
and are found commonly in phoshate bearing pegmatites, . and high
alumina alteration zonmes in volcanic rocks, (Nriagu amd Moore, 1984)
similar to that at Quartzite Ridge. The mineral was recently noted
occuring with sericite in an advanced argillic alteration assemblage
associated with a trachyandesite intrusive at Camp Oven Mountain,

North Queensland (Morrison, Personal Comm.).

Aluminium phosphate-sulfate minerals (APS) have the generalized
formula given in table 5 and belong to an isostructural group of
minerals that includes alunite KAla(SOA)z(OH)6 (Stoffregen and
Alpers, 1987). APS minerals have been documented at some 30
locations in the world. These occur mostly in high alumina
alteration zones such as Quartzfte Ridge, but have been noted more
recently with advanced argillic alteration in epithermal gold-copper

and porphyry copper deposits (Stoffregen and Alpers, 1987).

Scorzalite

Scorzalite occurs earlier than the APS minerals at Quartzite Ridge

and appears to replace andalusite. The proposed reaction is:

" Al,SiO0 + H;PO, + Mg"t = MgAl2(PO,) (OH)2 + Sio
2 5 3 Y & gA 472 2

andalusite ’ scorzalite

Investigations into the system Al,05;-A1P0,-H,0 by Wise
(1976) (establishing stability fields for herlinite AlPO,; augelite
Al, (PO,); (OH);; and trolleite Al,(PO,)3(OH); ), suggests that Al
phosphates in the presence of phosphoric acid ére far more stable
than any silicate. The equilibrium constant for the conversion of
andalusite to augellite is equal to 1/aH; PO, so that the extent of

the conversion is only dependant on the amount of H; PO, present.

The origin and controls on the magnesium bearing member scorzalite
are not clear. However obvious scorzalite replacement of andalusite
is veined by later andalusite with apatite, and apatite,

unaccompanied by any other phosphate phases, also veins and replaces
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kyanite. Thus the presumed inevitability of the above reaction in
the presence of H,PO, is not always the case. The reason for an
extremely localized conversion of andalusite to a magnesium bearing
Al phosphate in an otherwise extremely cation depleted enviroment is
not known.Insufficent information is available on stabilities of
phosphates to identify the factor controlling the ﬁhosphate phase
present in this case. (possibly temperature, or cation

availability).
APS minerals

APS phases (goyazite and svanbergite) are intimately associated
with, and appear to replace apatite. They also replace scorzalite,
andalusite/kyanite and diaspore. Florencite occurs as fine grained

indistinct crystals within later clay veins.

Stoffregen and Alpers (1987) suggest that APS minerals form by the
replacement of apatite or in résponse to apatite dissolution in the
low pH enviroments such as in advanced argillic alteration, where
they occur as inclusions in alunite at lower temperatures and in

increasing solid solution with alunite at higher temperatures.

Considerable substitution of (P0,)3~ for- (S0,)%2” can occur in
alunite (Wise 1975), and monovalent cations are replaced by the
divalent cations Ca?' and Sr?*' with little effect on crystal
structure. Deviations in the 1:1 ratio between phosphate and sulfate
,occur and result in the addition of trivalent ions such as Ce to
compensate the charge imbalance (e.g Florencite) (Stroffregen and

Alpers, 1987).

A stability field diagram (fig 5.11) for the APS mineral
woodhouseite with apatite, alunite, muscovite and kaolinite (as a
function of aHzP0, and pH at 250 C) shows that apatite can not
coexist with alunite or kaolinite at theése conditions. APS minerals
form in response to apatite dissolution, the composition of which is
dependant on the SO, content of the fluid. In higher temperature
aluminous alteration systems (as opposed to advanced argillic

assemblages), apatite. is more stable and pH is usually more a
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function of HF than H,SO,, so APS minerals with wvariable S0,
substitution are commonly present while alunite is rare (alunite
requires a high H,SO, concentration to form in equilibrium with

kaolinite (Hemley et al., 1969)).

At Quartzite Ridge the exact degree of sulfate substitution is not

known, as a S standard was not available for quantitative microprobe

analysis, however qualitative analyses of APS minerals demonstrated

that S04 1is present (see appendix 1). Varying degrees of
substit;tion probably explains thé variation in aluminium to
phosphate ratios. This is also the case for Sr, which qualitiative
analyses showed 1is present as a substantial component. In the
absence of other cations, the low to extremely low Ca content of the
gqauntitative analyses suggests that the minerals are closest to the

Sr end members.

Source of phosphate

Phosphate may be relatively concentrated within the alteration zane
by residual enrichment as H;PO, is extremely insoluble. Apatite was
observed as an accessory mineral in andesitic host rocks.
Alternatively phosphate may have been introduced in the fluid, but
there is no reason why this would be the case. Aluminuim phosphates
are known from pegmatites however suggesting phosphate 1is

concentrated in fractionated phases.

5.6 PHYSICAL AND CHEMICAL CONDITIONS OF FORMATION IMPLIED BY
PARAGENESIS

Overall mineral assemblages show that the host rocks have undergone
substantial bulk compositional change to consist dominantly of SiO,
and Al,0,;. Evidence for timing and reactions involved in this

process has been obliterated by later alteration. Replacement of
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albite, chlorite and biotite by muscovite has occured at the margins
of the alteration zone but the presence of rare topaz suggests that
this is related to later overprinting! However a similar process of
cation leaching can be postulated to have occured initially,
possibly concurrent with early silicification. Futher increases in
acidity would promote the removal of K' and even SiOZ, causing a

relative enrichment in Al,0;.

The early formation of rutile by hydrolysis of ilmenite from host
rocks may have occured in this manner, TiO, being resistant to
leaching. A residual enrichment of P,05; could occur in the same way,

the solubility of H;PO, being extemely low.

The scale of the formation of iarge masses of nearly pure Al,SiO;
minerals in veins suggests that Al has been introduced to some
extent by fluids rather rather than being solely the product of
residual enrichment processes. Al could conceivably be transported
by F ligands (although at the relative time of formation of these
large Al,Si05 veins there is no evidence that F was present in
appreciable amounts) or alkali silica complexes'(this would be

unlikely since the system is known to be depleted in catiomns).

A study of the aSi0, vs T diagram for the system Al,0; - SiO,-
H,0, shows that Al,SiO; can readily be altered to corundum with
decreasing aSi0O, or increasing temperature. Diaspore, pyrophyllite

and kaolinite are retrograde alteration products of Al,SiO; minerals

formed sequentially with decreasing temperature under conditions of.

undersaturation in Si0, shown on fig 5.3 by path 1. The higher Al,0,
assemblage of corundum bearing Al,SiO5 1is altered to diaspore and

kaolinite via path 2.

Local conversion of andalusite to scorzalité/lazulite during
aluminous alteration was probably a function of H;P0O, abundance
(apatite is common within late aluminous and topaz/muscovite
alteration) and cation availability (apatite requires Ca and
scorzalite/lazulite requires Mg/Fe). Later apétite became the
dominant phosphate bearing mineral to form but was locally replaced

by APS minerals in response to decreasing pH or increasing aH,S0,=
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FIG. 5.11 - Calculated stability relations among selected minerals
in . the system Ca0-K;0-A1,0;-80;-P,05-H,0 as a function of pH and
dissolved phosphate at 250°C  and 40Obars

(vapour saturation)
(Stoffregen and Alpers, 1981).
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and anomalous Sr levels.

Muscovite alteration of Al,SiO; rocks would have occured as H'/K'
increased slightly, as would be expected during hydrolytic exchanges
in conjunction with decreasing temperature would intersect the

muscovite stability field (figs 5.2A & 5.3).

Decreasing temperature promotes an increase in pHF thus promoting
the alteration of both andalusite and muscovite to topaz and
eventually the formation of fluorite in late quartz and clay veins.
The association of very fine grained topaz and quartz in narrow
brecciated veins indicates a change to a higher aSiOz,- at. least

locally.

Dominént overprinting by clay alteration (pyrophyllite/kaolinite)
occurred with futher decreasing temperature (and possible increasing
pH,0), and a probable futher increase in wHF shown by the presence
of fluorite. Veining and replacement of quartz by kaolinite and
pyrophyllite shows that at this stage the fluid must be
undersaturated with respect to quartzZ, and probably aluminous. If Al

is transported in connection with F this would be appropriate.

The occurrance of corundum in both kyanite and andalusite pinpoints
this stage on the P/T diagram. This shows that the assemblage formed
at appreciable depths and pressures (2-3 Kb) if PH,0 = Ptotal. In a
system with such extensive metasomatic replacement this would be
expected to be the case. A maximum T of approximately 435° is

indicated.
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CHAPTER 6 - DISCUSSION AND  CONCLUSIONS

6.1 PARAGENESIS

. An extensive elongate high alumina siliceous zone within the
dominantly intermeadiate metavolcanics of the Cambrian - Ordivician
Balcooma Metavolcanics crosscuts the stratigraphy at a low angle,
but is parallell and with the dominant mylonitic foliation. The
siliceous body is mylonitically foliated while the large Al,SiO,
veins were observed to be largely undeformed. Less competant
muscovite-quartz-topaz rocks are commonly foliated and occaisionally

topaz - quartz rocks show high strain deformation.

Both the siliceous and aluminous rocks are thought to be the
product of a hydrothermal alteration event that can be divided into

4 stages:

(1) Silicification
(2) Aluminous alteration
(3) Topaz / Muscovite alteration

(4) Clay alteration

Mineralogy associated with these stages is summarised in table 3. A
largely schematic representation of the above sequence of events
(fig 6) shows their gross spatial relationships and most important
textural features. Aluminous alteration 1is characterised by
incipient veining and replacement of silicified rock, and possibly
some brecciation of quartz and vein material particularly in the
more aluminous larger veins i.e. with corundum alteration.

Replacement of Al,Si0; minerals by unorientated euhedral crystals of
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FIG. 6.1 - Diagramatic three dimensional representation of
alteration at Quartzite Ridge, showing gross spatial reiationships
and some of the most important textural features. Clay alteration is
not represented for simplicity. The alteration zone has been
exagerated in width by a factor of 2, and represeﬁfs the area shown
on the map between the two road crossings of the ridge.

A Corundum alteration of andalusite, overprinted by muscovite

B Unaltered quartz tectonite

C Fine and coarse veins of andalusite or kyanite in quartz tectonite
with deformed quartz veins )

D Muscovite - topaz alteration of andalusite/kyanite rock

E Fine grained topaz veining and multiphase brecciation of quartz
tectonite

F Muscovite - topaz alteration of quartz tectonite

G The margin of the unaltered siliceous lens is irregularly veined
along the preferential foliation by muscovite and topaz

H Pervasive 'developement of randalusite/kyanite along foliation

planes in the quartz tectonitg@ssociated with crosscutting veins
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