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ABSTRACT

In the Strangways Metamorphic Complex in the
Arunta Inlier central Australia, arnphibolite facies
shear zones which cross cut Palaeoproterozoic
granulite, record two phases of prograde Palaeozoic
metamorphism associated ry1th the iutracratonic
Alice Springs Orogeny.' In the north-western
Strangways Metamorphic Cornplex, a system of
predominantly east-west trending, steeply north
dipping shear zones contain rnid-amphibolite facies
assemblages commonly consisting of kyanite + mica
* (garnet, staurolite) assemblages in metapelites,
hornblende + plagioclase * garnet assemblages in
metabasic rocks and hornblende * plagioclase *
garnet * staurolite assemblages in rare aluminous
rnetabasic rocks. Garnet * hornblende * staurolite
assemblages from these shear zones yield Sm-Nd
mineral ages ranging between 379 +30 Ma (MSV/D
:0.09) and 438 + 54 (MSV/D:0.3). Compositional
mapping of garnets coupled with thennobarometric
calculations ir-rdicates that prograde metamorphism
at arçrund 380 Ma reached peak conditions of around
600oC and 6 kbar. Thèse P-T conditir.rns are
consistent with calculated phase diagrarns for unusual
aluminous metabasic assemblages which indicate
that mineral textures are also consistent with prograde
metamorphism.

In the south-eastern Strangways Metamorphic
Complex, shear zones also containing kyanite *
mica * (garnet, staurolite) assernblages in metapelites
and horublende + plagioclase 4 garnet assemblages
in metabasic rocks. The shear zones are generally
east-west trending and dip steeply north. Shear
zones in the Winnecke area yield garnet-staurolite-
biotite-whole rock isochrons of 312 + l8 Ma (MSWD: 0.8) and 322 + 6 Ma (MSWD :0.7). A combined
isoclrron of these samples yields 332 +7 Ma(MSWD: 1.3). In the Pinnacles Bore regiorr a garnet-
staurolite-biotite-whole rock assemblage produced
an isochron of 3 18 + 24 Ma (MSWD : 0.6). Phase
equilibria and F-T estimates on garnet-bearing
assemblages from these shear zones jndicate peak
rnetarnorpihism occurred at about 600oC and 6 kbar
during a clockwise prograde P-T path.

In comparison to the granulites which they cross
cut, the shear zones contain significantly hydrated
assemblages suggesting the infiltration of water to
the precursor granulites facilitated the crystallisation
of the amphibolite facies assemblages. Stable isotope
studies indicate that an exotic fluid, probably sourced
from the lowest units of the Arnadeus Basin
sediments, were channelled through the shear zones
during progressive diagenesis-prograde
rr-retamorphism. The oxygen isotope values of fluids
from these deeply buried basin segments vary
significantly frorn fluids which have interacted witli
shear zone rocks in the Reynolds and Anmatjira
Ranges about 150 km nofth-west of the Strangways
Metarnorphic Complex, reflecting differences in tlie
basin architectnre, in response to local variations in

rift geornetry.

Corre lations between the syn-oro gen ic sedimentary
record and isotopic, structural and metamorpliic
evidence from the basement consistently
demonstrates a strong link between the development
of local structures and epeirogenetic movements in
the adjacent Amadeus, Georgina and Ngalia Basins
and basement activity during the ASO. It is also
evident however that the rnajority of the sediment
record associated with rnost of tlie exhumation of
the SE Arunta has been lost from the these basins,
probably to the south-east.

The recognition that the Strangways Metarnorphic
Complex records at least two prograde rnid-
Palaeozoic metamorphic events in essentially sirnilar
shear zones, indicates that the Alice Springs Orogeny
was rnore thennally cornplex than previously thought,
and suggests that the metamorphic character of shear
zones in the Arunta Inlier is not a reliable guide for
regional correlation.

IX
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Chapter 1

INTRODUCTION

1.1 Project overview and aims

Investigating the tectono-thermal evolution of higli-
grade polymetamorphic terains is complicated by
the tendency for high-grade metamorphic
assemblages to readily equilibrate with their pressure-
temperature envirorunent. As a result, direct evidence
for the prograde path of high-grade metamorphic
rocks is not often preserved, whereas retrograde
assemblages and structural fabrics are lnore frequently
recorded. As a conseqllence, retrograde features are
commonly used to make inferences about the entire
P-T trajectory of a terrain, including it's prograde
path.

The presence of post-peak shear zones within high-
grade metamorphic terrains is invaluable for
investigatir-rg terrain evolution, as shear zones
effectively provide a discrete marker horizon which
records the structural and metamorphic character of
the terrain at a point in its geological history. This
is particularly the case in granulite facies terrains
where the loss of volatile components during the
prograde developrner-rt of the terrain generally
produces anhydrous mineral assemblages which are
less able to re-equilibrate during the retrograde path.
In such terrains, shear zones acting as channels for
fluid flow may be the only areas capable of reacting
during the retrograde path, and hence provide the
only inforrnation available on the direction of the

terrain's movement through P-T space. However
such shear zones also constitute a separate geological
entity. That is, despite being 'hosted' by a
metamorphic terrain which must therefore have
experienced the same ambient P-T conditions, the
shear zones have encountered a deformational and
chernical environment not experienced or recorded
by the enclosing country rocks. In this scenaLio,
interpreting the geological history of the terrain on
the basis of evidence from shear zones may be
misleading, as without direct geochronological
evidence there may be no way to determine whether
the development ofthe shear zones occurred as paft
of the retrograde path of a single metamorphic
continuurn, or as part of a second lower grade
metamorphic cycle distinct and unrelated to the
preceding liigh-grade event.

The Arunta Inlier in central Australia is an excellent
example of the scenario described above. Central
Australia has experienced two episodes of intraplate
orogenesis, the Peterrnann and Alice Springs
Orogenies, which resulted in the reworking and
exhumation of Palaeo-Mesoproterozoic to Palaeozoic
igneous and rnetamorphic rocks in both the Musgrave
and Arunta Inliers (Figure 1 .l). Although the Alice
Springs Orogeny (ASO) was a major tectonic event
responsible for exhuming the Arunta Inlier from
beneath the overlying sediments of the Amadeus
and Georgina Basins, the extent and magnitude of

Figure l.l. Generalized map of the
Central Australian region indicating
the location of major Neoproterozoic
to mid-Palaeozoic basins and the
position of the Arunta and Musgrave
lnliers (after Hand and Sandiford,
1 e99).
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Chapter I Introduction

ASO reworking within theAruntalnlier is still poorly
resolved. This is largely due to the geological
cornplexity of the inlier, and the inherent difficulties
in distinguishing between the effects of higli-grade
Proterozoic metarnorphism and high-grade Palaeozoic
reworking.

An anastomosing set of mid-arnpl-ribolite to
greenschist facies retrograde shear zones cross-cuts
tlie amphibolite to granulite facies Palaeo- to
Mesoproterozoic basement complex of the Arunta
Inlier (Figure 1.2). However the age of many of
these shear zones is poorly defined, as the
thermochronorneters used to date them have had
closure temperatures lower than ternperatures
lecorded by the peak metamorphic assemblages
witlrin tlre shear zoue rocks (e.g. Iyer et al, 19761.
Woodford et al, 1975; Collins and Shaw, 1995).
Therefore the thermochronometers have recorded
cooling ages rather than crystallisation ages. In
addition the polymetarnorphic nature of the inlier
cornplicates tlie identification and selection of rock
specimens which uniquely sarnple each stage of
rnetamorphic development (e.g. Allen and Stubbs,
1982; Windrim and McCulloch, 1986). As a result,
it is uncertain whetl-rer the arnphibolite-facies
assernblages in the shear zones record pal't of tlie
retroglade path of Proterozoic metamorphisrn (e.g.
Dirks et al, l99l) or whether they are a response to
Palaeozoic reworking dLrring the Alice Springs
Ologeny (e.g. Collins and Teyssie¡ 1989a). As the
yonngest major geological features in the inlier, tlre
shear zones provide an obvioLrs starting point for
unraveling the geological history of the temain since
they overprint all other structures and potentially
record the most information on the last stage of the
tectono-thermal development of tl-re ir-rlier.

The Strangways Metamorphic Cornplex (SMC)
(Figure 1.2) is a particularly good location to
investigate the history ofthe shear zones since shear
zones in this area are widely distributed and show
a systernatic change in metamorpliic gracle frorn

greenschist to mid-amphibolite facies. Thus
determining the geological history of these shear
zones is important, in that they provide a good
exarnple of the inlier-wide system of shear zones.

The airn of this thesis is to use the geological
infomation recorded in shear zones in the Strangways
Metarnorphic Cornplex to:

1) establish the tirning of amphibolite-facies
metarnorphism and associated deformation;

2) document and investigate the rnetamorphic
conditions associated with the deformation within
the shear zones;

3) establisli the effect and source of fluids associated
witli the development of the shear zones, and

4) characterise the timing and architecture of the
control li ng tectonic regime.

1.2 Thesis outline

This thesis is organised in a manner which
systematically addresses a number of fundamental
elements relating to the timing, rnetamorphic
environrnent and fluid flow regirne which prevailed
in shear zones in the Strangways Metarnorphic
Cornplex.

Chapter 2 presents a brief overview of tl-re geology
of the Strangways Metamorphic Cornplex focusing
particularly on describing the geology of the shear
zones.

Chapter 3 examines the existing geochronological
database from the Strangways Metarnorphic Cornplex
and discusses the application of Sm-Nd dating to
high-grade metamorphic terrains, providing an
overview of the associated rnetliodology. Data
collected from selected shear zones throughout the
Strangways Metarnorphic Complex is presented and

Figure 1.2. Distribution of major faults
and other shear zones within part of
the Arunta lnlier, and location of the
Strangways Metamorphic Complex
(SMC) (after Cartwright et al, 1999).
Abbreviations: A-Anmatjira Ranges;
AN-Arltunga Nappe Complex; AS-AIice
Springs; DMSHSZ-Delny-Mt Sainthill
Shear Zone; ED-Entia Dome; HCSZ-
Harry Creek Shear Zone; HR-Harts
Range; MC-Mt Chapple; MH-Mt Hay;
NB-Ngalia Basin; ON-Ormiston Nappe
Complex; RR-Reynolds Range; RTZ-
Redbank Thrust Zone; WFZ-Woolanga
Fault Zone.

Georgina Basin

\

lnlier

Amadeus Basin

100 km

Late Proterozoic/
Phanerozoic
Cover

Shear Zones/
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Proterozoic
Metamorphic
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Chapter I Introduction

discussed.

Chapter 4 is chemistry
and petrogr the shear
zones and as fonnation
recorded in these rocks, with a view to determining
the peak metamorphic conditions achieved and
quantitatively con straining their traj ectory through
P-T space.

Chapter 5 focuses on the use of petrogenetic grids
and pseudosections to determine the P-T paths of
the shear zones, and presents a new petrogenetic
grid applicable to cornffroll plagioclase-bearing
metapelitic rocks in the chemical system
NaCaKFMASH.

Cliapter 6 investigates the thermobarometric and
petrological evidence for tlie metamorphic evolution
of metabasic rocks in the shear zones. This provides
an independent confinnation of the P-T path data
gathered frorn the metapelitic units.

Chapter 7 provides an assessment of the fluid flow
regime during metamorphism and presents evidence
from stable isotope and whole rock geochemistry in
order to constrain the fluid source and the mechanics
of the fluid flux.

Chapter 8 reviews the synorogenic sedimentary
record from the adjacent Atnadeus, Ngalia and
Georgina Basins and attempts to correlate this data
with evidence from the basernent, in au effort to
define the duration and architecture of the Alice
Springs Orogeny.

J





Chapter 2

GEOLOGICAL OVERVIEV/ OF SHEAR ZONES IN
THE STRANGV/AYS METAMORPHIC COMPLEX

2.1 Introduction

The Arunta Inlier is an extensive polymetamorphic
terrain comprised of variably deformed Palaeo- to
Mesoproterozoic rocks that covers approximately
200,000 km2 (Figure 2.1). Along the southern margin
of the inlier the Palaeo-Mesoproterozoic complex
is unconforrnably overlain by Neoproterozoic to
mid-Palaeozoic basin sediments of the Amadeus
Basin, and to the north the Arunta Inlier is bound by
the Wiso, Georgina and Birrindudu Basins, the
Granites-Tanami Block and Tennant Creek Block.

In the 1970's and early 1980's, the Arunta Inlier
was the focus of an intensive study undertaken by

the Australian Bureau of Mineral Resources (BMR),
now known as the Australian Geological Survey
Organisation (AGSO). This study established a
working model for the tectono-stratigraphic evolution
of the Arunta Inlie¡ based on the concept of 3 east-
west trending tectonic provinces (the northem, central
and southern provinces respectively) (Figure 2.1)
and 3 litho-stratigraphic subdivisions defining an
increasing degree of sedimentary reworking and
maturity (Shaw et al, 1979; Shaw et al, 1984; Black
et al, 1983; Stewart et al, 1984). The geological
history of the Arunta Inlier was interpreted in terms
of a series of five major high-grade tectono-
metamorphic events during the Proterozoic followed
much later by the Alice Springs Orogeny in the

Georgina Basin

- 

Nodhem Prcvin@

l:,:l cental P¡ovince

J Soulhen Proviñce

Amadeus Basin

R
MC.

AN

100 km

Proterozoic
Metamorphic
Basement

Late Proterozoic/
Phanerozoic
Cover

Shear Zones/
Faults

Figure 2.1. Location map indicating the position of theArunta lnlierwithin theAustralian Continent. Also
shown are the distribution of major shear zones within the inlier and the location of the Strangways
Metamorphic Complex (boxed area labelled SMC) (after Cartwright et al, 1999). Abbreviations:A-Anmatjira
Ranges;AN-Arltunga Nappe Complex;AS-Alice Springs; DMSHSZ-Delny-Mt Sainthill Shear Zone; ED-Entia
Dome; HCSZ-Harry Creek ShearZone; HR-Hafts Range; MC-Mt Chapple; MH-Mt Hay; NB-Naglia Basin; ON-
Ormiston Nappe Complex; RR-Reynolds Range; RTZ- Redbank Thrust Zone; WFZ-Woolanga Fault Zone.
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Table 2.1.Summary of tectonothermal events in the Arunta lnlier (after Hand et al, 1999a)
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Chapter 2 Geological Overview

peak metamorphism in these rocks.

2.2 Shear Zones in the Strangways
Metamorphic Complex

This study focuses on the Strangways Range and
Winnecke areas (Figure2.2 and 2.3) which contain
granulite facies rocks of the Yambah, Utnalanama
and Ongeva Granulites, the Anamarra Ofthogneiss,
Erontonga Metamorphics and Cadney Metamorphics
which together comprise the Strangways
Metamorphic Cornplex (Figure 2.2). These rocks
are located in the southeast of the Arunta Inlier and
fonn part of the central tectonic province along with
the alurninous schists and amphibolites of the Harts
Range Group and the Mt Hay-Mt Chapple region
(Figure 2.1).

Up to seven discrete deformational events involving
at least two tectonic phases have been recognised
in the SMC as a result of detailed investigations by

Goscombe (1989, 1991, 1992 a & b) in the Mt
Pfitzner area, Norman (1991) and Norman and Clarke
(1990) in the Ongeva and Anamarra areas, Lafrance
et al (1995) in the Wulurna Hills, Allen (1979), Allen
and Black (1979) and Allen and Stubbs (1982) in
the Harry Creek Shear Zone,Iyer (1974) and Iyer
et al (1976) in the Yambah Hills and Woodford
(1914) and Woodford et al (197 5) in the Woolanga
area (Figure 2.2). These workers defined an initial
granulite facies event (Ml) at about 1750 - 1800 Ma
on the basis ofRb-Sr isochrons produced by Iyer et
al (1976), Black et al (1983) and Windrim and
McCulloch (1986), and by U-Pb SHRIMP dating
by Norman (1991), with evidence of a second
overprinting granulite event (M2) observed in some
localities, occurring at about 1700-1750 Ma (see
review by Collins and Shaw, 1995; Black and Shaw,
1995; Allen and Stubbs, 1982). The second granulite
facies event was accompauied by intense deformation
creating meso- and mega-scale sheath and refolded
fold patterns which characterise this part of the
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llgure 2-2. Regional g_eological features in the southeastem Arunta lnlier including part of the Strangways
MeÍnorphic Complex. The study area is indicated by bounding dashed lines (adapted ftom Goscombe, íÞOZa¡.



Chapter 2 Geological Overview

Arunta Inlier and can be correlated across the
Strangways Metamorphic Complex (Goscombe,
1989; Norman, 1991). Recent U-Pb SHRIMP dating
of zircons from migmatites in the granulites suggest
however, that Ml and M2 result from a single
tectonothermal event at about l720Ma (Möller et
al,1998; Ballèvre et al, 1999). Cross-cutting these
regional granulite facies fabrics are two generations
of granulite facies mylonites which are asyetundated
(Goscombe, 1989; Norman, 1991). The older
generation of mylonites appears to be related to
compressional tectonism while the younger mylonites
appear to have formed in an extensional regime.

Throughout the SMC, the youngest structural fabrics
observed in the basement rocks are an E-W to NW-
SE trending series of shear zones and schist belts
which range in width from the metre-scale to
kilometre-scale. These shear zones and schist belts
cut all other fabrics and appear to correlate across
the terrain. These fabrics include the D7lS7 of
Goscombe (1989), the D5/S5 ofNorman (1991) and
the þanite-gedrite stage ofWanen (1983). Examples
include the Gough Dam Schist Zone (Norman, 1991),
the V/allaby Knob SchistZone (Goscombe, 1989),
the Yambah Schist Zone (Iyer,l974), the Southern
Cross Shear Zone (Shaw et al,1979) and the Harry
Creek Deformed Zone (Allen, 1979) (Figwe 2.2).
They are generally steeply N to NE dipping with
lineations defined by the orientation of phyllosilicate

í33 45'

23 00'

23 20',

minerals and quartz rodding plunging steeply to the
NNE. Shear sense indicators, when observed,
ubiquitously indicate south-directed thrusting
(Goscombe, 1989; Norman, 1991; Collins and
Teyssier, 1989a). Many ofthese shear zones contain
only greenschist facies assemblages,however some
assemblages include kyanite, gedrite, staurolite,
garnet and sillimanite, suggesting some shear zones
experienced mid- to upper-amphibolite facies
conditions. Mid-amphibolite facies shear zones are
generally found in the central and northern sections
of the study area, while greenschist facies shear
zones are found throughout (Figure 2.3). However
greenschist facies assemblages generally occur as

the peak metamorphic assemblage in southem shear
zones, but as retrograde assemblages overprinting
amphibolite assemblages in the northern and central
shear zones. This suggests a regional metamorphic
gradient exists in the SMC shear zorìes, with the
lowest grade shear zones occurring within and
adjacent to the Heavifee Quartzite and Bitter Springs
Formation and increasing in grade northward to mid-
amphibolite facies (Figure 2.3). The shear zones
have developed from the relatively anhydrous
granulite facies country rock, however the shear
zone rocks contain hydrous retrograde mineral
assemblages, indicating thatthe development of the
shear zones involved at least one episode ofregionally
channelised fluid flow and associated metasomatism
to facilitate the growth of retrograde hydrous

13320'

Figurc 2.3. Generalised geoloÍ¡y of he Sbangways Mebmorphic Complex indicating he distibution of midcmphibolite
and greenschistËcies shearzones (adapted ftom DAddario and Chan, 1982).
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Chapter 2 Geological Overviø,v

minerals. Despite the interest in the geological history
of these shear zones, no detailed investigations of
their metamorphic evolution or fluid flow regime
have yet been undertaken.

2.3 The age of the shear zones

At the initiation ofthis study, efforts to date the shear
zones had been made using the K-Ar, Ar-Ar and Rb-
Sr isotopic systems (e.g. Stewart, 197 l;Armstrong
and Stewart,1975; Iyer et al,1976;Woodford et al,
1975; Allen and Stubbs, 1982; Windrim and
McCulloch, 1986). The existing database was sparse
and included a wide spread of ages for the shear
zones ranging from about 1040 Ma to about 320Ma
(Figure 2.4). Many of these dates were produced
from the analysis of overprinting retrograde
assemblages in granulites, ratherthan from the dating
oftotally recrystallised samples from the shear zones
themselves (e.g. Allen and Stubbs, 1982; Windrim
and McCulloch, 1986). Thus it is often unclear
whether the sample material used actually relates to
the same phase of deformation recorded in the shear
zones. Furthermore, because the geochronometers
used generally have closure temperatures lower than
the metamorphic temperatures recorded by the dated
mineral assemblages (i.e. T" < T-*) (Dodson, 1973;
Cliff, 1985), it is difficult to know if the dates
produced relate to deformation associated with the
development of the shear zones, or to periods of
cooling unrelated to the deformation expressed in

the shear zones (Collins and Shaw, 1995; Black and
Shaw,1995).

2.4 Description of key locations

In this study a number of shear zones distributed
throughout the Strangways Metamorphic Complex,
containing amphibolite facies rocks useful for
geothermobaromeûy and geochronology have been
selected for investigation.

2.4.1 The Yambah Shear Zone (G.R. 823498)

The Yambah Shear Zone (Figures 23 and 2.5) is an
amphibolite facies schist zone which transects
adjacent interlayered mafrc, felsic and metapelitic
granulites of the Strangways Range. The shear zone
is located within a dry river valley which is about
2 kms wide, howevei the boundaries of the shea¡
zone are completely obscured and the total outcrop
width is only about 300 metres (Figure 2.6 a &b).
The shear zone is composed predominantþ of coa¡se-
grained muscovite-biotite-quartz schists which may
also be kyanite, staurolite and/or garnet-bearing.
Mafic amphibolites and rarer calc silicate units also
occur in the schist zone and are composed of
hornblende-plagioclase- quiartz t (garnet, staurolite),
chlorite-biotite-garnet and diopside-garnet-epidote
assemblages respectively. The Yambah Shear Zone
outcrops as two distinct areas, the northern and
eastern zones, which are oriented orthogonal to each

n Ar-Ar lyer (1976)

I Ar-Ar Woodford et al (1975)

n Ar-Ar Ailen & Stubbs (1982)

O K-Ar lyer (1976)

O K-Ar Armstrong
& Stewart (1975)

O K-Ar Stewart (1971)

- 
Faults

I eroterozoic and Palaeozoic shear zones lifT Granutite facies gneisses

N Ut" Proterozoic to Devonian sediments Amphibolite facies g neisses

// Basaltic dykes, proterozoic o Rb-sr \Mndrim &
McCulloch (1986)

Mordor rsneous comptex (1180 Ma) a no-st 
f$!$![slrezsl

flg.ure 2.4.. Existing RÞ-S.r, Ar-Ar and K-Ar geochronological data for shear zone rocks in the Strangways
Metamorphic Comp'lex (adapted from Goscõmbe, 1992a).
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Chapter 2 Geological Overview

about 082/80oN and 102/70oS, ïvith lineations
plungi L 650 .* lQ$o; $Jo
*108 in the eastern zone
varies d 180/60oW, with
lineations plunging down-dip. Conclusive kinematic
indicators áre not observed in the schists, and contacts
between the schist zone and the granulites are
obscured (Figure 2.6 c &' d). However it is evident
that the schists are derived from the adjacent
granulites as individual granulite layers can be traced

lineation.

2.4.2 The Pinnacles Bore Shear Zone (GR 310323)

The Pinnacles Bore Shear Zone (Figures n e.2.7)
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Fiçure 2.6. Physiography of the Yambah Schist Zone
(YSZ) and Pinnacles Bore Shear Zone (PBSZ). (a) Viarv
from the YSZ to the northeast toward Mt Strangruays
across the alluvial plain. Most of the schist zone lies

between the granulite facies country rock and schists
of the PBSZ 0 typicalorfcrop of schisß to\,vãd üre magirs
of the PBSZ; (g) torvard the centre of tlre PBSZ or-rtcrop
is generally less contiïous.
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Figure 2.7. Generalised geology of the Winnecke Region in the southern Strangways_Metamorphic Complex, showing t nd greellchist
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¡tãiiv õreã-Í*J¡¡iiJeore sÀeái 2ór'e; peÈ2-= pinnáðles Éore Fault Zoñe; Wsz = winriecke Shear Zone; MJSZ = Anuma schist
Belt (after Hand et al, 1999a),
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Pinnacles Fault system is composed primarily of
greenschist facies shear zones which juxtapose
granulite facies rocks of the Erontonga and lower
Cadney Metamorphics to the east against granulites
of the upper Cadney Metamorphics to the west.
Rocks of the Erontonga Metamorphics also occur
east of the Pinnacles Fault system, but lie further
south than their western counterparts (Figure 2.7).
The Pinnacles Bore Shear Zone cuts across granulite
facies rocks of the Erontonga and lower Cadney
Metamorphics forming part of the western section
of the Pinnacles Fault system. The schistose fabric
in the PBSZ is generally
moderately to steeply NE.
the shear zone, the fabri
125l45oNE but rotates to about 152l80oNE in the
souttr, cl
defined
staurolit
G 45o+340o). Kinematic indicators and the vergence
of small-scale folds indicate east over west dextral
movemenl suggesting that the Pinnacles Fault System
acted as a rclay zone to accommodate disparate
degrees of shortening in the Utranalama and Ankala
Blocks to the west and the Winnecke Block to the
east (Hand et al,I999a) (Figure 2.7).

2.4.3 The Erontonga ShearZone (G.R.311226)

The Winnecke area(Figures 2.3 and2.7) is hansected
by an extensive network of anastomosing E-W and
NW-SE hending shear zones (Figure 2.8 a,b &, c).
In this region, shear zones and mylonite zones within
the Neoproterozoic Heavitree Quartzite and the
adjacent phyllonites form the main thrust between
the Amadeus Basin cover sequences and the
Palaeoprotero zoic AruntaBasemen! and are oriented
E-W. The Heavitree Quartzite and the overlying
Bitter Springs Formation form the basal
Neoproterozoic units of the Amadeus Basin and
comprise the footwall, while the Ankala Block and
Erontonga Metamorphics form the hangingwall.
The Winnecke area is bounded to the east and west
by 2 major fault systems, the Woolanga Lineament
and Pinnacles Fault respectively (Figures 2.3 and
2.7). Eastof the Woolanga Lineament, alluvium of
the Hale Formation completely obscures the
underlying geology.

In the Winnecke region, there are 3 major schists
belts/shear zones termed the Winnecke Shear Zone
(WSZ), the Harry Creek-Two Mile Bore ShearZone
(HC-TMBSZ) and the Anuma Schist. These major
shear zones are diffuse, kilometre-wide schist belts
which have focused south-directed thrusting. The
Heavitree Quartzite (the basal unit of the Amadeus
Basin sediments) hosts the WSZ along its northern
margin and contact with the Arunta Basement,
therefore this shear zone at least must have been
active during the Alice Springs Orogeny. For most
of its length the WSZ is oriented E-W and dips
northward with quartz rodding plunging to the NNW
(^.092l48oN;L 46o -4440) except in the west where
the zone swings northward and joins into the
Pinnacles Fault. North of the WSZ is another major
shear zone which appears to be contiguous with the
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Flgure 2.8. Physiography of the Winnecke area.
(a) A series of metre-scale shear zones cross-
cut this hillside in the northern \Mnnecke area, a
feature common throughout the terrain; (b) contact
between granulite facies country rock and a
minor metre-scale shear zone in the Erontonga
Metamorphics; (c) close up view of the contact
observed in (b); (d) the central portion of the Erontonga
Shear Zone outcrops as a low ridge of schist; (e) view
of the transition from schists of the Erontonga
Shear Zone to the surrounding granulites; (f) close
up of the major unit of metapelitic schist in
the Erontonga Shear Zone.
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Harry Creek Deformed Zone,buit offset across the
Pinnacles Fault. Termed the Harry Creek-Two Mile
Bore Shear Zone in this study, this is a diffirse zone
about 2 kms wide composed of numerous
anastomosing shear zones of varying intensity and
ranging in width from the metre-scale to the hundred
metre-scale. The HC-TMBSZ trends parallel to the
WSZ and is oriented at about 095/49oN with a
lineation defined by biotite, muscovite and quartz
plunging toward NNW & 44o-335o) in greenschist
facies schists.

The Anuma Schist is about lkm wide and is the
northern-most shear zone in the Winnecke region,
effectively separating the granulite facies Erontonga
and Cadney Metamorphics (Figures 2.6 &,2.7). lt
is also generally E-W trending although Emslie
(1996) sub-divided the zone into northerly and
southerly components on the basis of foliation and
lineation orientations and strain intensity. The
northern zone is intensely deformed with lineations
plunging toward NNW (088/50oN; L 47o-3450)
while lineations in the southernzone trend NNE
( I 00/49oN; L 42o ---- 020o). Porphyroclast systems
are commonly symmetrical implying a degree of
flattening. Rocks in this shear zone are mid to upper
amphibolite facies grade with kyanite-staurolite-
garnet and sillimanite-staurolite-bearing micaschists
common. Also found scattered throughoutthe schist
belt are numerous deformed metre-scale kyanite-
quartz pods.

The Erontonga Shear Zone is a relatively narrow (-
50 metres wide in outcrop) discrete shear zone which
lies between theAnuma Schist and the HC-TMBSZ
(Figure 2.7 &,2.8 d & Ð. This shear zone cuts the
surrounding granulites of the Erontonga
Metamorphics, which can be observed in outcrop
either side of the shear zone (Figure 2.8 e), and is
composed of mid-amphibolite facies mafic,
quarEofeldspathic and metapelitic schists with quartz-
feldspar-biotite-muscovite and garnet-staurolite-
feldspar-biotite-muscovite-quartz assemblages. The
ESZ has avery similar structural orientation as the
WSZ, HC-TMBSZ andAnuma Schisl trending east-
west and dipping steeply northward (-092/62oN)
with lineations defined by quattz, kyanite,
phyllosilicate minerals and occasional staurolite
plunging NNW(- 55o----320o) (Figure 2.7).

2.5 Summary

The Arunta Inlier is a polymetamorphic terrain
primarily composed of intensely deformed rocks
which have experienced up to 5 tectono-thermal
events during the Proterozoic and have been
subsequently overprinted in the Palaeozoic by the
Alice Springs Orogeny. The youngest geological
feature in the inlier is a series of E-ìV to NW-SE
trending crustal-scale shear zones which transect the
inlier, overprinting all other fabrics. The shear zone
system is well represented in the Strangways
Metamorphic Complex where individual amphibolite-
facies shear zones cross-cut and offset granulite
facies country rock. The current geochronological
database for the SMC shear zones is small and limited

to K-Ar, Ar-Ar and Rb-Sr dates which reflect cooling
ages rather than crystallisation ages. The existing
data suggests the ages ofthe shear zones could be
between about 1040 Ma and 320Ma and thus they
could reflect the affects of either Proterozoic or
Palaeozoic tectonism. This ambiguity highlights the
need for additional comprehensive dating of the
SMC shear zone rocks, using thermochronometers
appropriate for mid-amphibolite facies metamorphic
assemblages, which will be the subject of the next
section. Detailed studies of the fluid flow regime
and metamorphic evolution ofthese shear zones are
also lacking, and these topics will constitute the
focus of the majorþ of this study. A number of key
localities identified for study in the SMC include
the Yambah Shear Zone, the Pinnacles Bore Shear
Zone and the Erontonga Shear Zone.
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Chapter 3

Sm-Nd EVIDENCE FOR PAL AEOZOIC
POLYMETAMORPHISM IN THE

STRANGV/AYS METAMORPHIC COMPLEX

3.1 Introduction

Isotope geochronology can provide unique
information on metamorphic processes, unravelling

and the duration and style of metamorphic process
associated with specific tectonic environments.

Windrim and McCulloch, 1986). Consequently

both bound and dissect the SMC granulites (e.g.
Collins and Shaw, 1995).

In order to resolve the problems concerning the age
of the amphibolite facies shear zones which cross
cut the SMC, a geochronological investigation of
several of the shear zones was underûaken. Accurate
ages will constrain the timing of metamorphism in
these shear zones thereby clarifiing their relationship
to the surrounding granulite facies country rocks.
The new data will contribute to the establishment
of an accurate thermochronological database and
assist in definin
metamorphism
as aiding future
this particular metamorphic event.

3.2 Geochronology of shear zones in the
Strangways Metamorphic Complex

Prior to initiation of this investigation, much of the
information regarding the regional geological history
inthe SMC was derived from det¿iled structural and
metamorphic studies (e.g. Allen, 1979; Goscombe,
1989; Norman,l99I;'Warren, 1982; Ding and James,
1985; Teyssier, 1985) which have successfully
determined the relative timing of successive
metamorphic and deformation episodes but have not

been
relyi
data
conshain the absolute timing of these events. While
greenschist facies shear zones generally ascribed to
fhe RSO have consistently returned K-Ar and Rb-

the Arunta basement and fabrics found in the
Amadeus Basin sediments affected by the Alice
Springs Orogeny (e.g. Goscombe, 1989; Norman,
1991), workers have been unable to conclusively
distinguish using field relations if these shear zones
have Proterozoic or Palaeozoic origins (e.g. Norman,
1991; Collins and Shaw, 1995). As a result, workers

McCulloch,19S6; Black et al 198 ; Shaw et al,
1984; Ding and James, 1985), and those suggesting
that the effects of the ASO on the basement were
more profound, including the creation orreactivation
of shear zones at upper to mid-amphibolite facies
(Teyssier, 1985; Collins and Teyssier, 19894 Watren,
1983; Dunlap and Teyssier, 1995).

A small number of K-Ar, Ar-Ar and Rb-Sr ages exist
from the amphibolite facies shear zones and
retrogressed granulites in the SMC (e.g. Armshong
and Stewart,1975; Iyer et al, 1976; Woodford et al,
1975; Allen and Stubbs, 1982;) but despite invariably
producing Palaeozoic ages, the current database has
failed to validate a Palaeozoic origin for the shear
zones, since this data tended to be rejected as

reflecting excess argon, argon loss orthermal resetting
during I
Chapter
existing
Range area has been the application of isotopic
systems with closure temperatures lower than the
metamorphic temperatures experienced by the rocks
and minerals used for dating (i.e. T"ro,o," < T'*). The
K-Ar and Rb-Sr isotopic systems are susceptible to
resetting (George and Bartlett, 1996; Evans et al,
1995; Hickman and Glassley, 1984) and have
maximum closure temperatures ranging from 500-
350oC for most minerals (Clitr, 1985; Dodson and
Mclelland-Brown, 1985) therefore they are
ineffective in determining crystallisation ages rather
than cooling ages in rocks of amphibolite facies or

t7
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higher grade. Similarly while the use of Ar-Ar on
hornblende may be effective to mid-amphibolite
facies (Hanison, 1981) there are mrmerous examples
of erroneous Ar-Ar homblende ages caused through
the presence of excess argon (e.g. Berger, 1975;
Gaber et al, 1988; Maboko et al, 1991). In the case
of amphibolite facies shear zone rocks, the added
factor ofpervasive and possibly punctuated fluid
flow, coupled with intense deformation increases
the likelihood of perturbation of these isotopic
systems. A further problem with the existing dat¿base
is the diffrculty in correlating dates with observed
tectonic fabrics, as overprinting retrograde
assemblages from the surrounding granulites were
often used to date overprinting events, including the
timing of the shear zones (e.g. Allen and Stubbs,
1982; Windrim and McCulloch, 1986). As a result,
the age of the mid-amphibolite facies shear zones
in the SMC is still uncertain.

3.3 The use of Sm-Nd geochronology in
dating amphibolite facies rocks

As outlined above, many of the methods previously
used to date the SMC shear zones are inappropriate
for amphibolite facies assemblages. A far more
appropriate method for use on mid- to upper-
amphibolite facies rocks are mineral isochrons using
the Sm-Nd isotope system. Experimental and field-

133 45'

based studies have shown that the Sm-Nd system
can be relatively immobile and insensitive to isotopic
resetting via thermal perturbation (e.g. Cohen et al,
1988; Vance and O'Nions, 1990; Burton et al, 1995;
Hensen and Zhou 1995 a&,b; Becker, 1997; Gangaly
et al, 1998), although examples do exist where the
Sm-Nd system has been reset (e.g. McCulloch and
Wasserburg,I9TS; Black and McCulloch, 1987).
Since the garnet point usually controls an Sm-Nd
isochron due to its high Sm-Nd ratio, most available
data relates to the behaviour of the Sm-Nd system
in this mineral. Due to the number of variables which
influence closure temperature, including grain size,
cooling rate and mineral chemistry (Dodson, 1973;
Cliff, 1985; Jenkin et al, 1995) and the added
problems of contamination by REE rich inclusions
such as monazite (e.g. Zhou and Hensen,1995),
opinions on the maximum effective closure
temperature for Sm-Nd in gamet vary greatly, ranging
from as low as 450-600oC (e.g. Humphries and Clifi
1982; Mezger et al, 1992) up to about 850-900oC
(e.g. Jagoutz,1988; Cohen et al, 1988; Vance and
O'Nions, 1990; Brueckner et al,1996). However
there is a growing consensus that the closure
temperature of the Sm-Nd system is relatively high,
approaching that of peak metamorphism experienced
by granulites and upper amphibolite facies rocks
(Jagoutz,1988; Cohen et al, 1988; Getty et al,1993;
Vance and Holland, 1993; Burton et al, 1995;
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Figure 3.1. Generalised geology of the Strangways Metamorphic Complex indicating the location of
amphibolite facies schists selected for Sm-Nd dating.
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Brueckner et al, 1996; Becker, 1997), and
temperatures of 600oC appear to be an absolute
minimum estimate for the closure ternperature of
the Srn-Nd isotope system in garnets larger than
about 1 mm (Burton and O'Nions, 1991;Mezger et
al,1992; Burlon et al, 1995; Hensen and Zhou 1995a;
Ganguly et al, 1998). Thermobarometry and phase
equilibria studies (see chapters 4, 5 and 6) indicate
that the mid-arnpl-ribolite facies shear zones rocks in
the SMC reached peak metamorphic temperatures
of about 600oC, thus the Srn-Nd system is appropriate
for radiometric dating of these shear zone rocks, as
it will provide dates which are crystallisation ages
or ages reflecting conditio¡rs close to peak
metamorphism, rather than cooling ages.

3.4 Sample selection

Ideally samples selected for geochronological analysis
should also be useful for geothennobarometry and
record sirnple clear textural relationships enabling
the sample to be tightly constrained by independent
structural and metarnorphic observations to ar.l

appropriate stage in the regional geological history.
The sarnples analysed ln this study include two
garnet-staurolite micaschists from the Erontonga
Shear Zone (WKl81 &WK182), two garnet-
staurolite micaschists from the Pinnacles Bore Shear
Zone (PBl0 & PBl l) and four mafic arr.rphibolite
gneisses from the Yambah Schist Zone (Y5147,
YS148, YSl49 & YS9). Field locations of analysed
samples are given in Figure 3.1 and Appendix l.
The samples have been selected on the basis of
possessing mineralogical compositions suitable for
Srn-Nd geochronology arrd (where possible) for
geothennobarometry as well. The geographic extent
of each of the shear zones is well defined and either
side of these zones are anhydrous felsic and rnafic
granulites which represent the precursors of the shear
zone rocks.

Tlie sarnples selected are generally coarse-grained
garnet-staurolite-biotite-quaftz-lnuscovite t (kyanite,
feldspar, chlorite) schists or garnet-hornblende-
plagioclase-qLrar1rz + staurolite schists (see Appendix
I for detailed petrograpliy). Minerals chosen for
analysis include garnet, staurolite, hornblende and
biotite. \ù/hole-rock analyses were also performed
on each rock sarnple. Staurolite is not commonly
used in Sm-Nd mineral isochrons but was selected
in this study as it is a key mineral for petrological
investigation of metamorphic conditions, having a
limited range of thennal stability in most metapelites,
and in these rocks defines the metamorphic fabric
of interest. All sarnples were sectioned and checked
petrographically, and chernically usirrg a Cameca
SX5 1 electron microprobe, for any signs of zonation
or overgrowth rims and using back scatter electron
imagery to detect the presence of microscopic REE
enriched included phases such as monazite or allanite.
All irnaged included phases were either quartz or
the oxides ihnenite and magnetite, except in the
mafic amphibolite samples YS147, YS148, YS9 and
YS149 which have significant amounts of fine-
grained allanite adjacent to and/or included within

hornblende. In all samples, phases generally show
little or no major element zonation except for garnets
in samples WKl8l, WKl82 and PBl0 which display
bell shaped Mn profiles, which are interpreted as
evidence of growth zoning typical of mid-arnphibolite
facies crystallisation (see S +.:.1.2 for a detailed
discussion). None of the phases were obviously
rimmed except for garnets in PB11 which have
unusual compositional profiles and apparent
overgrowth rims which can be observed
petrograpl-rically (see S 4.3.1.3). Petrography of the
individual samples is discussed in greater detail in
Appendix 1.

3.5 Analytical techniques

Hand trimmed rock samples (- 2 kg samples) were
initially coarsely crushed in ajaw crusher tlien rnilled
to between 150 - 250 ¡rm using a disc mill.
Representative whole rock samples were obtained
by splitting the milled bulk sample. Where possible
coarse crushed garnet grains were hand picked and
further crushed in a mortar ard pestle, otherwise
nrineral separates were taken from sieved split
samples of the bLrlk rock. Minerals were initially
separated using a Franz Isodynamic magnetic
separator and standard heavy liquid separation, then
finished by hand picking under a binocular
microscope to obtain inclusion free material. To
rernove surface contamination, minerals were washed
severaltirnes in an ultrasonic bath in lN HCI solution.
After each interval the acid was discarded and
replaced until the solvent remained clean, separates
were then washed repeatedly in double-distilled
water.

All mineral separates and whole rock samples were
dissolved in steel jacketed, high pressure Teflon
bombs using a HNO3-HF acid mixture heated to
200oC for a period of 2-5 days after prelirninary
dissolution olì all opeÍì hotplate. The samples were
then evaporated and re-dissolved in 6N HCI for a
further 24 hours in the high pressure bombs for
conversion to chloride form. After total dissolution
the mineral solutions were aliquoted for spiking with
one half of the solution allocated to the isotopic
composition (IC) cornponent and the other half used
for isotopic dilution (lD). The ID conrponent was
spiked with 85Rb, 8aSr and rnixed 'otsm -'\d tracers,
and re-homogenised for a minimum 24 hours. All
samples were then evaporated and re-dissolved in
1.5 rnl of 2N HCI in preparation for cation exchange
column extraction. Rb and Sr and Srn-Nd were
separated using BioRad AG50W-X8 (200-400 rnesh)
resin columns, then Nd and Sm were separated in
columns of Teflon powder impregnated with
hydrogen di-2-ethylhexyl phospliate (HDEHP). In
preparation for analysis, Nd and Sm were loaded
onto double Ta-Re filanrents witli H:PO¿.

Analysis was performed on a Finnigan MAT 261
single collector rnass spectrometer at the University
of Adelaide. All Nd ratios are corrected for within-
rL¡n mass fractionation by nonnalisation to la6Nd/t4Nd

: 0.7129. V/ithin run precision frorn the mass
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spectrometer which represents the minimum estimate
of uncertainty is reported in Table 3.1. Total
procedural Nd background contamination levels
(blanks) were 0.2 ng/g respectively which in general
is negligible by cornparison with the typical >200ng
of Nd dissolved and analysed. All regression
calculations were calculated witl-r a decay constant
of 6.54x10-12 yearr using the method ofYork (1969).
All quoted errors are at 95o/o confidence interval,
following the suggestions of Kullerud (1991). The
long term reproducibilþ of the complete analytical
procedure is measured by repeated analysis of an
internal standard with the standard deviation for
r43Nd/r44Nd being 20 pprn. Machine performance
was monitored by analyses of the international
standard LaJolla which averages at 0.511830 t 25
(n:25).

3.6 Results

Table 3.1 sumrnarises the Srn-Nd isotopic data from
which the isochrons shown in Figures 3.2,3.3 &.3.4
are calculated. Results of the isochron calculations
are presented in Table 3.2. The Sm-Nd mineral ages
frorn the amphibolite facies assemblages of the
Yambah Schist Zone, Pinnacles Bore Shear Zone
and the Erontonga Shear Zone show that these
assemblages crystallised in the Palaeozoic during
the Devonian to mid-Carboniferous.

The foLlr rocks sampled frorn the Yambah Schist
produce a spread of Devonian ages from 401 Ma to
319 Mabut all are within error. The erors associated
with these isochrons are relatively high, reflecting
the small spread in the IaTSm/'44Nd ratios. A three
poir-rt isochron (gamet-homblende-whole rock) from
rnafic amphibolite sarnple YS9 (Figure 3.2d) yielded
an age of 380 ! 24 Ma with an MSWD of 1.709,
wliile anotl-rer mafic aniphibolite YSl49 from a
nearby location produced an age of 401 + 30 Ma
with an MSV/D of 3.378 also from a garnet-
hornblende-wl-role rock isochron (Figure 3.2c). Two
staulolite-bearing mafic arnphibolites, YS 1 47 and

Samples Sm
(oom)

Nd
lnnm'ì

sSm
144Nd

eNd
144Nd

2c

YS 147

rvhole rock

Jarnet
hornblende
staurolite

YS148
whole rock
garnet

hornblende

staurolite

vs149
ruhole rock

larnel

9.9214
6.4820
6.5680
1.6820

3.7692
3.4150
3 1649

8.5410
3.0050
6 6530
2.9880

4 2207
3.5753
4 06197

1 84117

1.6139
0.5186
1.6793

6 2103
1.7392
1.5286
2 9855

6.3313
1 1040

1.4860
3.0260

5 1376

4.8317
7.9424
3.2017

3.6142

9.9460
40.7512
16.0426

9.3975

14 8699
'16 3765
7.6366

45.3438
15.131C

22.7736
17.7129

24 6002
18.2971

8.9369

8.9824
2.5952
2.1951
9.4616

33 5084
1.2406
I 1762
16.4797

1.1230
2.4330
7 4580
15 503

25.4679
13 8288
45.1178
17 1598

21 0627

0.1202
0.0962
0.2476
0 1083

0.1 1 39
0.1201
0.1 769
0.1 01 I

0.1 533
0.1261
0.2507

0.1 038
0.1182
o.2749

0.1121

0.8483
0.1131

0.1 096

0 1240
0.3762
0.1429
0.1074

0.1 230
0.2746
0.1 206
0.11 81

0.1220
0.2113
0 1065
0.1129

0.1 038

0.511535
0 511466
0.511848
0.511514

0.511495
0.511 501

0 511647

0 511463

0 511502
0.511402
0.511749

0 511419
0 511431

0.511 839

0.511420
0.512984
0.5'11412
0.511446

0 511392
0.511 882
0 511452
0.511334

0.511377
0.511683
0.511377
0.511 341

0 511460
0 512414
0 511361

0 511359

0.511320

0 000025
0.000025
0.000024
0.000036

0.000029
0.000020
0 000015
0.000028

0.0000'14

0.000028
0.000015

0 000022
0 000030
0.000016

0 000020
0.000028
0.000028
0.000024

0.000036
0.000025
0.000030
0 000022

0.000018
0.000025
0.000020
0.000018

0.000019
0 000019
0.000015
0 000011

0.000021

YSl48, sarnpled in close proxin-rity to each otl-rer,
pLo.dg99d aggs_oj3]9^+?] Ma (MS.WD:0.406) Table 3.1. Summary of Sm-Nd isotopic data for
and 3 B0 t 50 Ma (MSV/D : 0.1 85) relpectively whole rock and pure riineral fractions främ sampled
from four point (garnet-staurolite-biotite-whole rock) shear zone rock's.

Sample
All points Less Whole Rock

# of points Age t2o IR +2o MSWD Age +2a MSWD

YS 147

YS 148

147&148

YS 149
veô
WK 181

WK 182

181&182

PB 1O

PB 11

PB 11 (no s)

4

4

I
3

J

4

4

8

4

5

3

379

380

384

401

380

312
322

324

317

1 578

404

31

50

26

30

24

18

7

6

¿t.o
Jb

362

0.511234

0.511207

0 511214

0.5'11092

0.511154

0.5'11136

0.511197

0.5'11161

0.5'11113

0 510214

0.511062

0.000032

0.000048

0.000027

0.000038

0.000032
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isochrons (Figures 3.2 a &,b)

Usually garnet Sm with
respect to Nd resulting in a totSm/t4oNd ratio
compared to most other common minerals (Faure,
1986). In the Yambah schist isochrons however,
garnet has very low ratios compared to the general
case where garnet is expected to have a ratio ofabout
0.5 or greater (Faure, 1986; Getty etal,1993; Hensen
and Zhou, 1995b; Mawby et al, 1999), tending to
plot below homblende, and in two instances (YS 147
& YS 149) even plotting below the whole rock points.
In all the Yambah rocks analysed, hornblende has
the highest ra?Sflu/taaNd ratios and eflectively controls
the slope of the isochrons. Garnet generally also
has very low absolute levels of Sm and Nd, usually

o
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less than 5 ppm, whereas the Yambah Schist garnets
appear enriched in Nd, with values ranging from 15
ppm to 40 ppm (see Table 3.1). The garnets of PBl l
also have high levels of Nd at 13.8 pprn, but the
r47sm/r4Nd ratio is not as low as in the Yambah
rocks.

A possible explanation for this phenomenon, is the
presence of sub-microscopic inclusions of REE
enriched phases in the mineral separates samples,
especially since acid leaching of the samples was
not carried out (e.g. Zhou and Hensen, 1995).
Contaminating inclusions of a mineral which is very
Rare Earth Element (REE)-enriched such as apatite,
allanite, titanite, zircon or monazite, would be capable
of shifting the isotopic signature of garnet and
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from staurolite-absent samples YS149 & YS9.
(e) isochron calculated combining data from samples
YS147 & YS148.
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hornblende while being a volumetrically rninute
component in the analysed sample. In the case of
the Yambah rocks, the contaminating inclusions must
be preferentially enriched in Nd since the Sm levels
in the analysed garnet and hornblende do not appear
as greatly enhanced. Such behaviour is consistent
with published Kd values for allanite, which has a
greater affrnity for Nd compared with Sm, but not
for apatite which partitions Sm in preference to Nd,
or zircon which have similar Kd for both Nd and
Sm (Faure, 1986). Given that allanite is a common
accessory mineral in the mafic schists from Yambah,
and often occul's included within l-romblende, it seems
likely that there was some allanite contamination in
the analysed garnet and hornblende fractions which
has influenced their resultant r4tSm/'44Nd ratios.
In a study of the effects of contamination by REE-
enriched phases on Sm-Nd garnet geochronology,
Prince et al (2000) found that significant
contamination need not adversely affect the accuracy
of an age calculated using contaminated gamet,
particularly if: l) the Sm-Nd ratio of the
contaminating rnaterial was close to that of the actual
garnet Srn-Nd ratio or2) the contamirrating inclusions
were isolated from diffusive exchange with the whole
lock coincident with diffusive isolation of the garnet.
Prince et al (2000) suggest that contamination by
REE-enriched inclusions should be identifiable
through tl-re variation in Sm-Nd ratios of rnultiple
separates. Although rnultiple separates from the
same rock were not undertaken in this study, the
sirr-rilarity irr the ages from samples YS 147 and YS 148

suggest that these ages are reliable ar-rd reproducible.
If the data from these two rocks are combined they
produce an eight point isochron of 384 t 26Ma
(MSV/D : I .7 67) (Figure 3 .2e), suggesting that any
contamination has resulted in a negligible shift in
the ages. In addition, the ages produced from the
Yambah Scliist Zone rocks are equivalent to a Sm-
Nd isochron age of 381 t7 Ma from an amphibolite
facies rock from the West Bore Shear Zone (Ballèvre
et al, 2000). Although the behaviour of the Sm-Nd
system in hornblende is poorly understood,
hornbler-rde-controlled Sm-Nd isochrons from upper
amphibolite facies shear zones in the easteln Arunta
Inlier (Mawby et al, 1999) produced ages equivalent
to those from SHRIMP U-Pb monazite
geochronology (Hand et al,7999a), suggesting that
tl-re Srn-Nd system in hornblende is also quite robust.

Two samples from the Erontonga Slrear Zone
produced slightly younger ages frorn four point
garnet-staurolite-biotite-whole rock isochrons with
V/KI81 yielding an age of 312 + 18 Ma, with an
MSV/D of 3.09 (Figure 3.3 a), and WKl82 yielding
322 !. 7 Ma with an MSWD of 2.96 (Figure 3.3 b).
These sarnples were collected only nretres apaft from
within a single shear zone, and if the data are grouped,
return an age of 324 + 6 with an MSWD of 10.95
(Figure 3.3 c).

The two samples frorn the Pinnacles Bore Shear
Zone produced particularly interesting results. PB10
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reflecting the timing of cessation of diffirsion of Sm
and Nd. Geothermobarometric calculations indicate
that the analysed SMC shear zone rocks formed
under mid-amphibolite facies conditions of about
600oC and 6.0 kbar (see $ 4.3 and 6.3), generally
less than the minimum suggested closure temperature
for Sm-Nd in gamet (e.g. Mezger etal,l992; Burton
et al, 1995). As such it is likely that the data presented
here represent crystallisation ages rather than cooling
ages, and indicates that the amphibolite facies
assemblages dehning these shear zones grew during
the Devonian to mid Carboniferous, a period which
is consistent with crystallisation during the Alice
Springs Orogeny.

Although is apparent that the SMC shear zones
analysed are of Alice Springs Orogeny-age (400-
300 Ma), there is some spread in the data which is
less easily resolved. While the Pinnacles Bore and
Erontonga samples return very similar ages of -320
Ma, the Yambah rocks appear to be on the order of
about 60 m.y. older at -380 - 400 Ma.
Thermobarometry and phase equilibria studies on
rocks from the Yambah, Pinnacles Bore and
Erontonga Shear Zones (see Chapters 4, 5 and 6),
including some of the dated rocks discussed above,
indicate that the mid-amphibolite facies assemblages
in all three shear zones represent fabrics which grew
during clockwise prograde metamorphism at
conditions ofabout 600"C and 6 kbars. Therefore

1 33 45'

23 00'

23 20',

the three shear zones experienced approximately the
same peak metamorphic conditions and P-T path,
but there appears to be an actual difference in the
timing of activity in the shear zones, with rocks from
the Yambah Shear Zone experiencing peak
metamorphism about 60 m.y. before the Pinnacles
Bore and Erontonga Shear Zone rocks (Figure 3.5).
Thus the isotopic evidence from the Yambah,
Pinnacles Bore and Erontonga Shear Zones implies
that there were at least two prograde metamorphic
episodes during the Alice Springs Orogeny,
suggesting that this orogeny was a polymetamorphic
event inthe SMC.

The hypothesis of polymetamorphism during the
ASO is supported by a growing database from shear
zones elsewhere in the Arunta Inlier, which indicates
that a similar trend in age distribution exists in shear
zones in the north of the Strangways Range and to
the west in the Reynolds Range area. In the Edwards
Creek area" to the north of the Yambah Schist Zone
and east of the Pinnacles Fault, Möller etal, (1999)
recorded a U-Pb zircon age of 443 + 6 Ma and U-
Pb monazite age of about 385 Ma from a staurolite-
bearing shear zone, while a post-kinematic
amphibolite facies assemblage from the West Bore
Shear Zone east of the Woolanga Lineament produced
a Sm-Nd mineral isochron age of 381 t 7 Ma
(Ballèvre et al, 2000). Further to the north-west in
the south-cenhal Reynolds Range, Cartwright et al,
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indicating the distribution of Sm-Nd dates from the amphibolite facies shear zone rocks studied.
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(1999) produced well defined and consistent Rb-Sr
whole-rock and rnuscovite Ar-Ar ages of about 334
Ma from sheared granites and metapelites, and
unpublished data from shear zone rocks in the
southem and nofthem Reynolds Range, theAnrnatjira
Range and Redbank Shear Zone (Figure 3.6) indicate
a northward decline in the age of ASO shear zorres
in this region (C. Read, Monash University, pers
corn Juue 2000).

The suggestion tl-rat the ASO was associated with
atleast two prograde events provides a nevr'
perspective to some of the older existing data. While
early K-Ar, Rb-Sr andAr-Ar geochronological studies
in the Strangways Rauge did record Palaeozoic ages
fi'om the higher grade shear zone rocks (e.g. V/indrirn
and McCulloch, 1986; Iyer et aL,1976) these data
were colnrnonly considered inaccurate due an
apparent wide spread in the Palaeozoic ages ranging
frorn 510 to <330 Ma which did not fit well with
ideas about the length and tirning of the AIice Springs
Oroger.ry (Allen & Stubbs, 1982;lyer etal,1976).
This led rnany to question the reliability of the data
ar-rd effectively dismiss it. However when viewed
in the context of the hypothesis of polymetamorphic
activity during the ASO, sorne of the older data may
be credible. For example, Stewaft (1911) recorded
K-Ar muscovite ages of 327 - 358 Ma from the
Heavitree Quartzite and Bitter Springs Fornration
in the Arltunga Nappe Complex, while adjacent
basement rocks to the north of the nappe, retumed
slightly older K-Ar rnuscovite ages of 352 - 431}l4a
(Figure 3.7). Two K-Ar biotite ages of 548 and 889

Ma appear dubious, and have not been recorded
elsewhere, and may indeed result from excess argon.
Further nofth, in the Harry Creek Deformed Zone,
Allen and Stubbs (1982) using Ar-Ar on homblende
and biotite obtained a spread of ages frorn 3 93 - 5 14
Ma, with most results clustering about 430 Ma.
Again two ages atll} and703 Ma (step heating and
total degassing ages from the same sample) may be
invalid, since no similar ages have been found
elsewhere in the Arunta Inlier.

In the V/oolanga Bore area, Woodford et al (1915)
reported ages ranging from 327 - 481 Ma from Ar-
Ar total degassing on hornblende and biotite, wliile
at Yarnbah in the north-west, Iyer et al (1916)
recorded hornblende and biotite Ar-Ar ages ranging
from 349 - 388 Ma, and up to 393 Ma with K-Ar.
While there is a significant overlap between these
ages there does appear to be a general trend of
increasing age which mimics the trend noted in the
Sm/l..ld data collected in this study (see Figure 3.7).
Given that tlie K-Ar, Ar-Ar and Rb-Sr dates may
reflect cooling ages, this data may imply that dLrring
the ASO the nofthern SMC was cooling before the
southern SMC reached peak metamorphism.

Allen and Stubbs (1982) also recognised that much
of the existing geochronological data indicated an
earlier cornponent to AIice Springs tectonism than
the Early Devouian age generally ascribed to onset
of tliis event, and subsequently divided the ASO into
a series of3 defonnational events based on gloupings
of the available Palaeozoic geochronological clata
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af 430 - 510 Ma, 370 - 400 Ma and <300Ma. These
divisions are generally not spatially allied other than
distinguishing between ages from basement rocks
and Amadeus Basin cover rocks in the White Range
Nappe (Figure 3.7) instead they primarily reflect the
closure systematics of the geochronological systems
used, however it is interesting to note that evidence
for prolonged activity during the Alice Springs
Orogeny has existed in the literature for some time
but went apparently unrecognised.

The progression toward your'ìger ages in the southern
parts of the SMC and the northern parts of the
Reynolds Range may in part be an artefact of the
data, considering the variance in the closure
systematics of the different isotopes and tninerals
used (i.e. generally Ar-Ar on biotite and hornblende
in the northern high grade areas and in the Reynolds
Range investigations, compared with Rb-Sr on white
micas in the south and U-Pb and Sm-Nd in the central
aleas of the Strangways Range) or it may be providing
inforrnation about differential tirning of movement
at different crustal levels in response to the Alice
Spring Orogeny. This is a pertinent observation
given that the large scale structural and tnetamorphic
distribution of the inlier replicates this trend to some
degree. hT the Strangways, Harts and Reynolds
Ranges, the ASO shear zones generally dip steeply
north to northeast with steep north to northeast

plunging lineations and a consistent south vergent
thrusting movetnent (Goscombe, 1989; Collins and
Teyssier, 1989a; Norrnan, l99l; Cartwright et al,
1999). ASO shear zone rocks are mid to upper
amphibolite facies in the northern and central
Strangways and Harts Ranges but metamorphic grade
declines to lower greenschist facies southward toward
the Arltunga Nappe Complex. North of the Reynolds
Range and in the Delny-Mount Saint Hill Fault Zone
area however, shear zoues are southward dipping
and have south over north movement (Freeman,
1986; Collins and Teyssier, 1989a) and the
metamorphic grade begins to decline northward
toward the unmetamorphosed rnid-Neoproterozoic
to mid-Palaeozoic sediments of the Georgina Basin
(Shergold and Druce, 1980; Shergold, 1985). Thus
the overall architecture of the ASO is that of a large
scale 'pop-up' structure (Collins and Teyssier,7989
b) (Figure 3.6) and the geochronological record of
the progressive developrnent of this structure may
have been preserved in the shear zone rocks.

Thus at this stage, some geochronological evidence
exists for tl-re period of maximum expression ofAlice
Springs tectonism but conclusive constraints on the
onset and cessation of this activity are lacking. Tliis
situation reiterates the necessity of further studies,
particularly targetted thermochronological
investigations throughout the Arunta Inlier, to
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characterise and delineate the duration and extent
of this orogeny.

3.8 Summary

The amphibolite facies shear zones which transect
the SMC show remarkable consistency in terms of
their metarnorphic character, and are clearly able to
be correlated across the SMC and into the adjacent
Harts Range (Collins and Teyssier, 1989a). Detailed
structural analysis by previous authors in the SMC
successfully delimited the relative timing of the
various metamorphic and deformation events, but
was unable to define the absolute tirning of shearing
and exhumation of the granulite terrain to its current
crustal level. Early geochronological investigations
failed to adequately constrain the age of shear zone
fabrics because the isotopic systems used had closure
temperatures below the crystallisatior-r temperature
of the rocks analysed, and therefore yielded mixing
and cooling ages rather than crystallisation ages.
Using the more robust Sm-Nd isotopic system with
closure temperatures equivalent to or higher than
the peak metamorphic conditions experienced by
these rocks, mineral isochrons from three arnphibolite
facies shear zones distributed throughout the
Strangways Range, have yielded Palaeozoic ages
which are consistent with rnetamorphisrn during the
ASO. These results, in conjunction with recent data
based on U-Pb and Sm-Nd dating of high grade
assemblages from the northern SMC, suggest that
exhumation of the granulites along these shear zones
occured primarily during the Palaeozoic ASO and
that metamorphisrn of the shear zones was at least
diachronous, suggesting that the ASO was itself a
long-lived polymetamorphic event spanning about
l20ll4a (i.e. - 430 - 310 Ma).

27





Chapter 4

THERMOBAROMETRIC EVOLUTION OF
MID-PALAEO ZOIC METAPELITIC SCHISTS IN

THE STRANGV/AYS METAMORPHIC COMPLEX

4.1 Introduction predominantly of amphibolite facies schists. The
Pinnacles Bore ShearZone and Yambah ShearZone
in the central and northern SMC respectively are
also dominated by mid-amphibolite facies
assemblages, occassionally overprinted by retrograde
greenschist facies assemblages.

Thus from the distribution of mineral assemblages
in the shear zones (see S2.2) it appears that
metamorphic grade generally increase northward
through the SMC. However north of the SMC and
inthe Delny-Mt Sainthill areathe metamorphic grade
begins to decline northward toward the
unmetamorphosed mid-Neoproterozoic to mid-
Palaeozoic sediments of the Georgina Basin (Shaw
etal,l979; Goscombe, 1989; Scrimgeour and Raith,
in press). This trend is mimicked structurally, with
southern shear zones dipping moderately to steeply
north to northeast with steep NNE-plunging lineations

Despite being one of the best examples of inhaplate
orogenesis, as yet there has been little detailed
description or analysis of the metamorphic rocks
produced in the Arunta Inlier during the Alice Springs
Orogeny, or the metamorphic environment in which
they developed. In the southern Strangways
Metamorphic Complex, Alice Springs Orogeny-aged
shear zones within the basal unit of the Amadeus
Basin sediments (i.e. the Heavitree Quartzite) (Figure
4.1) contain greenschist facies assemblages. Adjacent
to these shear zones and throughout the southern
part of the Winnecke area is a series of anastomosing
greenschist facies shear zones, termed the Two Mile
Bore Shear Zone (TMBSZ), which has a cumulative
width of about 2 kms. To the north of the TMBSZ
lies the Anuma Schist, a diffuse schist belt
approximately 1 km wide which is composed
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and kinematics providing a north over south sense
of movement, while northern shear zones are
southward dipping with a south over north sense of
movement (Freeman, 1986; Collins and Teyssier,
1989a; Scrimgeour and Raith, in press). Although
only a few ofthese shear zones have been dated,
Sm-Nd isotopic data from the Strangways
Metamorphic Complex indicates that amphibolite
facies ASO shear zones in this area did not form
contemporaneously (Figure 3.5), but developed over
a prolonged time span on the order of about 100
m.y., with older shear zones located in the north
(381 t 7 Ma, Ballèwe et al, 2000; 443 t6 & ca. 385
Ma, Möller etal,1999; ca. 380 Ma, Chapter 3) and
younger shear zones in the south (312 t l8 Ma and
322 ! 7 Ma, see Chapter 3). These dates suggest
that the ASO was a polymetamorphic event. Thus
ASO-age metamorphic rocks in the Strangways
Ranges may record unique information about the
development of this orogen through time.

Sm-Nd dates from two shear zones in the southern
SMC, the Pinnacles Bore Shear Zone and the
Erontonga Shear Zone (Figure 4.1) were obtained
from amphibolite facies metasedimentary schists,
while isotopic data from the Yambah Schist Zone
were determined from metabasic lithologies. Each
lithology is chemically and mineralogically distinct
and in the following three chapters, they will be
described and examined to determine the peak
metamorphic conditions achieved and more
importantly the trajectory in P-T space taken by
these rocks during orogenesis. While information
about the P-T path taken by a metamorphic rock can
be determined using a variety of methods including
conventional geothermobarometry, the modelling of
P-T paths from zoned minerals usingthe differential
thermodynamics or Gibbs method (Spear etal,1982;
Spear and Selverstone, 1983; Spear and Rumble,
1986; Spear, 1988), and phase equilibria developed
from petrogenetic grids, in this chapter only
conventional geothermobarometry will be applied.
In the following sections, the metamorphic mineral
assemblages and mineral chemistry of
metasedimentary lithologies from the Pinnacles Bore
and Erontonga Shear Zones are described, and the
metamo¡phic conditions and P-T paths recorde.d by
these rocks will be investigated using information
from geothermobarometry and chemical zoning in

gamets.

4.2 Lithological observations fnom Pinnacles
Bore and the Winnecke area.

In the Pinnacles Bore and Winnecke areas, granulite
facies rocks are cut by and offset across a number
of narrow (<100 m scale) discrete shear zones.
These shear zones are composed mainly of
metapelitic and felsic schists interlayered with
subordinate metabas ites. Granulite facies I ìthologies
and shear zone rocks from the Pinnacles Bore area
have a similar general appearance and mineralogy
to granulites and shear zone rocks in the Winnecke
area, and have been interpreted as analogous units
separated spatially by late movement on the Pinnacles
Fault (see Figures 4.1 and2.7).

4.2.1 Petrography

Detailed petrography of individual selected samples
is presented in Appendix 1. The metapelitic rocks
in the shear zones are generally medium to coarse
grained garnet-poor, two-mica schists. Typically
mineral assemblages consist of quartz + muscovite
+ biotite + (chlorite, kyanite) however locally units
can be found with the assemblages quartz *
muscovite + biotite + (kyanite, staurolite, chlorite)
or more rarely quartz * muscovite + biotite t (þanite,
staurolite, garnet, chlorite). These assemblages
indicate that the shear zone rocks achieved mid-
amphibolite facies (kyanite-staurolite zone)
conditions. In the Pinnacles Bore Shear Zone the
more common two-mica metapelitic schists are
occasionally interlayered with medium to coarse
grained, plagioclase-bearing metapelitic schists
containing the assemblage quarØ + biotite + kyanite
+ plagioclase t (staurolite, garnet). These
plagioclase-bearing rocks often have a mone gneissic
appearance due to a lower proportion of
phyllosilicates (Figure 4.2 Ub & c). Henceforth the
terms metapelite and calcic metapelite will be used
to distinguish the two-mica plagioclase-absent
metapelitic schists from the plagioclase-bearing
metapelitic schists.

Shear zones containing calcic metapelites are less
common in the Winnecke area, and garnet-bearing
examples are rarely found. However to the north of

Sample No. q st l(v sill b¡ mu plag chl q ilm mao all ap

PBlO

P8215

PBlI
PB12

PBS3

WK71

WK182

cM19

cM20

P

P

EP
EP
EP
P

P

EP
EP

P

P

P

P

P

P

P

P

P

Plg
Pls

R

R

PlgR
PR

P lst,q

P lst

Plg
P lS,ky

Plg
P lst

P lst

Plg
Pts

PlqR
PR

PR
P

R

P

P

P

PR
Plg R

R

R

R

R

P lst,bi

P lg,st

P lg,st,ky

P lg,st,ky

Plg
P lst

P lg,st

PlgR
PR

P lg,st,bi,q

P lst

P lg,st,ky

P lg,st,bi

P

P lg,st

P lg,st,bi

Plg
Plq

lst,bi,q R

lst R

R

R

lg,bi

tb¡

tb¡

lg,q

Table 4.1- Summary of general petrographic and textural relationships observed in selected
m,etapelitic schists. Abbreviations: E = relic mineral from older assemblage; p = part of
infened peak assemblage; R = part of retrograde assemblage; lx = inclusion within mineral denoted
by lower case abbreviation.

30



Chapter 4 3I Me t ap e I i t e The r m o b ar ome try

Figure 4.2. Representative examples of common m
the Pinnacles Bore and Winnecke areas. (a) PB11

lite.
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the Anuma Schist belt and Erontonga Metamorphics
which comprise the immediate Winnecke area,
examples of these rocks are found in the Cadney
Metamorphìcs (Figure 4.1). The calcic metapelites
from shear zones in the Cadney Metamorphics are
simila¡ in appearance to those found inthe Pinnacles
Bore Shear Zone, however they lack staurolite and
contain quartz + biotite + kyanite + plagioclase *
sillimanite gamet assemblages. Table 4.1 presents
a summary of the petrography of selected samples
of metapelitic and calcic metapelitic schists, which
are discussed in more detail in Appendix 1.2.

4.2.1.1 Plagioclase-absent metapelites

The foliation observed in these metapelitic schists
is defined by biotite and muscovite as well as þanite
and staurolite (Figure a.2 d-g). Garnet occurs as
coarse, euhedral porphyroblasts wrapped by the
fabric defining phases (Figure 4.2 d-Ð.Inclusions
in garnet are commonly ilmenite and quartz with
rarer biotite, and while generally not volumetrically
large, these inclusions can often define a straight
intemal fabric which is slightþ oblique to the extemal
matrix folìation (Figure 4.2 Ð. Therefore texturally
garnets appear pre- to syn-tectonic. The growth of
staurolite appears to have initiated later in the
crystallisation history as it is never seen included in
gamet and occassionally overprints the fabric (Figure
4.2 d,f &,g). Staurolite is coarse-grained and can
form up to 15% ofthe rock. It generally only contains
quartz and ilmenite as inclusions, but is often
intergrown with biotite. These phases appear to form
an equilibrium assemblage, with sharp grain
boundaries and no evidence ofreaction textures or
other disequilibrium features other than the occasional
presence of retrograde chlorite, which formed at the
expense of staurolite in conjunction with retrograde
muscovite and quartz (Figure 4.2 h).

4.2.1.2 Calcic metapelites

The foliation found in the calcic metapelitic schists
and gneisses is generally defined by the prefened
orientation of biotite, kyanite, staurolite and
sillimanite where present, and in some examples by
compositional layering on about the 5 mm scale
(Figures 4.2 a-c &, 4.3 a-c). Garnet is present as
large euhedral to subhedral grains (2 - l0 mm) which
appear to be pre- to syntectonic @igures 4.2 c & 4.3
c). Texturall¡ some individual garnets appear to
have rims developed on older cores (Figure 4.3 d-
f) howeverthere is no other evidence of a hiatus in
the growth evolution ofthe gamets. Kyanite occr¡rs
generally as coarse (to 4mm) blades and is a
ubiquitous phase, often lying parallel to the fabric
and obviously deformed, but also occasionally cross-
cutting the foliation (Figure 4.3 g & h). It may be
embayed or resorbed and is sometimes surrounded
by coarse-grained staurolite (Figure 4.4 d). Staurolite
is present in the some ofthe Pinnacles Bore samples,
but even in these cases, constitutes a minor phase
forming up to about 7Yo of the rock. It generally
occurs as moderate to coarse (2-3mm) tabular
anhedral to subhedral poikiloblasts which commonly
contain quartz and ilmenite inclusions. The growth

of staurolite appears to have begun relatively late in
the metamorphic history, ¿rs some grains overprint
the fabric forming matrix phases and pre- to syn-
tectonic garnet (Figure 4.4 a-c). Biotite occurs as
fine to moderate grained laths in the matrix with
larger grains sometimes observed in the pressure
shadows of garnet and staurolite. Plagioclase is the
only feldsparpresent and generally occurs throughout
the matrix although it can be more concentrated in
quartzofeldspathic-rich domains. It comprises up to
20/o of the assemblage and commonly occurs either
as moderate to coarse subhedral grains which may
be porphyroblastic and wrapped by the fabric, or as
smaller deformed elongate grains which may define
part ofthe matrix fabric. Sillimanite is rarely present
in the Pinnacles Bore samples, but very occasionally
fine-grained fibrolite is observed growing randomly
on the boundaries of garnet, quartzand plagioclase
(Figure a.a e). In the Cadney Metamorphics samples,
sillimanite is common and is also interpreted to grow
later in the rock history as kyanite is generally the
more common aluminosilicate included in garnet
cores, whereas sillimanite tends to occur in the outer
margins (Figure 4.4 Ð. Additionally, fibrolitic
sillimanite locally overgrows plagioclase (Figure
4.4 s&h).

4.2.2 Ìù'[inetal Chemistry

Selected representative electron microprobe
compositional data for garnet, staurolite, biotite,
plagioclase, muscovite and chlorite are given in
Appendix 2.1. Mineral analyses were performed on
a Cameca SX5l Electron Microprobe at the Centre
for Electron Microscopy and Microanalysis South
Aushalia (CEMMSA) facility, University ofAdelaide
using an accelerating voltage of 15kV and 20nA
current as standard operating conditions. Mineral
analyses have been recalculated using the AX activity-
composition computer program of Holland and
Powell (1998a).

4.2.2.1 Mineral Chemistry of the metapelitic
schists

Garnet in all the metapelitic samples is almandine-
spessartine-rich with minor pyrope and grossular.
Individual garnets are strongly zoned in their major
element chemistry, but nonetheless core and rim
analyses from different garnets tend to be similar
(see Figure 4.5). The nature and significance of the
chemical zoning in the gamets is discussed in detail
below in section 4.3.1- Staurolite does not show
any significant chemical zoning and the chemistry
of staurolite within a sample is usually quite uniform
with an XFe always lower than that of garnet (Figure
4.5). Biotite chemistry is also generally homogeneous
with no systematic compositional differences within
individual grains, however biotites from Pinnacles
Bore display some variation in their XFe values
based on their proximity to gamet and staurolite
(e.g. samples PBl0, PB2I5, PBl2), and are overall
more Fe-rich than those from the Erontonga Shear
Zone samples. Pinnacles Bore biotites in contact
with gamet have slightly higher XFe values (0.46-
0.44) compared to those adjacent to both gamet and

JJ
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A. Sample PB10 At203

FeO b¡x

C. Sample WK182

B. Sample PF,215 Al2O3
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(+¡¡u+q+l-lrQ)

Mgo FeO

D. Sample WK71 At2o3

(+mu+q+H20)

Mgo

(+mu+q+l-lrQ)

Mgo

bi ¡ð

FeO bi *"
At2o3
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o garnet cores

Mgo FeO bi x

E
(+¡nu+q+H2O)

tr PB10

+ P8215

a wK7'1

o WK182

FeO bi Mgo

staurolite (0.39-0.44), while biotite grains not in
contact with either phase consistently have an XFe
of 0.43. Muscovite is generally cornpositionally
homogeneous, however muscovites from Erontonga
samples are slightly more sodic than Pinnacles Bore
samples with paragonite components of about 0.23-
0.29 and Aly¡ of about 1.82-1.86 compared with
paragonite at about 0.17-0.21and Aly¡ of about 1.80-
1.83 respectively. Projected from muscovite, quartz
and HzO onto the AlzO¡-FeO-MgO plane (Figure
4.5), average compositions of garnet, staurolite and
biotite for PB10, PB2l5, WKTI and V/KI82 are
quite similar, demonstrating the similarities in mineral
chemistry and bulk chemistry between these rocks.

Flgure 4.5. AFM compatibility diagrams
in KFMASH indicating the similarities
in mineral chemistry between different
metapelitic schists from the Pinnacles
Bore and Winnecke areas. All AFM
diagrams are projected from muscovite,
quartz and H2O.

4.2.2.2 Mineral chemistry of the calcic metapelites

In all the samples analysed garnet is dorninantly
almandine (55 to 7 0%) and pyrope (13 to 23%) with
a variable but significant spessartine component
(from 5 to 20Yo), and minor grossular (3 to 10%).
This chemical variation reflects both difflererrces in
bulk composition between samples, and
compositional zoning within the individual garnets.
The XFe of garnets varies from 0.71 to 0.80 however
within samples this value is comparatively static,
with individual crystals generally changing by only
0.03-0.05. Chemical zoning in garnet and plagioclase
is discussed in more detail in section 4.3.1 .3 below.

xst

o
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Staurolite does not display any significant chemical
zoning, and has an XFe of 0.75-0.78. Biotìte is
generally chemically homogeneous with no
systematic compositional differences noted within
individual grains. Biotites from the Pinnacles Bore
area are chemically quite sirnilar having an XFe
between 0.34-0.39 while biotite in Cadney
Metamorphics samples tends to be more Fe-rich
with XFe values of 0.40-0.44. Plagioclase in the
Pinnacles Bore samples is predominantly albitic and
zoned, with the albite content increasing toward the
rim (rirns of ab¡o to cores of abao). In the Cadney
Metarnorphics samples, the same zonation trend is
observed but the overall chernistry is more calcic
with rirn values of absrcompared to core values of
abn.

4.3 Metamorphic evolution of meta-
sedimentary schists in the SMC

Since metamorphic rocks are commonly well
equilibrated, evidence of previous equilibriurn
assemblages is often scant and may be confined to
relic phases included within youlger porphyroblastic
minerals. This general lack of preseruation of reaction
textures and relic assemblages is exacerbated in high
variance assemblages as mineralogical effects of
varying P-T conditions are often buffered within
continuous reactior.rs, leading to changes in the rnodal
proportions and solid solution chernistry of
participati ng phases witli in rnu lti-variant fi elds, rather
than univariant changes in the mineral assernblage.
hi the following sections, the metamorphic conditions
and P-T paths recorded by the n-retapelitic sequeuces
flom the Pinnacles Bore and the Winnecke-Two
Mile Bore areas will be investigated using evidence
from chemical zoning in garnets and conventional
geothennobarometry. Calculated P-T pseudosections
for these rocks and an interpretation of their P-T
path fror-n petrogenetic evidence is presented in
Chapter 5.

4.3.1 Pressure-temperature paths from zoned
garnets

Chemical zoning in metamorphic minerals in low
and medium grade rocks, has been widely used to
decipher the thermal liistory of regional
metamorphism (see review by Tracy, 1982; Dernpster,
1985; Bradshaw, 1991; Chakraborty and Ganguly,
1991; Vance and Holland, 1993; Spear, 1993).
Chernically zoned minerals are created when changes
in the external physical conditions of pressure,
temperature and/or the local bulk cornposition of
tlie rock callses chemical differentiation of eithel'
new material adding to the mineral (growth zorring)
or differentiation of a pre-existing mineral via
diffusion (diffusion zoning). Thus zoned minerals
act as a chemical record of a rock's P-T-X history.
While cation diffusion rates in many rninerals are
too swift to preserve chemical inhomogeneities
developed during the rock's rnetamorphic evolution,
slower diffusion rates in garnet can allow maiutenance
of internal chemical zoning to be preserved to upper
anrphibo lite facies temperatures (Woodsworth, 1 97 7 ;
Cygan and Lasaga, 1985; Freer, I 981, Spear, 1993).
Such garnets commonly display chemical zoning in

their rnajor element chemistry (i.e. Fe, Mg, Ca and
Mn) and the abundances of these cations are
frequently distributed in recognisable patterns
interpreted to indicate a particular direction of
lnovement through P-T space (e.g. prograde or
retrograde metamorphism). Modelling of such
chemical zoning in garnet, in conceft with applicable
Fe-Mg-Ca-Mu continuous reactions between garnet
and adjacent phases, is commonly used to establish
the general history of prograde and retrograde
metanrorphism for a given rock (e.g. Hollister,1969;
Selverstone et al, 1984; Dempster, 1985; St Onge,
1987; ìWhitney and Ghent, 1993).

In the past, evidence for zonation in minerals was
determined by one dimensional traverses of
quantitative spot arialyses across a mineral of irferest
using an electron microprobe. However two
dimensional X-ray images of the relative changes
in elemental chernistry across a mineral are more
effective in identifying inherent cornpositional
variation than one dimensional quantitative profiles,
as they very efficiently identifo any minor chemical
trends over the entire surface of the subject grain
whether the variation be symmetrically or'
asymmetrically distributed (e.g. Chernoff and
Carlsor.r, l99l). These images produce scaled
qualitative information on the chemical compositiou
of the subject material, and once the distribution of
key chernical variations within different phases in
a rock have been identified from such ir.nages,
quantitative spot analyses can then be perfonned.

As a first step in examining the metasedimentary
schists from Pinnacles Bore and Winnecke,
compositior-ral mapping of selected samples was
undeftaken to identify and interpret the nature of
any chem ically zon ed in i rreral s, pärticu larly garnet,
and to enable accurate collection ofquantitative data
for subseq uent geothermobarometry.

4.3.1.1 Methodology

Cornpositional images were collected using a Cameca
SX51 electron microprobe at tlre Centre for Electron
Microscopy and Microarralysis South Australia
(CEMMSA), by moving the stage of the electron
tnicroprobe by a prescribed increment (usually in
the range of 2to20 pm spacing) in a grid arangement
and collecting X-ray counts for a selected elernent
on each of the available spectrometel's, at each
position. Analyses were rnade at an accelerating
voltage of l5 kV and sarnple current of 500 nA with
a dwell time of l0 ms. This data was then processed
on a Sun workstation using the image analysis
software VISILOG to produce a visual representation
of the X-ray data. Each colour pixel represents a
data point which lias a discrete value for the
concentration of the particular element at that spot.
The data can also be rescaled in order to visually
enhance minor variations in mineral conrposition iu
areas of interest.

36



Chapter 4 Me tape lile The r m o b arom etry

F(¡ure 4.6. Qualitative
compos¡tional maps
ofgarnebfiom he PBSZ:
sample PB,215, (a) Ca
and (d) Mn decrease
rimwards; (b) Fe & (c)Mg
rncrease.

Figurc 4.7. Qualitative
compositional maps
of a gamet from sample
PB10 from the PBSZ.
Garnets in this rock have
zonábn patterns genenlly
associáed with prograde
mehmorphbm (e.9. Sear
1993). (a) Ca, (b) Fe and
(c) Mg increase rimwards
while (d) Mn decreases.
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large, they are still significant with core values of
AlmsrPyrSpssz¿Grro varying to AlmoePyroSpssroGre,
at rims of PB2l5 garnets and values of
Almr¡PyrrSpssrzGrs in PB10 gamet cores varying to
Almerþr+Spssr rGrqat their rims.

4.3.1.2 Compositional maps from metapelitic
rocks

Pinnacles Bore Shear Zone
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Compositional maps and quantitative linear traverses
from two gamet * staurolite + biotite * muscovite
r quartz schists (WKl82 and WK71), sampled from
two different shear zones in the Winneckeãrea, also
indicate significant chemical zoningin these garnets
(Figures 4.10 and 4.11). As in the Pinnacles Bore

of Ca enrichment in WKl82 garnets. All garnets
display thin Ca depleted rims at their very outer
margin, and some are similarly Mg depleted.
Chemical variation in WK71 garnets ranges from
AlmazPyr¡SpssrsGro at rims to AlmsrPysspss¡¿Grz in
cores (Figure 4.9), while in WKl82 garnets rim
values of AlmroPyr¿SpssrsGre vary to about
AlmeoPyrrSpsszzGrz in cores (Figure 4.9).

Two garnet * staurolite + biotite * muscovite *
quartz schists (PBIO and P8215) from the Pinnacles
Bore Shear Zone were selected for analysis, with
several garnet porphyroblasts from each sample
being chosen for compositional mapping. All images
from both samples invariably show Mn

Linear traverses ofspot quantitative analyses across
the garnets show that the XFe (where XFe :
Fe/Fe+Mg) of all the garnets decreases rimward
(Figure 4.8), and confirms quantitatively the trends
demonstrated in the images. While actual amounts
of variation in the cation concentrations may not be
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FlgurcA1O. QualiÞlive
compos¡t¡onal maps
of a garnetfrorn sample
\ K182, ftom he ESZ.
(a) Ca, (b) Feand (c) Mg
increase dmwardswhile
(d) Mn deøeases.

Figure 4.11. A similar
tend b observed in hese
compositional maps
of a gamet fom sample
WK71. Again (a) Ca,
(b) Feand (c) Mg increase
rimwards while (d) Mn
decfeæes.

39



Chapter 4 Metapelite The rmobarometry

Interpretation

lhe X-ray images and quantitative taverses produced
from gamets from metapelitic rocks ofthe Pinnacles
Bore and Winnecke areas consistently display
zonation trends where Mn abundance decreases
rimward producing bell shaped profiles, and
correspondingly Fe, Mg and XMg increase (Figures
4.6-4.11). In general, bell shaped profiles of Mn in

with the rimward decreases in Mn and Ca, most
metapelites generally have rimward increases in Fe
q"d Mg. Depending on the individual P-T path of
the rock, the XFe may either increase or decrease
(Delor et al, 19 Banno et al,
1986; St Onge, Nions, 1990;
Spear,1993;Ch 997;yanceet
al, 1998). Howe ronment, XFe

maximum P-T conditions experienced by the rock.

profiles are interpreted as evidence ofthe rehograde
cooling path of the rock, created predominantîy via
intracrystalline diffusion within garnet.

4.3.1.3 Compositional maps from calcic
metapelitic rocks

Pinnacles Bore Shear Zone

and PBS3) indicate that chemically zoned garnets
are also present in these rocks. The resultant maps
from all three samples are not consistent wittr a
simple growth zoning pattern, and delineate an
apparent decoupling in the distribution of Ca with
respect to Fe, Mg and Mn. While these latter three
cations are generally smoothly distributed across the
gamets with relatively minor variations toward grain
margins, Ca contents are more variable, with
relatively uniform regions cut by Ca-rich rims and
linear domains which appear to be fiactures within

oclasts (Figures 4.12 - 4.14).
across the gamets produce
for all the cations, with most

variation occurring toward the rims (Figure 4.15).
Detailed quantitative traverses across these enriched
Carims however, show that almandine, spessartine
and the XFe tend to increase rimward in concert
with grossular while pyrope declines rimward.
Overall, trends in the distribution of Ca in these
zones of enrichment are generally quite closely
mimicked by the other cations and the XFe ratió.

Interpretation

The overall trends in garnets from the calcic
m,etapelites are more difficult to interpret than those
of the plagioclase-absent schists. There is little

Sm-Nd age of 1578 + 36Maproduced from sample

Compositiongf mqRs of three plagioclase-bearing
metapelitic schists from Pinnaclès Bbre (PBll, pBlt
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Fþule 4.12. Qualihtive
composit¡onal maps
of a gamet fom sample
PB11 from the PBSZ.
(a) Ca appeas esserfhlly
homogeneous except
for a narrow enriched
magin arcund he garnet

g¡erìeous across üre grain
although Mg decreases
h a narovtr rmgh around
tæ riî while Mn iìcre€Fes.

Fþuæ 413. Sarnple
PB12 frorntePBSZ
(a) Ca; (b) Fe; (c) Mg;
(d)Mn.
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Frgurc 414. Qualibtive
compositional maps of
garnets from sample
P&S3, also dearly shcnru
üre presence of Caich
dorndrsaourdandwihin
ganet gnains as noted in
PB11 and P812. (a) Ca;
(b) Fe; (c) Mg; (d) Mn.
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PB11, as the relic cores volumetrically cornprise
most of the garnet grain and would dominate the
mineral's radiogenic Nd signature unless the Sm
content of the rim garnet was exceptionally high
compared to the core. In this instance, tlre small
amount of new garnet present in the rims and
fractures, as indicated by the Ca-rich zolles, lnay
record only a rninor portion of the ASO P-T path or
rnay indicate that P-T conditions during tliis event
were not arnenable to tlie growth of volumetrically
large arnounts of garnet in these rocks.

Variations in Fe, Mg and the XFe across the Ca
enriched zor-res (Figure 4.15) are consistent with a

Figure 4.16. Quantitative traverses across
plagioclase grains adjacent to garnets in
samples PB11,PB12 and PBS3, indicating
the variation in albite content in proximity
to garnet.

cooling path, however the growth of new garnet
suggests tl-rat isomodes of garnet increased, and

Spear, 1993). There are a
possible to account for the
expressed in the garnets
calcic metapelites, witliin the framework of tl-re Ca
enriched zones representing new gamet produced
during the ASO. Firstly the observed variations in
Fe, Mg, Mn and Ca witliin the rims may represent
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Mineral assemblag
lock are of mid-am
rnaxirnurn ternperat
reach much abov
Garnets in the Pinnacles Bore calcic metapelites are
generally
it is urilik
be able to
in such a
tlien major e ernistrY (as
evidenced by the gamets)
must have bec ed, such that
Sn-r-Nd ir-r gamet remained closed to diffusion during
tlie ASO. In addition, it rnight be expected that
chemical profiles equivalent to those noted in the
feldspar-absent metapelitic schists would also be
observed in these rocks, which is not the case.

lites have a

i"liË:"iltTll
k chemistry

and mineralogy of the rocks' granLrlitic precursors,
and interaction with subsequent metasomatic
processes. Tlie adjacent rnetapelitic granulites consist
oftwo assemblages, either cordierite * ofthopyroxene
+ biotite * quartz or cordierite + orthopyroxene I
biotite * garnet * quartz, with tl-re garnet-bearing
valieties being generally less abundant. Ifthe calcic
ruretapelites are derived from the garnet-bearing
granulites, it rnay be that tlie kinetics of garnet growth
during tlie ASO was moderated by tlre presence of
pre-existing granulite facies garnets. The presence
of relic garnet may have effectively altered the bulk
cornpositiorr of the rock to pleclude significant garnet
glowth during the ASO since much of the material
required to produce new garnet was already locked
Lrp in the existing garnet porphyroclasts. In contrast,
lf the plagioclase-absent rnetapelites are derived
fi'orn the garnet-absent granulites, then they did not
have an intrinsic bulk composition amenable to
garnet growth. However given that neither granulite
assemblage is parlicularly Na or K rich ar-rd that they
are anhydrous granulites it is likely that thele was
a significant metasomatic influence subsequent to
grariulite facies metamorphism whiclr introduced
Na and K (as a rninirnurn) to the system and rnay
have affected tlie bulk composition of the precursor
metapelites. Therefore it may be that while garnet
growth in the calcic metapelites was limited during

the ASO, the bulk composition of the metapelites
was amenable to voluminous garnet growth which

ion of prograde growth zoning
e calcic metaPelites the onlY
s represented bY the narrow Ca

enriched rims.

The Pinnacles Bore
calci e garnet rirns Ca
is no cations, and that
diffu hed the variation
in the other cations while Ca has maintained an

origir.ral compositional distribution. This implies
that Ca has become decoupled from equilibrium
exchange with the other cations as a result of differing
rates of diffusion. The phenomena of apparent
disequilibrium in Ca is not uncommon (e.g. Crawford,
191'1 sakaiet al, 1985; Chernoffand Carlson, 1997)
and Fe, Mg and Mn are generally believed to be
more rnobile than Ca (Chakraborty and Ganguly,
1991; Spear, 1993; Schwandt et aL,1996; Becker,
1991). However inspection of the quantitative
analyses taken across these Ca enriched zones
indicates that changes in tl-re distribution of the Ca
content is mirrored by changes in Fe, Mg and Mn.
The relative increase in grossular in the rims is on
tlre order of 200%o, whereas the relative increases in
spessartine and almandine are about33%o and 3o/o

respectively and the relative decrease in pyrope is
about25%o. Thus the large apparent magr-ritude of
the Ca enriched margins implied by the images may
actually be a reflection of the overall low propottions
of Ca present in these garnets compared with the
other cations, so that the relative change in Ca is
much greater across these areas than for any other
cation and is exaggerated by scaling dtrring the
irnagirrg process. If Ca has decoupled from Fe, Mg
and Mn in the garnet rirns, preserving an earlier part
of the ASO P-T path while the distribution of the
latter cations reflects re-equilibration during the
cooling path of the ASO, then it seems fortuituous
that the width of the new ASO garnet rim coincides
rleatly with the dimensions of retrograde re-
equilibratation in Fe, Mg and Mn.

Cadney Metantorphics

Unlike the Pinnacles Bore rocks, calcic rnetapelites
from tl-re Cadney Metarnorphics do not display Ca
enrichment textures adjacent to rims or fractures in
ganret, but instead appear to have relatively smooth
chemical zonation across the garnet crystals, although
they can be asyrnmetrically distributed (Figures 4.17
& 4.18). In garnets from sample 1088-20 a garnet-
biotite-kyanite-plagioclase-quartz-si ll iman ite schist,
(Figure a.l7) Mg conceutration iucreases slightly
rimward then at the grain margin decreases while
Fe concentration continually increases with a slightly
higher value at the rim. Mn and Ca decrease rimward
with equivalent increases at the rnargin, however Ca
is more erratic with very minor changes overall
across the garnet. The XFe ratio decreases slightly
and also increases at the very margin. These cliernical
trends in the compositional maps and traverses
closely resemble those observed in garnets from the
plagioclase-free schists which are interpreted as a
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Fgue417. Qualihtive
compositional maps
of garnet in sample
Ct\20 from he Cadney
Mebmorphics. (a) Ca
and (d) Mn decrease
rimwards; (b) Fe and
(c)lt¡þ lncræe.

Figure 4.18. Qualitative compositional
maps of garnet fiom sample CM19.
(a) Ca decreases rimwards; (b) Fe
increases then decreases at the rim;
(c) Mn deoeases ften increases in a rnroru
maryin arwnd he garnet ñm.
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which is interpreted as a chemical step between the
ns. To some extent the
arnets is rnimicked in
he cornpositional maps
CMl9 also shows Ca

depletion at the interior
(Figures 4.l7 a from linear
traverses (Fi this is not a
smooth trend as noted in plagioclase frorn CM20.
Chernical profiles of the interiors of CMl9
plagioclases are quite erratic and can vary
significantly within and between individual grains.
The only consistency is for Ca depletion of
plagioclase rims, which is cornpatible with Ca trends
observed in the rims of garnets.

Interpretation

Garnets from both Cadney Metamorphics samples
share an irregular rnorphology with areas which are
anhedral, and others with well developed crystal
faces. The gamet cores and anhedralmargins contain
abundant kyanite inclusions while the euhedral
margins have quite wide rirns which are either
inclusior-r free or contain comparatively fewer
inclusions (e.g. Figures 4.3 c and 4.4 f). The presence
or absence of inclusions is r-nirrored by the asyrnmetry
in the chemical zonation patterns. This is particularly
evident in Figure 4.18 c, where Mn decreases in the
inclusion-rich core and rim poftions of the garnet
and increases in the inclusion-free garnet. The
precursors frorn whicl-r the rnetapelitic shear zone
schists developed are generally cordierite + biotite
* quartz t (feldspar, garnet, orthopyroxene,
sillirnanite) granulite gneisses, and the presence of
sillimanite in the cores of gamets might be iuterpreted
as indicating that they are inherited relic granulite
garnets. However in the Cadney Metarnorphics
sarnples, randomly oriented kyanite inclusions are
observed in the cores of both CM20 and CM19
ganrets (Figures 4.3 c and 4.4 f) and irr sample CMI 9,
matrix sillirnanite penetrates the rims of the garnet
porphyroblasts and is continuous with the external
fabric.(Figur" +.4 Ð. This suggesls Lhat the garnets
grew in an environlnent where initially only kyanite
was stable, followed by the stable coexistence of
both kyanite and sillirnanite, and finally to the stability
of sillirnanite only. Tbroughout the Strangways
Metamorphic Complex, Palaeozoic rnetapelitic
schists usually have kyanite as the stable
alurninosilicate rnineral, but sillimanite rather than
kyanite is generally recorded as the stable
aluminosilicate mineral in Proterozoic SMC
granulite-facies rocks (e.g. Iyer, 1974; Goscombe,
1992a & b; Nonnan, l99l). However at both
Pinnacles Bore and the Yambah Schist Zone, rare
fure-grained sillirnanite occurs late in the reaction
sequelìce in the ASO schists, overprinting the garnet-
stauro lite-biotite-kyan i te- quartz assemb I ages i n
conjunction with the growth of muscovite (Figures
4.3 a,4.4 e and 6.3 d &. e), suggesting that
metamorphic conditions during the ASO did move
into the sillirnanite field. In botli shear zone samples
from the Cadney Metamorplrics, sillimanite is
abundant in the rnatrix and appears to coexist with
kyanite, although it appears to have continued to
grow later than kyanite (Figures 4.3 b and 4.4 g &

h). These observatiolls are consistent with the
interpretation of simple prograde zoning profiles in
garnets from sample CM20, resulting from the
development of these assemblages durirg progressiou
along a clockwise path in P-T space. The cornplex
chemical profiles observed in CMl9 however are
not as easily resolved.

It is likely that the samples fi'om the Cadney
Metamorphics have experienced a common P-T
history and that matrix phases in both samples reflect
local metamorphic conditions associated with the
ASO. Evidence from garnets in sarnple CM20
suggest they record simple prograde zoning
associated with crystallisation during a single
metamorphic event. This irnplies that diffusive
processes have been more effective in eradicating
the compositional step wl-rich identifies the liiatus
between relic garnet cores (either Proterozoic or
early ASO) and overgrown (later ASO) rims in
sample CM19. Therefore, while the cornpositional
maps and petrography give an indication of where
the boundary between the new and relic garnet occurs
in sample CMl9, it is irnpossible to know whether
quantitative spot analyses across this boundary reflect
equilibriurn at all. As such only quantitative aralyses
across the garnet rim up to tl-ris chernical step can
be used with any confidence to investigate conditions
associated with the latest stage of garnet growth.

4.3.1.4 Synopsis of Discussion on Compositional
Maps

Garnets in the feldspar-absent rnetapelitic schists
from Pinnacles Bore and \ùy'innecke appear to display
significantly different chemical zonation profiles
from those of the calcic metapelites from the same
or adjacent areas. Cornpositional irnages and
quantitative traverses of garnets in rnetapelitic schists
from Winnecke and Pinnacles Bore are intelpreted
to indicate prograde growth of gantet in these rocks.
This irnplies that the rnetapelitic scliists have totally
re-equilibrated during tlie ASO and can thus be used
with a reasonable degree of confidence for
geothennobarometry. In contrast, garnets from calcic
rnetapelites show complex compositional patterns,
not generally indicative of classic growth or reverse
zouing models. The cornplexity of garnet chernical
prohles from calcic metapelites, suggests that their
different initial bulk cornpositions and starting
mineralogy, compared to those of the plagioclase-
absent rocks, has sigr-rificantly affected their response
to a cornrnon P-T environmelìt.

4.3.2 Metamorphic conditions from Convention al
Geothermobarometry

In order to assess the pressure and temperature
conditions associated with metamorphisrn of the
metasedimentary schists in the Strangways Range
during the ASO, a selection of conventional
geothermobarolneters, utilising various calibrations
of Fe-Mg exchange between garnet and biotite (as
presented in the computer program Thermobaromefiy
V2.1 by Spear and Kohn, 1998), garnet-
a lum in os i I i cate- quartz-p lag ioc I ase and garnet-
plagioclase-biotite-quaftz equilibria, were applied
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to assemblages which display textural equilirtum tn
a nulnber of samples from the study areas. In addition
reactions between Fe and Mg endmember phases
for garnet-biotite pails were calculated using the
computer program THERMOCALC V2.6
(calculatior.r rnode 3) (Powell and Holland, 1988)
and a recent version of the intemally cortsistent
thermodynamic dataset of Holland and Powell,
(1998b). An example of the output files prodr.rced
by THERMOCALC for this type of calculation is
presented in Appendix 3.2, and summaries of all
thermobarometry results are tabulated in Appendix
4.

Calculations performed on rim assemblages from
the plagioclase-absent rnetapelites use analyses from
the rnargins of contacting equilibriurn assemblage
phases. In these rocks, garnets rarely contain useful
included phases and those present are generally
quartz, magnetite and ilmenite, therefore calculations
on garnet cores are coupled with analyses from tlre
cores of adjacent coarse grained biotite. Pressure
estimates using standard geobarometers were not
performed on the plagioclase-absent metapelites, as
most existing geobarometers utilise plagioclase
and/or an aluminosilicate plrase.

The cornplex chemical profiles displayed by gamet
and plagioclase in the calcic metapelites complicates
the application of geothermobarometry to these
rocks. The Pinnacles Bore samples have been
intelpreted to eitlier contaiu relic Proterozoic garnets,
or re-equilibrated Proterozoic garnets, with very
narrow secondary Palaeozoic overgrowths. Therefore
calculatior-rs on these rock utilise selected rim
assemblages as well as interior analyses, measured
within the Ca enriched zone close to the beginning
of the zone, and core assernblages to try to determine
if either interpretation is supported. The Cadney
Metarnorphics calcic metapelites have been
interpleted as containing either relic Proterozoic or
relic older Palaeozoic gamets, which have partially
or completely re-equilibrated during the ASO. In
these rocks, rim and core analyses of all the available
phases have been used in calculations to assess this
interpretation.

4.3,2.1 Results from the Pinnacles Bore Shear
Zone

For the Pinnacles Bore samples, results from garnet-
biotite pairs using cation exchange geothermometers
and mode 3 in THERMOCALC are in close
agreernent, and consistently indicate that temperatures
estirnated from rim assernblages are higher than
those from core assemblages (see Tables 44.1 and
A4.2). Calculations from sample PB2l5 ploduced
rim temperature estimates in the range of about 540-
590"C, with core temperature estimates ranging
beteween about 430-500"C. PB 10 recorded a similar
range of rim temperature estimates at about 570-595
oC, but higher core temperature estimates than
P8215 ranging between about 520-560"C. These
results are consistent with the interpletation made
from the cornpositional maps that these garnets are
growth zoned, and therefore rim assernblages will
record peak or near peak metamorphic conditions.

4.3.2.2 Results from Winnecke

Calculations on the \ùy'innecke samples also produced
temperature estimates indicating higher rim
temperatures than core temperatures. In sample
V/K71 estimates from garnet-biotite exchange
thermometers and THERMOCALC for rirn
assemblages cluster around 520"C, while estimates
from core assemblages vary slightly between the
different methods of calculation (about 490"C for
garnet-biotite geothennometry and 475"C from
THERMOCALC) but are consistently lower than
rim temperatures (Appendix 4, Table 44.3). Sample
V/Kl82 gave rim and core temperatures which were
higher than equivalent assemblages from WK71,
but rraintained the salne general trend of lower
temperature cores compared with rim estimates
(Appendix 4, Table A4.4). Garnet-biotite exchange
tlrermometry gave temperatures of 550oC and 525"C
for rim and core assernblages respectively, while
equivalent THERMOCALC estirnates were 510'C
and 525'C. TlTese results suggest that maximuln
ternperatures achieved in this area were slightly
lower than at Pinnacles Bore.

4.3.2.3 Results from Pinnacles Bore calcic
metapelites

Quantitative analyses from the outermost and
innermost portions of the Ca-ricl-r rims of three
samples fronr Pinnacles Bore (P811, PB12 and
PBS3) were used to estimate temperature and pressure
conditions associated with the growth of the infened
ASO gamet rims. All the samples consistently
produce higher temperature estimates from the
internal margin of the Ca-rich rims (540-630"C) than
from the garnet edge (520-570"C) (see Tables 44.5-
44.7). Pressure estirnates for PB11,PBlz and PB53
using the GASP and g-plag-bi-q barorneters have a
wide range (see Tables A4.5-A4.7) but estimates for
tlre rims cluster around 6.0-6.3 kbar and are
consistently higher than pressures recorded by the
inner margins which cluster about 4.3-5.0 kbar.
Geoth enno barometry calcu lation s performed u si ng
core analyses from all phases are also presented in
Tables A4.5-A4.7. Results from geothermometry
indicate that core conditions are approxirnately
equivalent to rirn calculations ranging between about
550-650"C, while geobarometry estimates for the
col'es are lower than for the rirns by more than 1.0
kbar.

4.3.2.4 Results from the Cadney Metamorphics
calcic metapelites

In CM20, core temperature estimates from Fe-Mg
exchange thermometry on garnet-biotite pairs, are
slightly higher than rim estimates, with averages
rarrging between 640"C to 790"C compared with
620"Cto 690"C respectively, (see TableA4.8). These
estimates are higher than the estimates given by all
other sarnples from Pinnacles Bore and Winnecke,
and are temperatures generally associated with upper
arnphibolite to granulite facies metamorphism rather
than mid to upper arnphibolite facies. CMlg rim
estimates are slightly lower than tl-rose of CM20
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ranging between 600"C and 690oC, but core estimates
are mnch higher at about 730"C to 850"C (Appendix
4, Table A4.9). Given that prismatic sillimanite is
part of the equilibriurn assemblage, it is feasible that
higher temperatures rnight be expected from these
rocks, compared to the kyanite-only-bearing samples
from elsewhere in the study area. However at the
estirnated temperatures the rock would have
experienced fluid-absent partial rnelting. Since there
is no evidence that the shear zone assetnblages
underwent partial melting, it is likely that the gamet
and biotite core compositions used in these
calculations are uot in equilibriurn. A more likely
explanatiorr is that the garnet cores have maintained
a relic pre-ASO chemical signature whicl, is not in
equilibrium with that of the n-rid-arr-rphibolite facies
Palaeozoic biotite which defines the shear zone
foliation.

Geobarometry results from the Cadney Metamorphics
samples are also shown in Appendix 4, Tables 44.8-
44.9. Pressure estimates from CM19 rim analyses
range from 4.6to 5.1 kbars and are comparable to
estimates frorn CM20 rim analyses which range
between about 4.8 and 6.0 kbars. However core
estimates frorn CM19 have a wide range (between
about 4.0 to 7.2 kbar) which possibly reflects
disequilibriurn between garnet and biotite cores.
CM20 core estimates between about 4.0 and 5.9
kbars. Tliese results suggest a clockwise coolir-rg
path for CMl9 and an anticlockwise burial with
cooling path for CM20.

4.3.3 Geothermo baro m etry using
THERMOCALC mode 2

'Wliile a range of conventioral geobarolneters are
applicable to the calcic metapelites, the absence of
an aluminosilicate and anorthitic plagioclase in the
tvvo-mica rnetapelitic schists presents rnajor handicaps
to evaluating the metanorphic pressure conditions
experienced by these rocks, since this excludes the
use of rnost existing geobarorneters. Given the
limited number of phases in the equilibriurn
assemblages of the two-mica rnetapelltes, there are
no useful standard geobarometers applicable to these
rocks. However the software package
THERMOC ALC V2.6 (Powell and Holland, 1988),
enables some quantitative calculation of pressure
and temperature conditions via the 'average pressure
calculation' (Average P) and the 'average pressure-
temperature calculation' (Average PT) facilities in
mode 2.

To perfonn the Average P and Averge PT calculations
on a given rock, THERMOCALC requires a datafìle
identifying the suite phases present in the rock's
equilibriurn assemblage and the activities of these
phases. THERMOCALC then identifies a series of
possible reactions involving all the available
endmembers in the dataset and constrains a set of
independent reactions from tl-ris series. This
independer-rt set of reactious represeuts the minilnum
number of reactions needed to generate all the other
possible reactions, creating a reaction surface in P-
T-X space defined by tlie thermodynamic dataset

inherent in the program (i.e. the intemally consistent
dataset of Holland and Powell, 1998b), within whìch
the rock's assemblage lies. THERMOCALC then
varies the activities of the phases, which are the
least certain aspect of the thermodynamic data, to
calculate an intersection point upon the reaction
surface which is consistent with respect to the
independent set of reactions (a least squares
problern). Thus THERMOCALC uses a 'multiple
equilibria' approach to constrain the equilibriurn P-
T conditions of the given mineral asernblage. In
Average P calculations, a rauge of geologically
reasonable temperatures selected by the operatoq
based on geological knowledge from other sources
(e.g. petrography, field observations,
geothermometry, phase diagrarns) is given as a
window over which the average pressures are
calculated from the independent set of reactions.
A number of statistical tests are applied to the data
and the result is subjected to a chi squared (X2 ) test,
expressed as a (o fit) tenn which must be less than
a calculated rnaximum term for the results to be
accepted at a 95%o level of confidence.
TI{ERMOCALC produces a diagnostic table as part
of its output which can help identify inordinately
influential data that rnight be suspect. A well
constrained result can be achieved if an equilibrium
assemblage is preserved, and provided suff,rcient
independent reactions with favourable P-T slopes
can be generated to adequately constrain the P-T-
X surface. As such tl-re best statistical results are
usually generated from low variance assemblages.
For a more detailed discussion on the use and
rnechanics ofTFIERMOCALC, the reader is refemed
to Powell and Holland, (1988).

An example of a complete THERMOCALC output
file for these types of calculations is presented in
Apperrdix 3.2. All calculations were made using
Tlrermocalc V2.6 with the dataset ofApril 20,1996
(Holland and Powell, 1990) and end rnember
activities applied were calculated using the software
program AX by Holland and Powell, (1998a). An
overview of the activity-cornposition models used
to recalculate mineral analyses in AX is presented
in Appendix 3.1 and representative analyses of
minerals used in calculations are presented in
Appendix 2.

4.3.3.1 Results from Pinnacles Bore Shear Zone
metapelites

The results of THERMOCALC Average PT and
Average P calculations for the Pinnacles Bore
samples are presented in Tables A4.9 and 44.10.
Average PT calculations made on rim assemblages
from PB2l5 and PBl0 include all available end
members of the g-st-bi-mu-q-fluid equilibrium
assemblage, and pass the statistical tests applied by
THERMOCALC, with estimates of about 615"C
and 7.5 kbar for PB2l5 and 640"C and I .3 kbar fol
PBl0. Core estimates for both samples were rnade
using the assemblage g-bi-mu-q-fluid, since
petrographic evidence suggests staurolite was not
present during the initiation of garnet growth. As
observed in the estimates from standard
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geothermometry, PB2l5 again produced lower core
temperatures compared to PB10 with average
estimates of about 450"C and 5.6 kbar and 520'C
alnd 6.4 kbar respectively, suggesting garnet growth
may have initiated later in PB 1 0. While temperature
conditions calculated using the Average PT method
vary slightly frorn those calculated from equivalent
mineral data using standard Fe-Mg cation exchange
thermometry (see S4.3.2.1), they are well within
error and the temperature trends noted here are
identical, suggesting metamorphism in an
environment of increasing tetnperature.
Unfortunately pressure estimates produced by the
Average PT and Average P calculations have large
associated errors, with most estimates from mineral
cores being just within error of core estimates,
reflecting the lack of pressure sensitive minerals
such as the aluminosilicates or plagioclase.
Regardless of this, the trend for core pressure
estimates to be lower than rim estimates is clear,
suggesting pressure was increasing with temperature
during prograde metamorphism of the Pinnacles
Bore Shear Zone.

4.3.3.2 Results from Winnecke

Average PT and Average P estirnates for samples
from the Wjnnecke-Two Mile Bore area are presented
inAppendix 4, Tables 44.11 and A4.12. Again rim
estimates for both V/K182 and WK71 are higl,er
than estimated core temperatures, with WK182
producing rim temperatures of about 605"C and
pressures of about 7.2 kbar compared with core
estimates of about 500"C and 5.9 kbar, while WK71
rim estimates are rnarginally higher at 630"C and
l.l kbar compared with core estimates of about
460"C and 5.3 kbar. As noted in the Pinnacles Bore
sarnples, the pressure estimates using both methods
of calculation have large associated errors due to
the high variance assemblage and lack of pressure
sensitive pliases. However the trend of tliese Average
PT and Average P results are again consistent witl-r
data collected frorn standard geothermometry and
cornpositional maps (see $4.3.1.4 and 54.3.2.2),
indicating a rimwards increase in pressure and
temperature conditior-rs recorded by the participating
phases, suggesting an up temperature and pressure
trajectory throLrgh P-T space.

4.3.3.3 Results from Pinnacles Bore calcic
metapelites

THERMOCALC Average PT calculations for the
Pinnacles Bore calcic rnetapelites (Appendix 4,
Tables A4.13-A4.15) produce very different results
from those of standard Fe-Mg exchange thennometry
cliscussed above. Average PT ternperature estimates
frorn samples PBll and PB12 are quite well
constrained with standard deviations generally less
than about 40"C. However estimates from cores,
rirns and the internal margins of Ca enriched zones
clo not indicate cooling toward the rim, and are
almost identical at about 640"C and well within error
of each other. Pressure estimates are not as well
constrained with standard deviations ranging from
1 .1 to 1.8 kbar, however as observed from standard

geobarometry calculations ($4.3.2.3; Appendix 4,
Tables 4.13-A4.15), there is a general trend for
pressure estimates to increase rimward compared to
both core estimates and estimates from the interior
of Ca-rich zones. Temperature and pressure estimates
frorn PBS3 have larger errors of between 90"C and
1 20"C and I .4 to 2.2 kbar, and temperature estimates
are much lower than equivalent estimates from the
other sarnples. In this rock, rim estimates are slightly
cooler than those at the core with averages of about
470"C and 510"C respectively, but as observed in
the other samples rim pressures are higher than core
pressure estimates. THERMOCALC Average PT
estimates are generally comparable to those from
standard thermobarometry, except for sample PB53
which gives lower pressure estimates using
THERMOCALC in mode 2.

4,3.3.4 Results from Cadney Metamorphics
calcic metapelites

Results ofAverage PT calculations from the Cadney
Metarnorphics are presented in Tables 44.16 and
1.4.17. In CMl9, the Average PT ternperature
estimates for cores and rims are almost identical
ranging between 600"C-635oC with standard
deviatior-rs of less than 3OoC, which is consistent
witb rim estimates from standard Fe-Mg
thermometry. Associated pressures have standard
deviations of about 0.5-0.7 kbar and range between
6.1-6.6 kbar with core estimates well within error
of rim estimates. Similarly, THERMOCALC
Average PT results from CM20 have rim and core
temperatures within error at 618"C and 60OoC
respectively. Pressures are not well constrained for
this sample, and again rim and core estimates are
within error.

4.3.4 Discussion

While the calcic metapelites from shear zones at
Pinnacles Bore and in the Cadney Metamorpl,ics
appear coeval with feldspar-absent two-tnica
metapelitic schists both adjacent to them and from
nearby shear zones when observed in the field,
compositional maps and geochronology indicate that

Chernical zonation patterns in the garnets of the
plagioclase-absent rnetapelites are interpreted as
resulting frorn growth during prograde metamorphism
as they ubiquitously display classic bell-shaped Mn,
and inverted Mg and Fe profiles. E,stimates of
metamorphic conditions from cation exclrange
geothermometry and geothermobarometric
calculation modes in THERMOCALC generally
agree, and show consistent trends of increasing
temperature and pressure when comparing core and
rirn assemblages, consonant with prograde
metamorphism. Peak pressure and temperature
estimates from rim analyses of a garnet-staurolite-
biotite-rnu scovite-quartz equ il ibrium assem blage
indicate rnaximum rnetamorphic conditions of about
580"C using Fe-Mg cation exchange thermometry
on garnet-biotite pairs and about 600-630"C and l-
7.5 kbar using the node2 Average PT facility of
THERMOCALC.
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these rocks may contain inherited garnet cores.
Compositional maps and quantitative traverses of
the garnets demonstrate the chemical complexity of
these samples and highlight the inherent difflrculties
in applying geothermobarometry to the samples,
given this complexity and the uncertainties in
establishing equilibrium between phases. Estimates
from geothermobarometry vary somewhat between
methods, but suggestthe rocks experienced conditions
of about 600"C - 640"C and 6-7 kbar. However
whether these estimates represent close to or peak
metamorphic conditions is debatable as no clear
interpretation ofthe P-T trajectory is possible from
the zoning profiles observed in the garnets.

Given that the calcic rnetapelites from the Pinnacles
Bore Slrear Zone are interlayered with the feldspar-
absent metapelites, it is unlikely they would have
cornpletely different geological histories. However
while the plagioclase-absent two-mica metapelites
invariably record simple prograde growth zoning
and P-T conditions consistent with a clockwise P-
T path, temperature and pressure estimates from the
calcic metapelites do not clearly indicate a clockwise
prograde path. Frorn the chemical zonation patterns
recorded in garnets from the calcic metapelites, it
was interpreted that these garnets may have relic
pre-ASO cores overgrown by thin ASO garnet rims
as indicated by the presence ofnarrow Ca-enriched
rims in the calciurn cornpositional rnaps (Figures
4.12a,4.13 a and 4.14a). In the Fe, Mg and Mn
compositional maps little variation in the
concentration of these catiorrs was noted (Figures
4.12,4.13 and 4.14), and the uarrow rims observed
in the Ca rnaps were not well defined, suggesting
some decoupling of Ca from Fe, Mg and Mn.
However chemical data from quantitative traverses
across the Ca-enriched rirns suggest that Fe, Mg and
Mn did in fact vary in conjunction with Ca across
the rims (Figure 4.15). The absolute concentration
of Ca in garnets from the Pinnacles Bore calcic
metapelites is very low so that small increases in the
Ca content (i.e. on the order of - I wt%) resulted in
very large proportional changes in Ca compared to
those in Fe, Mg and Mn. Thus it is difficult to know
whether the distribution of Fe, Mg, Mn and Ca in
the Ca-enriched rims is in equlibrium or whether Ca
has become decoupled, maintaining a profile frorr
an earlier part of the ASO P-T patlr while Fe, Mg
and Mn have re-equilibrated during the retrograde
cooling path.

Temperature estimates from the Ca-enriched rim
margins of the Pinnacles Bore garnets are lower than
estimates from the rim interiors while pressure
estimates increase between tlie rim interior and rim
nrargin (Appendix 4, Table A4.5-A7) suggesting
cooling with burial (i.e. a counterclockwise path) if
it is assumed that Ca, Fe, Mg and Mn have rnaintained
equilibrium. Given that the geobarometers used rely
heavily on garnet-plagioclase equilibriurn, it is
possible that the pressure estimates for the calcic
rnetapelites reflect disequilibriurn between the gamet
rim analyses and the plagioclase analyses used in
the calculations. However regardless of the
plagioclase analyses used, the general trend of

increasing XFe and Ca concentration coincident with
decreasing Mg observed in the compositional profrles
of the rirns of these garnets, is also consistent with
a counterclockwise cooling path. The results of the
temperature and pressure estimates are wholly
consistent however with a scenario of decoupled Ca
recording part of the prograde path while Fe, Mg
and Mn have remained open to diffusion and have
re-equilibrated during retrograde cooling.

The possibilty also exists that during the ASO Fe,
Mg and Mn entirely re-equilibrated across the garnet
cores as well as across the rims, and the changes in
the rimward distribution of these cations reflects re-
equilibration during the subsequent retrogressive
path. In contrast, Camay have maintained its original
distribution in the relic cores and its ASO distribution
across the Ca-enriched rims, thus resulting in
geothennometers recording retrograde cooling while
barometers may record conditions associated with
prograde burial. Results from geothermometry
indicate that core conditions are approxirnately
equivalent to rim calculations, while geobarometry
estimates for the cores are significantly lower than
for the rims (Appendix 4), suggesting increasing
temperature with burial consistent with a prograde
path. These pressure and temperature estimates are
geologically reasonable and consistent with tlie P-
T paths recorded by the plagioclase-absent
metapelites, however with maximum ternperatures
of only about 600"C during the ASO, it is unlikely
that garnets of 2 mm diameter and greater would
have been able to totally re-equilibrate. Ifthe cores
of the garnets were completely unequilibrated
Proterozoic granulite relics then analyses chosen
from matrix phases such as biotite would be in
disequilibrium with the selected gamet core analyses
and it would be reasonable to expect some
unrealistically high estimates from geothermometry
(as noted in the Cadney Metarnorphics samples). as
granulite garnef cores would have excessively high
pyrope compositions for the amphibolite facies feruo-
magnesian phases (Florence and Spear, 1991; Spear,
1993). That this is not the case is surprising and
highlights a disturbing aspect of these results in the
apparent sensibility of the Fe-Mg exchange
thermometry and the Average PT estimates on the
gamet cores, which are reasonably well constrained
and convincingly pass the statistical tests irnposed
by THERMOCALC. Such infonnation viewed in
isolation, without the evidence of potential
disequilibrium from compositional mapping, could
be accepted at face value.

It seems unlikely that the calcic metapelites and the
feldspar-absent rnetapelites from the Pinnacles Bore
Shear Zone experienced entirely opposite P-T paths.
It is more likely that due to the complex chemistry
of gamets in the calcic metapelites, reflecting possible
re-equilibration of Proterozoic porphyroclasts and
the poter-rtial overgrowth of secondary Palaeozoic
garnet, the compositions selected for calculations
are not in equilibrium and the results are therefore
questior-rable.

Thermobarometry results for tl-re Cadney
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Metamorphics calcic metapelites are also more
diffrcult to interpret than results from the plagioclase-
ab sent, two-mica metapelites. Compositional maps
of garnets from these samples are quite complex
(Figures 4.17 and4.18) and suggest that the garnets
may have older relic cores overgrown by younger
secondary rims. Temperature estimates from Fe-
Mg cation exchange thermometry on core analyses
are very high (i.e. -700-850"C) suggesting that there
is chemical disequilibrium between gamet and biotite
at least, and providing support for the interpretation
of the preservation of relic garnet cores. However
results from Average PT calculations with
THERMOCALC on both core and rim assemblages
are geologically reasonable and consistent with
estimates from the two-micametapelites at Piruracles
Bore and'Winnecke. Such a large discrepancy is

single equilibria thermometers such as gnt-bi Fe-
Mg exchange thermometry. It appears that in the
case of the Cadney Metamorphics calcic metapelites,
disequilibrium between garnet and biotite has
rendered Fe-Mg exchange thermometry ineffective.
However as THERMOCALC uses the entire suite
of end member phases present in a mineral
assemblage to generate a series of independent
reactions, from which it calculates a reaction enveþe
in P-T space (see $4.3.3), the comrption of the g-bi
Fe-Mg equilibria is compensated for to some extent.

Although it is possible therefore that the
THERMOCALC Average PT estimates are accurate,
it is still difficult to interpret these results given the
chemical complexity of garnets in the Cadney
Metamorphics samples. It is likely that the samples
from the Cadney Metamorphics have experienced
a common P-T history and that matrix phases in
both samples reflect local metamorphic conditions
associated with ASO metamorphism, while the
complex chemical profiles preserved in gamet reflect
the chemical signatures of inherited cores which
have failed to completely re-equilibrate with the
ambient Alice Springs Orogeny metamorphic
conditions in which the rest of the assemblage has
grown. Evidence from garnets in sample Cl|ilz}
(Figures 4.17 and 4.19) suggest they record simple
prograde zoning associated with crystallisation during
a single metamorphic event. This implies that
diffusive processes have been more effective in
eradicating the compositional step which identifies
the hiatus between relic garnet cores and overgrown
rims in sample CM19 (Figures 4.18 and 4.I9).
Therefore, while the compositional maps and
petrography give an indication ofwhere the boundary
between the new and potential relic garnet occrtrs
in sample CM19, it is impossible to know whether
quantitative spot analyses across this boundary reflect
equilibrium at all.

If the garnet cores are older relic features, it is
possible that they result from Proterozoic precursor
granulite facies lithologies as is probably the case
with the Pinnacles Bore Shear Zone calcic
metapelites. However Sm-Nd dating of samples
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from the Erontonga, Pinnacles Bore and Yarnbal,
Slrear Zones have demonstrated that peak
assemblages in these shear zones are diachronous
with older (ca. 380 Ma) shear zones occuring to the
noftlr and younger (ca. 320 Ma) shear zones to the
south (see Chapter 3 ). These data suggest that peak
metamorphisrn during the ASO was separated
ternporally by up to at least 60 rn.y., and hence that
individual shear zones did not experience identical
trajectories in P-T space. The shear zone fronr which
the Cadney Metamorphics samples were collected
is located north of the Winnecke area, aud lies in a
central portion of the SMC (Figure 4.1 and 4.21).
No shear zones from this parl of the SMC have been
dated as yet, and thus a nurnber of possibilities exist
for the tirning of these shear zoues. Firstly the central
shear zones may have experienced crystallisation
during a single metamorphic progression at either
ca. 380 or ca.320 Ma, or at some distinct iffennediate
time. Alternatively shear zone rocks fiom this location
may have experienced polymetamorphisrr-r during
the ASO resulting in initial crystallisatiorr during the
onset of the ASO metarnorphic cycle at about 380Ma,
followed by overprinting or cornplete recrystallisation
durirrg the subsequent320 Ma pulse. Thus without
dating the Cadney Metamorphics shear zone rocks
it is irnpossible to determine whether the garnets
preserve inherited cores and if so, what age the garnet
cores lnay be. As a consequence it is also difficult
to interpret the significance of the calculated P-T
estimates for the Cadney Metamorphics calcic
rnetapelites.

4.4 Conclusion

The metasedimentary sclrists from ASO-aged shear
zones in the Pinnacles Bore and Winnecke areas in
the southern Strangways Metarnorphic Complex are
typical of many comnronly observed metapelites in
that they consist of high variance mineml assemblages
which are well equilibrated, displaying little in the
way of reaction textures or useful relict phases. As
a result quantitative information about the P-T path
taken by these rocks using geothermobarometry is
lirnited to chernical zonation trends in eqr.rilibrium
minerals. In the plagioclase-absent two-rnica
rnetapelitic schists from the Pinnacles Bore and
Erontonga Shear Zones, chernical zonation patterus
in garnets are interpreted to result from prograde
growth zoning. Conventional thermometry using
gnt-bi Fe-Mg cation excharrge equilibria and Average
PT calculations using THERMOCALC on core and
rim analyses of minerals which appear to be in
textural equilibriurn indicate peak metamorpliic
conditior-rs of 600-640"C and 6-7 kbar were achieved
during a clockwise prograde P-T path. In the field,
calcic rnetapelites from a shear zone within the
Cadney Metarnorphics and fronr the Pinnacles Bore
Shear Zone appear coeval with adjacent shear zone
p lag iocl ase-absent two-mica r-r-retapel iti c sch i sts.
However cornpositional maps and Srn-Nd data
indicates that these rocks rnay contain inlierited
garnet cores. P-T estimates on riln assemblages vary
somewhat between methods, but suggest the rocks
achieved conditions ofabout 600"C - 640"C and 6-

I kbar. Whether tliese estirnates represent close to
or peak metamorphic conditions is debateable as no
clear interpretation of the P-T trajectory is possible
from the zoning profiles observed in the garnets.
Given that evidence from adjacent and interbedded
metapelites of different bulk cornposition invariably
indicate a clockwise trajectory, it is suggested that
the calcic rnetapelites also experienced this type of
path.
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Chapter 5

PRES SURE.TEMPERATURE PATHS FROM
METAPELITIC SHEAR ZONE AS SEMBLAGES
IN THE SMC USING P-T PSEUDOSECTIONS

5.1 Introduction

A fundamental objective of metamorphic petrology
is to decipher the mechanisms and controls on the
metamorphic evolution of orogenic belts, using the
informatior-r contained in metamorphic rocks. An
important step in investigating orogenesis is the
determination of the peak metamorphic conditions
experienced by the rocks being studied. However
this data is an intrinsically static feature, pinpointing
a rock's location in pressure-temperature (P-T) space
at a particular stage in its evolution, but ignoring the
patlr it took in order to arrive at that rnaximurn
pressure and temperature, or how it was subsequently
returned to the Earth's surface. Thus in isolation
this data provides little insight into the process of
rnetamorphism or the tectonic environrnent in which
metamorphism occurred. Although the peak
metamorphic conditions experienced by Alice Springs
Orogeny-aged metapelitic rocks from the Pinnacles
Bore and Erontonga Shear zones in the southern
SMC have been examined usir-rg thermobarometry
(Chapter 4), the P-T evolution of these metapelites
has not been investigated ir, detail. An assessment
of the P-T paths taken by these rocks is particularly
irnpoftant, given that sorne of the metapelites contain
garnet which preserves prograde chemical zonation
patterns, and these garnets have been dated in order
to constrain the tirning of peak metamorphisrn in
the shear zones (Chapter 3).

The trajectory of a metamorphic rock througlr P-T
space is much lnore informative in deducing the
rock's metamorphic evolution and in constraining
the controlling tectono-thennal environment. There
are three methods comrnonly used to model the
pressure-temperature path taken by a metamorphic
rock; (l) conventional geothermobarometry, (2) the
differential thennodynamics or'Gibbs' method
(Spear et al, 1982; Spear and Selverstone, 1983;
Spear et al, 1984; Spear and Rumble, 1986; Spear,
1988; Crowley, 1990), and (3) phase equilibria
developed from petrogenetic grids and calculated
P-T pseudosections.

Conventional geothermobarometers use cation-
exchange and phase equilibria to calculate the
equilibriurn pressure and temperature for a suite of
phases in a rock which constitute ar-r equilibriurn
assernblage. These calculations only quantifl, a point
along the rock's P-T path taken by the rock, so to
constrain the P-T path further, the rock must preserve
relic assemblages which are suitable for such
calculations. However while rocks can fail to
cornpletely re-equiIibrate during their metamorphic

evolution they will rarely rnaintain a complete
mineralogical record oftheir prograde and retrograde
patl,. Frequently relic minerals which are preserved
occur in reaction textures, as inclusiol-rs or other
disequilibrium features and therefore may not be
conclusively identified as part of an equilibriurn
assemblage. The metapelitic schists from the
Strangways Metamorphic Complex are generally
composed of high variance assemblages, and are
texturally well equilibrated with little or no evidence
of reactiorr textures or preserved relic assemblages.
Some of the rnetapelitic schists contain
porphyroblastic chernically zonecl garnet, however
the garnets do not contain inclusions suitable for
geothennobarometry. As a result conventional
geotliennobarometry is of linited use in constraiuing
the P-T path ofthese rocks.

To model a rock's lnovement through P-T space, the
differential thermodynamics or 'Gibbs' method uses
incremental changes in the chernical composition of
a chernically zoned phase(s) which forms part of a
preserved equilibriurn assemblage (Spear, 1988;
Spear and Selverstone, 1983; Spear et al, 1984;
Spear, 1998). In order to describe a unique path in
P-T space however, at least one other phase is
required to be present in order to compositior-rally
'fix' a minimum of one component (Crowley, 1990,
Spear, 1998). Garnet is commonly used as the zoned
phase and in this instance there may be up to 4
components (i.e. Fe, Mg, Mn, Ca) which are free to
vary as a function of the P-T environment. Another
phase whicli also contains one of these 4 components
must be added to the calculations in order to fix one
of the cornponents. If present, plagioclase is a useful
choice as the second phase, as this will accurately
describe the variation ofcalcium and hence provide
constraints on the rock's pressure path, since calcium
exchange between grossular-anorthite i s parti cularly
pressure-sensitive (Spear and Selverstone, 1983;
Spear et al,l99l; Speaq 1998). The 'Gibbs' method
is therefore ideal for use on assemblages which
contain chernically zoned, porphyroblastic phases
with numerous inclusions of useful relic minerals,
which are interpreted to be in equilibrium with the
composition of the zoned porphyroblast at that point
in its P-T trajectory (e.g. Spear and Selverstone,
1983; Selverstone et al, 1984; Kohn et al, 1992;
Menard and Spear, 1993). Other zoned matrix
minemls (ratl-rer than inclusions) could also potentially
be used in conjunction with the zoned porphyroblastic
phase, however this is complicated by the need to
accr"rrately identify which parts of the respective
zoned minerals were in chernical equilibrium, if ever
(Selverstone et al, 1984; Spear and Runible, 1986;
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Crowley, 1 990; Spear et al, l99 l; Florence and Spear,
1991; Kohn ef al,1992; Menard and Spear, 1993).
As mentioned above, porphyroblastic garnets in the
southern Strangways Metamorphic Complex mid-
Palaeozoic shear zone rocks are generally inclusion-
free or contain inclusions such as ilmenite, magnetite
and quartzwhich are of little value when considering
cation exchange equilibria in garnet. In addition,
compositional zoning in accompanying phases such
as staurolite or plagioclase is often eitlier lacking or
inconsistent ($4.3. I ) and thus difficult to correlate
with zonation trends in the adjacent garnet. As a
result the southern Strangways Metamorphic
Complex shear zone rocks are also not well suited
to this method of investigation.

The use of P-T pseudosections calculated for the
specific bulk cornposition of a rock can be
advantageous in the absence of well-preserved relic
equilibrium assemblages, richly-included
porphyroblasts, or for rocks with high-variance
assemblages where variation in the ambient P-T
environment is accommodated by continuous
reactions regulating changes in existing mineral
chemistry rather than growth of new phases. P-T
pseudosections define all the possible stable
assemblages within selected P-T space that the given
rock can develop, and can predict the chemistry and
modal proportions of those minerals at any given
pressure and temperature. Thus using the chemical
zonation profile from a single phase, an incomplete
relic assemblage or hierarcl-ry of mineral growth in
an equilibrium assemblage the rock's trajectory in
P-T space can be reconstructed.

Li this chapter a new petrogenetic grid in the system
NaCaKFMASH applicable to plagioclase-bearing
rnetapelitic rocks is presented, and the metamorphic
conditions and P-T paths recorded by rnetapelitic
shear zone rocks from the Pinnacles Bore and
Vy'innecke areas will be investigated using evidence
frorn calculated P-T pseudosections derived from
the KFMASH and the NaCaKFMASH rnodel
systems. All the phase diagrams presented here have
been calculated using the computer program
THERMOCALCV2.6 (Powell and Holland, 1988)
and a recent version of the internally consistent
thermodynamic dataset of Holland and Powell
(1998b), as utilised in the geothermobarometry
calculations in sections 4.3 .2 and 4.3 .3 .

5.2 Petrogenetic Grids and P-T Pseudosections

Petrogenetic grids are a powerful tool for investigating
the metamorphic evolution of rocks as they describe
tlie poterfial changes in a rock's equilibriurn mineral
assemblage as it moves through P-T-X space.
However as petrogenetic grids only describe the
distlibution of univariant (i.e. discontinuous) reactior-rs
which apply to all bulk compositions within the
model chemical systern, their utility is generally
lirnited to rocks with low variance assemblages
displaying evidence of crossing univariant reactions
(i.e. rocks whicl-r have 'seen' one or more univariants).
In the case of lrigli variance assernblages, dedicated
P-T pseudosections calculated for a prescribed bulk

composition are more us
predict all the reaction
mode and compositional
of that specific composition in all parts of P-T-X
space (e.g. Vance and Holland,1993; Xu et al ,1994;
Stüwe and Powell, 1995; Mahar et al, 1997;Yance
and Mahar, 1998).

Real rocks are chemically complex, yet current
infonnation and understand in g of the thennodynam ic
properties of even the most common rock-forrning
minerals is limited to simple models of major
component mineral end-members. As a result
petrogenetic grids and P-T pseudosections are
generally constructed using a simplified chemical
system which describes the main compositional
features of the rock's major minerals, but ignores
it's minor components. The KzO-FeO-MgO-AlzOr-
SiOz-HzO (KFMASH) model chemical system is
rnost cornrnonly used to investigate rnetapelitic rocks
(e.g. Grant, 1985; Clarke et al, 1989; Spear and
Cheney, 1989; Powelland Holland, 1990; Xu et al,
1994; Carrington and Harley, 1995) with additional
components such as CaO, NaO, MnO and TiO, being
added as required (e.g. Vance and Holland,1993;
Droop and Harte, 1995; Clarke et al, 1989; Mahar
et al, 1997; Worley and Powell, 1998a). KFMASH
grids are ger-rerally constructed with muscovite,
quarTz and HzO (+ mu + q + HzO) in excess since
this assumption is gerrerally a valid assumption for
most sub-solidus rnetapelites and allows graphical
sirnplification of the calculated grid and
pseudosections. As the KFMASH rnodel system
contains six components, according to the phase
rule;

P:C-F+2

where; P is the nnmber of phases (i.e. minerals), C
is the number of components (e.g. oxides) and F is
the number of thennodynamic degrees of freedorn
(e.g. pressure, ternperature, composition of one or
more phases), a muscovite-biotite-staurolite-garnet-
aluminosilicate-quartz-HzO assemblage would be
univariant, meaning that only one variable (e.g.
pressure or temperature) is free to change without
altering the assernblage. A muscovite-biotite-
staurolite-garnet-quartz-HzO assemblage would be
divariant, meaning that two variables are able to
change without altering the assemblage. Whereas
the equilibrium P-T conditions of a univariant
assernblage will be tightly constrained as they must
lie somewhere along a single reaction line in the P-
T space defined by the petrogenetic grid, the
conditions appropriate to a divariant assernblage will
fall within a field in which any two variables of
pressure, temperature or mineral composition are
free to alter independently. As such low variance
assemblages are preferable for investigating
conditions of metamorphisrn. The methodology for
calculating phase diagrams using THERMOCALC
has been discussed by a number of authors (e.g.
Powell and Holland, 1985; Guirard et al, 1990; Will
et al, 1990; Stüwe and Powell, 1995; Worley and
Powell, 1998b) but for a detailed review and worked
examples of this procedure the reader is referred to
Powell(1998).
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5.3 Petrogenetic evidence for the P-T
evolution of plagioclase-absent metapelites
from the Pinnacles Bore and Erontonga Shear
Zones.

The mineral assemblages and textural features
observed in the Pinnacles Bore and Winnecke
plagioclase-absent rnetapelitic schists can be
adequately described in the chemical systern KzO-
FeO-MgO-AlzO¡-SiOz-HzO (KFMASH). A
petrogenetic grid rnodelled in this system, presented
in Figure 5.1 displays the stable invariant and
univariant equilibria involving the phases muscovite,
biotite, garnet, staurolite, cordierite, chloritoid,
kyanite, sillimanite, andalusite, chlorite, quaftz and
HzO. Although individual mineral chemistry varies
somewhat between samples, in generalthe Pinnacles
Bore and Winnecke rnetapelites are chemically quite
similar ar-rd display almost identical phase relations
which can be rnodelled in KFMASH using a bulk
clremistry of A:F:M:K : 44:24:16:16. A P-T
pseudosection for this bulk composition is presented
in Figure 5.2a. Fror-n petrographic observations (see

$4.2.1) it is apparent that these rocks have all passed
through the staurolite-garnet-biotite (+ muscovite +
qtartz + HrO) divariant field and that most of the
rocks corfain this equilibriurn assemblage. However
textural evidence suggests that initiation of garnet
growth preceded that of staurolite, while staurolite
continued to grow after garnet growth ceased, as
garnet is commonly wrapped by rnatrix biotite and
muscovite while staurolite is sometimes observed
overprinting the fabric (Figure 4.2). This suggests
that the rocks passed either up temperature through
the clrlorite * garnet + biotite (* muscovits * quarfz

+ HrO) divariant or down pressure through the garnet
+ biotite (* muscovite + quartz + HzO) trivariant
prior to onset of staurolite growth in the staurolite
* garnet + biotite (+ muscovils r quarÍz + HrO)
divariant (Figure 5.2a). Unfortunately no evidence
of a relic assemblage containing chlorite remains,
and the garnet porphyroblasts contain no chlorite,
biotite or muscovite inclusions which rnight indicate
one path or the other. However chemical zonation
in the garnets inevitably results in a decrease in the
XFe ratio from core to rim (see $4.3.1). Figure 5.2b
indicates that in the staurolits * garnet + biotite (+
muscovite * quarlz + HrO) divariant field, isopleths
of XFe in garnet decrease with increasing pressure
and temperature, and isopleths of XFe in staurolite
are subparallel to those ofgarnet. Therefore the rocks
must have moved from the chlorite * gamet + biotite
(l rnuscovits r qùartz + HzO) divariant across the
staurolite isograd ir-rto the staurolite * garnet + biotite
(* muscovite * qruar1rz + HrO) divariant, in order to
produce the zonation trends observed in tlie real
garnets. Wlile zonation in staurolite is not obserued
and thus a unique path can't be determined, it is
apparent that the rocks must have moved in a manner
that produced decreasing XFe ratios in garnet
coincident with garnet growth and with increasing
modal proportion of staurolite until late in the
trajectory. Figure 5.2c indicates that isomodes of
garnet increase with increasing pressure and
temperature subparallel to isopleths of XFe.
Staurolite modes in the staurolite * garnet + biotite
(+ muscovits * quarfz + HzO) divariant occur at a
low angle to those of garnet and in the opposite
direction, increasing down pressure, while in the
staurolite + biotite (.| muscovifs * quartz + HrO)
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Figure 5.1. A petrogenetic grid for
metapelitic rocks in the chemical
system KFMASH, incorporating the
following phases; and, bi, cd, chl,
ctd, g, ky, mu, q, sill, st & H2O.
(After Powell, 1998).
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trivariant freld staurolite isomodes are steeper and
increase down pressure. The continuation of
staurolite growth after cessation of garnet growth,
and the preselrce of minor retrograde rirns on some
ofthe garnets suggests that the rocks' path crossed
back througli liigher XFe isopleths and into the
staurolite + biotite (* muscovite * qvartz + HrO)
trivariant.

Tlie growtli of retrograde chlorite in equilibriurn
witli biotite and muscovite and at the expense of
staurolite suggests the rocks moved frorn the staurolite
+ biotite (* muscovite + qLtat1'z + HrO) trivariant
into either the staurolite + biotite + chlorite (+
nruscovite -t quar1rz + HrO) divariant, or the biotite
+ chlorite (+ muscovite -t quartz + HrO) trivariant.
At the boundary between these two fields, the modal
proporlion of staurolite approaches zero, however
chlorite modal proportions are at about l5%. At the
chlorite-in boundary of the staurolite + biotite +
clrlorite (* muscovite * quartz + HrO) divariant
howevel proportions of staurolite are about 8% while
chlorite proportions approach zero. Given that
letrograde clilorite forms a rnaximurn of about l0lo

of these rocks and staurolite forms about l0o%, it
appears that the rnetapelites may have just entered
into tlie staurolite + biotite + chlorite (* muscovite
+ quartz + I{rO) divariant field and/or the biotite +
clrlorite (* lnuscovite + quartz + HrO) trivariant
before reaction ceased. Unfortunately rnode and
XFe isopleths for clilorite are sub-parallel to the field
boundaries and thus there is no constraint on where
within these fields the rocks lie. If the modal
proportion of staurolite reflects equilibriurn during
the retrograde stages of the P-T path, then Figure
5.2c suggests conditions of about 4-4.5 kbar and
560"C are appropriate.

The observations discussed above suggest the most
probable trajectory for the ASO-aged shear zones in
the southern SMC, is a clockwise prograde path
(Figure 5.2d) passing up P and T through the clilorite
* garnet + biotite (* mLrscovite * quaftz + HzO) field
into the staurolite * garnet + biotite (* rnuscovite *
qtartz + HrO) field where rnaxilnur.n metamorphic
conditions were expel'ienced, then cooling and
decompression througlr the staurolite + biotite (+
rntrscovite * quartz + HrO) trivariant and into the
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staurolite + biotite * chlorite (* rnuscovits -t quarlz
+ HzO) or biotite * chlorite (* rnuscovits-t quartz
+ HrO) chl+bi (+mu+q*H2O) fields. This patlr is
also consistent with the observation of kyanite as a
comrnon phase in the calcic rnetapelites, as this
trajectory occurs entirely within the stability field
of kyanite.

5.4 Petrogenetic evidence for the P-T
evolution of the plagioclase-absent metapelites

The plagioclase-bearing, rnuscovite-poor schists of
Pinnacles Bore and the Cadney Metarnorphics, ltave
a rnore sodic and calcic and less potassic bulk
composition than the adjacent feldspar-absent, two-
mica metapelites. As a result, the growth of
plagioclase feldspar and biotite was stabilised in
these rocks, while muscovite was not produced for
much of their rnetamorphic evolution. Thus most
existing petrogenetic grids applicable to n-retapelitic
rocks are inadequate for interpreting tlie P-T evolution
of these rocks, as the grids are corìlrnol-rly rnodelled
in the KFMASH systern for rnuscovite-saturated
bulk cornpositions, ar-rd do not include equilibria
involving plagioclase as an active phase. In order
to investigate tlie full reactiorr history of the Pinnacles
Bore and Cadney Metamorphic schists, a new
petrogenetic grid modelled in the NaCaKFMASH
chemical system including these features and P-T
pseudosections produced for bulk cornpositions
appropriate for these rocks have been calculated.

The subsystern CaKFMASH and NaKFMASH grids
(Figures 5.3 and 5.4) have been used to calculate

the full system NaCaKFMASH grid (Figure 5.5a &.
b) using a restricted set of pl-rases (garnet, staurolite,
chlorite, biotite, rluscovite, chloritoid, cordierite,
plagioclase, quatlz, kyanite, sill imanite, andalusite,
and water as a pure fluid phase). In the subsystem
grids, plagioclase has been treated as its appropriate
endmember phase anofihite or albite, with grossular
being the or-rly other Ca-bearing phase included and
muscovite the only other Na-bearing phase. The
compositional parameters of these minerals and their
end-member activities are presented in Appendix 5,
and incorporate both the FeMg-l and (Fe,Mg)SiAl-
2 substitutions in biotite, muscovite and chlorite, the
FeMg-1 substitution in chloritoid, cordierite, garnet
and staurolite and the CaAlNa-1Si-l solid solution
in muscovite and plagioclase. Tlie activity-
composition relationships for plagioclase (equ ivalent
to model 4 of Holland and Powell, 1992) añ
muscovite are identical to those used by Worley and
Powell (1998a) who provide a detailed discussion
on the non-ideal mixing models developed forNa2O-
CaO rnixirrg in these two minerals. All
therrnodynamic data of the mineral end-members
involved in calculations are included in the internally
consistent thermodynamic dataset of Holland and
Powell(1998b).

Not all of the phases selected for inclusion in the
grids are observed in the Strangways Metamorphic
Cornplex shear zones, however they were added to
reflect the cornmon major variations observed in
metapelitic rocks, and their inclusion also enables
some degree of direct comparisorr between the
commonly employed KFMASH system and the
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Table 5.1. Su
minerals in th

mmary of the stable invariant points and solid solution substitutions in participating
e KFMASH, CaKFMASH and NaKFMASH subsystems.

Table 5.2. ln the NaCaKFMASH
system, univariants end at invariant
points in the NaKFMASH and CaKFMASH
subsystems. Along the univariants,
plagioclase models l1 and C1 exchange
at the P-T points indicated in the table.
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expanded NaCaKFMASH system used here. This
latter feature is desirable since although petrologists
concentrate on the use of two-mica bearing,
plagioclase-absent metapelites in elucidating
metamorphic histories (due to the desire to remain
within the KFMASH system and therefore use
generally lower variance assemblages), many
rnetapelites do contain plagioclase and are not
muscovite-saturated. Plagioclase-bearing rnetapelitic
rocks have ger-rerally not been widely used for
petrogenetic investigation since the inclusion of
plagioclase necessitates the use of an 8 colnponent
model system. Thus although an extra phase
(plagioclase) has been included, a divariant
assemblage in KFMASH will become trivariant in
NaCaKFMASH and consequently more difficult to
constrain. Direct comparison between the KFMASH
system and the NaCaKFMASH systern not only
enables the influence of the growth of plagioclase
upon the stability of other cornlnon phases to be

13
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11

5

500

monitored, but also allows correlatiorr of P-T
info rmati on recorded i n feldspar-absent two-m ica
metapelites with that recorded in chemically distinct
and independent calcic metapelitic lithologies frorn
within the same terrain.

5.3.1 The CaKFMASH and NaKFMASH
subsystem grids

In order to extend the KFMASH system (as used in
$5.3) into the full NaCaKFMASH grid the
intermediate CaKFMASH and NaKFMASH
subsystem grids were first caiculated using pure
anofthite and albite respectively as the appropriate
feldspar species, although these are uncommon in
natural assemblages. In both subsystems the
calculated stable invariant points are identical to that
of the KFMASH systern although displaced in P-T
space. The only exception is the [g st] invariant
which in NaKFMASH is metastable. Calculated
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results for stable invariant equilibria and cation
substitutions used to describe solid solutions in
participating minerals are presented in Tables 5.1
and 5.2. A number of degenerate reactions and
singularities occur in the CaKFMASH and
NaKFMASH subsystems and in theNaCaKFMASH,
full system due to the restricted number of phases
available for K, Na and Ca substitutions. Worley
and Powell (1998a) provide an excellent discussion
on the mechanics of calculating a full system
petroger-retic grid from subsystern grids and the
difficulties encountered as a result ofdegeneracies
and singularities, hence only a brief account will be
presented here.

In CaKFMASH, the calculated stable invariants are
linked to the KFMASH subsystem by the degenerate

[g an] univariants, as grossular is the only other
phase able to exchange Ca with anorthite (Figure
5.6). An example of this is the [ctd cd] invariant in
CaKFMASH which is linked to the [ctd cd] invariant
in KFMASH by the degenerate [g an] univariant
reaction st + chl * mu bi + ky. In Figure 5.6 this
is demonstrated by the [g an] univariant passing
througlr both the KFMASH and CaKFMASH fctd
cd] ir-rvariants. This degeneracy exists because the
phases taking place in the reaction (i.e. st, chl, bi,
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figgre 5r7. A compositional tetrahedron defined by
CaO-FeO-MgO-Al2Os with mu, q & H2O in excess,
demonstrating the concept of degenerate reactions.
ln the reaction st +chl = bi + ky, all particpating phases
lie on the FeO-MgO-Al2O3 plane of the tetrahedron,
thus the reaction effectively occurs within the FMASH
subsystem.

CaKFMASH
+mu
+q
+ H2o-

FeO

Al2O3
ky

st

an

CaO

bi

Mgo

(õ
-ol¿

(¡)

u,
c,
o)

o- I

8

7

6

5

500 550 600 650
Temperature (oC)

Figure 5.8. Detail of part of the KFMASH and NAKFMASH petrogenetic grids demonstrating how they are
linked via degenerate [bi mu ab] univariant reactions.

-

KFMASH
+mu+q+fluid

NaKFMASH
+q+fluid

KFMASH +
NaKFMASH

ts

o)

P,'"-

urjõ/6
õ)

1l
,n\t9 I

'd% rff
ç,\ õt-

\ otõ

gt@.t-

%);,

lctd cdl

\l
\l
\

tbi cdl {
I

lr

It

a
rÙ

ö

lctd

s"Ë-

rJ.,'
. g\\r

%

65



Chapter 5 P-T Pseudosections

ky) are coplanar, lying within the AlzO¡-FeO-MgO
plane of the CaO-AlzO:-FeO-MgO tetrahedron (with
muscovite, quartz and HzO itr excess) (see Figure
5.7). Therefore the reaction can be written in terms
of these AlzO¡-FeO-MgO phases only, indicating
tliat the reaction is effectively a subsystem reaction.
While the calciurn-bearing phases garnet and
anofthite are not required to write the equation, the
garnet structure includes Ca, Fe and Mg in solid
solution and therefore still maintains chemical
equilibrium with the reacting assemblage.

In a similar fashion, the NaKFMASH stable
invariants are linked via the degenerate fbi rnu ab]
univariants (Figure 5.8). These [bi rnu ab] reactions
are degenerate with respect to muscovite as this is
the only phase able to exchange Na with albite, but
are also degenerate with respect to biotite as this is
the only phase able to exchange K with muscovite.
Regardless, the þnul equilibria still involve biotite
in the equilibrium assemblage because although its
rnodal proportions are fixed by the amount of
potassium present in the system, biotite is still free
to interact in the reaction via Fe-Mg and tschennaks
substitutions. Therefore these reactions can be
effectively described in the FMASH subsystern and
participating biotite compositions can still be
calculated. Sirnilarly, [an] reactions degenerate with
respect to garnet also still involve garnet via
substitutions in the FMASH subsystem. As a result
ofthese degeneracies, there are effectively no new
stable invariant points possible in the CaKFMASH
or NaKFMASH systems. Thus the exparrsion of tlre
KFMASH grid into tl-rese higher systems does not
greatly affect the topology of either of the resultant
petrogenetic grids.

A singularity occurs in CaKFMASH along the [ctd
cdl [bi] univariant which is equivalent to the fbi cd]
[ctd] univariant, and along the fctd cd] [st] univariant
a singularity exists in both the CaKFMASH and
NaKFMASH subsystems. Singularities calì occur
when phases involving solid solutions take part in
a univariant reaction. Since minerals with solid
solutions may change their compositions at different
rates in response to the changing P-T envirournent,
a compositionalcolinearþ or coplanarity can develop
at some point along a univariant, that is the univariant
becomes a degenerate reaction. As a result the
topology of the reaction changes across this
colinearity or coplanarity and oue or more solid
solution phases may consequently alter frorn product
to reactant or vice versa. As an exarnple, in the
CaKFMASH subsystem the [ctd cd] [bi] univariant
reaction st + chl + an g * ky, at low P/high T can
be represented on a CaO-AlzOr-FeO-MgO
tetrahedron with quarlz and HzO in excess by a g-
ky tie-line piercing a st-chl-an plane (Figure 5.9a).
With increasing pressure and decreasing temperature,
garnet becomes more calcic and loses magnesium
at a rate greater than the accompanying loss of
magnesium in staurolite. Eventually g-st-ky-an
become compositionally coplanar (Figure 5.9b). At
this point the reaction can be written st * ¿¡ : * 1
ky and is represented by the crossing of the st-an
and g-ky tie-lines with the st-an-g-ky plane, as such

A CaKFMASH Al2O3
+mu
+q
+ H2O

ky

st

st + chl + ¿¡ ----+ g + fty MgO

Al203

ky

st+an .---->g+ky
Mgo

Al203

c ky

FeO

st + an ----+ g + ky + chl MgO

an

FeO

FeO

B

st

an

an

Figure 5.9. CaO-FeO-MgO-Al2O1 compositional
tetrahedra with quartz and-H20 in excess,
indicating how a compositional coþlanarity exists
between g-st-ky-an due to chang¡ng g and st
compositions with increasing pressure and
decreasing temperature.

CaO

chl

CaO

chl

CaO

chl
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it does not involve chlorite. 'With fufther increase
in pressure and decrease in temperature garnet
continues to decrease its Mg content (and increase
in Ca) at a faster rate than staurolite and the
coplanarity is broken. The reaction now becomes
st * an : g + ky + chl and is represented as a st-an
tie-line piercing a g-chl-ky plane (Figure 5.9c).

5.3.2 The NaCaKFMASH grid

The full system NaCaKFMASH grid involving the
phases muscovite, biotite, gamet, staurolite, cordierite,
chloritoid, kyanite, sillimanite, andalusite, chlorite,
quartz, plagioclase and HzO is shown in Figures 5.5
a &. b. Compared to the subsystem grids, the
NaCaKFMASH grid appears quite simple, contailting
no ne\ry invariant points and only a small number of
univariant reactions linking the stable invariant points
calculated in the subsystems. These univariant
reactions effectively track the CaAlNa-1Si-1
substitution in plagioclase between the pure albite-
and pure anorthite-bearing invariants of the
subsystems (Figure 5.5 b). Whereas in the subsystern
calculations these endmembers were used to rnodel
plagioclase involvement, in the full systern non-ideal
but continuous NazO-CaO mixing in plagioclase is

assumed, using the activity-composition models (Cl
and Il) employed by Worley and Powell (1998a).
The point along the univariants at which stability of
the Cl and Il models s\ryap are marked on the grid
as open squares. Note the trend toward C1 (sodic)
plagioclase at the lower temperature end of the
univariants and 11 (calcic) at the upper temperature
end. As observed in the CaKFMASH and
NaKFMASH subsystems, a number of degeneracies
and singularities also exist in the NaCaKFMASH
full systern. The degeneracies again relate to the
limited number of phases available to take part in
Na, Ca and K cation exchange. The singularities
involve muscovite and biotite changing reaction
sides on the univariant reaction mu + ctd + als bi
+ st + chl which links the subsystem [g cd] invariants,
and plagioclase and garnet changing sides on the
reaction plag + ctd + ky: g + st + chl which links
the fbi cd] subsystem ir-rvariants. In both cases the
relevant phases 'swap sides' of the reaction nurnerous
times over the range of a few degrees in temperature,
suggesting that the composition of the phases is very
close to a coplanarity over much of the length of the
reaction.

The trend toward fewer stable invariant points and

12

11

10

450 500 550 600 650 700

Temperature (oC)

Figure 5.10. Pressure-temperature pseudosection constructed for a metapelitic rock of bulk composition
A:F:M:K:C:N = 44.44:24.05: 10.3:3.03'.7.27: 10.91, with plagioclase, quartz and
H2O in excess. The bifurcated black arrow indicates the possible paths taken by the Yambah Schist
Zöne metabasites.
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univariant reactions in more chemically complex
petrogenetic grids is not unreasonable nor unexpected.
A general observation made in natural rock systems
is for continuous reactions within and between
rninerals capable of solid solution to dominate
reaction sequences, producing numerically few,
chemically complex minerals in high variance
assemblages, rather than predominantly discontinuous
reactions producing numerous new minerals and
subsequently low variance assemblages. The trend
toward high variance assemblages in natural rocks,
highlights an advantage of calculated grids over
qualitative petrologically derived ones. Petrogenetic
grids calculated from integrated thermodynamic
datasets not only contain information on alI the
invariant and univariant reactions for every possible
bulk cornposition in the modelled system, but also
on the rìanner of chernical and modal variation of
phases during continuous reactions in multi-variant
fields, which comprise the bulk of P-T space.
Consequently rocks composed of high variance
assemblages and displaying evidence of chemical
disequilibrium such as chemical zonation, are
potentially useful for inferring nretamorphic
trajectories. The calculation of P-T pseudosectious
specific to the bulk composition of the selected
samples provides explicit representation of the
assemblages fonned and reactions 'seerl' by a given
rock, as well as the composition and modal proportion
ofeach participating phase as the rock tracks through
P-T space.

5.3.3 Results

A P-T pseudosection appropriate to the bulk
cornposition of the rnetapelitic samples studied from
Pinnacles Bore and the Cadney Metamorphics is
presented in Figure 5.10, and demonstrates the way
in which the mineralogy of these rocks would vary
with changing physical conditions. The Pinnacles
Bore and Cadney Metamorphics ASO-aged schists
generally consist of high variance assemblages with
the lowest variance assemblages found being
trivariant. The rnajor phases rarely host included
rlinerals useful in defining an eallier prograde
assemblage, nor is there any evidence of retrograde
reaction textures aside from the growth of minor
chlorite at the expense of staurolite. Furthermore,
unlike the plagioclase-absent rnetapelites, garnets
from these schists do not have easily interpreted
chemical zoning profiles defining a sirnple prograde
evolution which can be easily rnodelled within one
divariant field. Instead, the relative timing of rnajor
mineral growth potentially provides the only
constraints on the P-T evolution of these schists, and
suggests movement through a succession of tri- and
quadrivariant fields via a series of continuous
reactlons.

Textural evidence suggests that while kyanite, gamet,
biotite, staurolite and quartz do occur as alì
equilibriurn assemblage in these rocks, the growth
of staurolite was initiated somewhat later than the
other phases. Since these rocks do not contain
significant amounts of platy or acicular minerals
aside frorn minor biotite, they have not all developed

a strong foliation, therefore evidence of the
crystallisatiou sequence is limited. However there
are examples of coarse-grained kyanite and
porphyroblastic garnet being overprinted by staurolite
(Figure 4.4b), of embayed kyanite, and of minor
retrograde chlorite growing at the margins of
staurolite possibly at the expense of garnet (see
Figures 4.3 and 4.4). These observations suggest
the rocks followed a path beginning in either the g-
chl-rnu-ky-q-HzO trivariant or g-mu-ky-q-HzO
quadrivariant, moving down pressure into the g-ky-
bi-mu-q-H2O trivariant, through the very narrow g
st ky bi mu-q-H2O divariant and g-st-bi-mu-q-H2O
trivariant, where growth of staurolite is first stabilised,
throLrgh the g-st-bi-q-H2O quadrivariant and into
the g-st-chl-bi-q-H2O trivariant where retrograde
chlorite growth is stabilised while garnet is consumed
and staurolite becomes more Fe rich. Muscovite is
present for much of the high ternperature-l-righ
pressure part of this trajectory but is being consumed
continuously during the down pressure path through
the g-ky-bi-mu-q-H2O trivariant, forrning less than
3Yo of the rock by the time staurolite growth is
commenced with entry into the g-st-ky-bi-mu-q-
H2O divariant. While muscovite is not observed in
the calcic metapelites, it is present as a minor phase
(-l%) in CMl9, suggesting that it rnay have
cornpletely reacted out in the other samples. This
P-T path describes eitl,er isothermal decompression
with some retrogressive cooling late in tlre path, or
a clockwise trajectory in P-T space consistent with
that irnplied for the plagioclase-absent metapelites
from the same terrain.

5.4 Conclusion

The Pi unacles Bore-\üinnecke ASO-aged rn etapel itic
schists are typical of many commonly observed
rnetapelites in that they are colltposed of high variance
mineral assemblages which are well equilibrated,
displaying little in the way of reaction textures or
useful relict phases. The construction ofa P-T path
for such rocks using univariant equilibria in
petrogenetic grids, on the basjs of petrographic
interpretation is difficult given the lack of identifiable
pre- and post-peak equilibriurn assemblages, and
the prevalence of mineralogical change in response
to continuous rather than discontinuous reactions.
However well developed chemical zonation irr
porphyroblastic garnet combined with petrographic
interpretatiou of sequential mineral growth can enable
some inferences to be about the general trajectory
ofthese rocks in P-T space.

In the Pinr-racles Bore-Vy'innecke plagioclase-absent
metapelites, chemical zonation patterns in the garnets
are interpreted as resulting from growth during
prograde metamorphisrn as they ubiquitously display
classic bell-shaped Mn, and inverted Mg and Fe
profiles. Estimates of metamorphic conditions using
cation exchange geothermometry and
geothermobarometric calculation modes in
THERMOCALC generally closely agree, and
inevitably show consistent trends of increasing
temperature and plessure when comparing core and
rim assemblages, also consonant with prograde
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metamorphism. The use of P-T pseudosections
calculated for an appropriate bulk composition
suggest the rocks moved along a clockwise P-T path
probably from the chlorite * garnet + biotite (+
muscovite r quartz + H2O) divariant field across
the staurolite isograd into the staurolite * garnet *
biotite (* muscovi¡e, * quartz + H2O) divariant.
They achieved peak metarnorphic conditions within
tlris field, at about 600-620"C and 6.5 kbar at - 320
Ma, then progressed along a retrograde exhumation
and cooling path through the staurolite + biotite (+
muscovite l quartz + H2O) trivariant and into the
staurolite + chlorite + biotite (* muscovite * quartz
+ H2O) divariant or chlorite + biotite (* rnuscovite
i qru'ar1cz + H2O) trivariant.

When observed in the field and in section, the calcic
rnetapelites from shear zones at Pinnacles Bore and
in the Cadney Metamorphics appear coeval with
feldspar-absent two-mica metapelitic schists
occuruing adjacent to them and in nearby shear zones.
However compositional maps (S4.3.1) suggest that
these rocks may contain inherited gamet cores. The
chernical cornplexity of the calcic metapelites, as
demonstrated in the cornpositional maps and
quantitative traverses of the garnets, highlights the
inherent diffrculties in app lying geothennobarometry
to these samples, given the uncertainties in
detennining equilibration between phases. It also
creates difficulties in selecting an appropropriate
bulk composition for calculating pseudosections, as
it is apparent that some of the garnet present is
effectively chemically isolated from the reacting
portion of the rock volume (e.9. Stüwe, 1997).
Estimates from geotherrnobarornetry on rim
assemblages vary somewhat between methods, but
suggest the rocks achieved conditions ofabout 600"C
- 640"C and 6-7 kbar. However whether these
estimates represent peak or close to peak
metamorphic corditions is debatable, as no clear
interpretation ofthe P-T trajectory is possible from
the zoning profiles observed in the garnets.
Petrogenetic assessment of these rocks is complicated
by the presence of plagioclase ar-rd lack of muscovite,
requiring the use of a petrogenetic grid calculated
in the NaCaKFMASH system. From a pseudosection
calculated using an appropriate bulk composition,
and the apparent hierarchy of mineral growth
observed petrographically, a path of isothermal
decompression followed by retrograde cooling, or
a clockwise P-T path is inferred. A clockwise
trajectory for the calcic rnetapelites is cousistent
with evidence for a clockwise P-T path for adjacent
and interbedded metapelites of different bulk
composition.
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Chapter 6

METAMORPHIC EVOLUTION OF PALAEOZOTC
METABASITES IN THE YAMBAH SCHIST ZONE,
N.W. STRANGWAYS METAMORPHIC COMPLEX

6.1 Introduction

The Yambah Schist Zone,located in the northwest
of the study area, records the oldest Sm-Nd ages of
the shear zones investigated in this study (i.e. -380-
400 Ma) (see $3.6). This age data, in conjunction
with a Sm-Nd age of 381 + 7 Ma from a prograde
garnet-bearing mafìc amphibolite from the West
Bore Shear Zone (Ballèvre et al, 2000) and a U-Pb
age of about 385 Ma from monazite in a staurolite-
bearing shear zone rock from Edwards Creek (Möller
et al, 1999) (Figure 3 .7) suggests that these northern
shear zones were active, and achieved peak
metamorphism approximately 60 m.y. earlier than
shear zones in the southem Strangways Metamorphic
Complex such as the Pinnacle Bore Shear Zone and
the Erontonga Shear Zone.

133 45'

Although the area containing the Yambah Schist
Zone has been the focus of a number of studies (e.g.
Shaw et al, 1979; Iyer, 1974; Iyer et al, 1976;
Windrim, 1983; Windrim and McCulloch, 1986),
much of their work has focused on describing and
interpreting the geological evolution of the
Palaeoproterozoic granulite facies country rocks,
which enclose the Yambah Schist Zone. In
comparison information aboutthe rocks which define
the Yambah Schist Zone is scant, with few detailed
descriptions of the lithologies present or an
assessment of their metamorphic evolution.

This chapter concentrates on describing the metabasic
rocks found in the Yambah Schist Zone, investigating
the metamorphic conditions which created them,
and determining their path through P-T space.

1 33 20'

23 00'

23 20'

Figure 6.1. Location map of the southern Strangways Metamorphic Complex indicating the
position of the Yambah Schist Zone, Edwards Creek area and other significant
shear zones in the terrain.
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6.2 Lithological obseruations in the Yambah
Schist Zone

The Yambah Schist Zone (Figures 6.1 & 6.2) is a
discrete unit consisting of interlayered mafic,
metapelitic and quartzofeldspathic schists and
discontinuous subordinate calc silicate bodies, which
cross-cutthe sunounding rnafrc, ultramafic and felsic
Proterozoic granulite facies country rock. The shear
zone rocks have been metamorphosed to mid-
amphibolite facies and are typically medium to coarse
grained. Detailed petrography of selected samples
is presented inAppendix 1. In the area sampled, the
Yambah Shear Zone outcrops as two distinct areas
which have their fabrics oriented orthogonal to each

other but are separated by obscuring alluvium.
Fabrics in the northern outcrop zone trends E-W
approximately orthogonal to the compositional
layering and structural fabrics in the host granulite,
while in the eastern outcrop zone the foliation trends
N-S, approximately parallel to the granulite fabrics
(see $2.+.t¡. Metapelitic schists in the Yambah
Schist Zone contain the assemblage quartz + biotite
+ kyanite + (muscovite, staurolite), with kyanite
commonly occurring as lenticular or euhedral bladed
porphyroblasts up to 2 cm in length within aqtartz
+ biotite * muscovite matrix. When present staurolite
occurs generally as porphyroblasts up to I cm long,
however the Yambah Schist is renown for a number
of small but spectacular metapelitic units which
contain euhedral staurolite crystals up to 5 cm in
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length.

The assemblages found in the metapelites are at best
trivariant in KFMASH and are consequentþ stable

must be near the kyanite-sillimanite univariant.

+ plagiocl
hornblende
as the mor

targeted for study.

6.2.1 Petrography

Despite the complex polymetamorphic history of
their multiply deformed granulite facies precursors,
the metabasites in the Yambah Schist Zone record
an appaxently simple chemical and microstructural
history. They have a simple schistose fabric defined
by the preferred orientation ofhornblende, qtartz
and staurolite (where present) (Figure 6.3 Êh), and
it appears that the granulite facies phases which
existed in the precursor rocks have been completely
recrystallised to a stable amphibolite facies
assemblage.

The majority of mafic schists outcropping consist
of the typical amphibolite assemblage hornblende
* quartz Variation in the
number the amphibolites
probably bulk composition
with more Fe- and Ca-rich samples producing more
garnet and plagioclase. Staurolite-bearing
amphibolites are rarer and appear to reflect local
variation in alumina levels within the mafic units
(Figure 6.3 Êh). In these schists, gamet and staurolite
coexis! but their morpholog' and textural relationship
carrvary between samples. Staurolite can occur as
coarse embayed, poikiloblastic grains seen in contact
with garnet and as inclusions within garnet,
suggesting that it may have preceded the growth of
garnet (Figure 6.4 a-c). In some samples it also
occurs in contact with hornblende, plagioclase and
qlurartz in apparent equilibrium (Figure 6.4 d &. e),
but frequently small (0.5 mm) relict corroded angular
staurolite grains are observed within moats of quartz

and plagioclase, separating it from hornblende and
gamet @igure 6.4 f-h). These textures are interpreted
as evidence for the reaction:

staurolite + hornblend€ +
garnet + plagioclase * quartz (6.1)

Similar reaction textures have been reported by
Arnold et al (1995) in mafic amphibolites in the
adjacent Harts Range approximately 80 kms to the
east of the Strangways Metamorphic Complex.

6.2.2 Mineral Chemistry

Detailed petrographic descriptions of individual
samples from the YSZ are presented in Appendix
1.2.5, andselected representative electron microprobe

for Electron Microscopy and Microanalysis South
Ausfralia (CEMMSA) facility, University ofAdelaide

Powell (1998) and the activity-compositions relations
used by this program are tabulated in Appendix 3.1 .

Hornblende is the dominant mineral in the mafic
schists comprising tp to 40Yo of the rock. It occurs
as moderate to coarse elongate subhedral grains with
a preferred orientation defining the schistose foliation
ofthe rocks, and contains abundant inclusions of
qtartz, ilmenite and allanite, which is commonly
surrounded by radiation damage haloes. The general
composition is that of alumino-tschermakite to
tschermakite according to the nomenclature of Leake
(1978). Values ofAlvl range between 0.86 and 1.15
and XMg ranges between 0.54 to 0.62,butwithin
samples, hornblende chemisty is quite homogeneous.
Representative anaþses of hornblende are presented
in Appendix 2, with ferric recalculation performed
according to the method of Holland and Blundy
(1994) which is similar to that Spear and Kimball
(1984) and Robinson et al (1982).

Garnet in the mafic schists commonly occurs as
euhedral porphyroblasts ranging in size from I to 5
mm. It frequently has numerous inclusions of quartz,
ilmenite and less commonly allanite which can
produce a poikiloblastic appearance in coarser
garnets, but small garnets are generally inclusion
poor. In some samples, garnet has developed an
elongate anhedral form, commonly associated with
the reaction textures discussed in section 7.2.1. Ttre
garnets are dominantly almandine (65% to 68%)
with lesser pyrope (l&Yo to 23yo), and minor
spessartine (2V"to 4Yo) and grossular (7%to l2%\.
The XFe ranges from 0.74 to 0.79, and is always
greater than that of accompanying homblende and
staurolite. Concentric zoning in the major cations
and the XFe is observed in garnets from all the
samples and is discussed to detail below in section
6.3.2.
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Chapter 6 Metamorphism of Metabasites

Staurolite occurs either as small (-0.5 mm) euhedral
(t anhedral
. reaction
s anhedral
s artz and

present at less than about 0.03 wt%.

, is a major mineral and
30%o of the rock. It is
can be compositionally

Figure 6.5. Qualitative compositional maps of garnets in a st-bearing mafic amphibolite (sample.YS147).
No-te in (a) & (d) the con'sistent decrèase in Ca rimwards, yv@¡gas (e) Mg increases rimwards
white in'(ó) M'g appears homogeneous; (c) & (f) Fe and (g) Mn also appear homogeneous.
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omposi g-maf¡c amphibolite YS147.
s while f for a minor decrease at the
d (d) M arnet. Adjacent hornblende,
appear
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zoned ranging from about AnasAbrs at the rim to
AnszAbe in cores of individual mineral grains. As a
matrix mineral it commonly occurs as fine to
moderate sized subhedral grains which tend toward
a equigranular granoblastic texture. Where it occurs
in conjunction with quartz as moats surrounding
relic corroded staurolite or hornblende, it tends to
be coa¡ser grained and anhedral.

6.3 Physical condÍtions of metamorphism

6.3.1 Compositional mapping and P-T paths from
zoned garnets

Mafic schists from the Yambah Schist Zone record
Alice Springs Orogeny Sm-Nd ages (see $3.6) and
appear have completely recrystallised during the
ASO. Compositìonal mapping of five metabasites
was undertaken phases in
these rocks mai n profiles
which might on their
metamorphic evolution. The selected samples
included two st¿urolite-bearing amphibolites (YS I 47

in sections 4.3.1 and 4.3.Ll respectively

6.3.1.1 Results

Images from YS147, centred around small (-1 mm)
euhedral garnets in contact with hornblende,
staurolite, plagioclase and quartz, produced
inconsistent results. In all cases the only mineral
which displays any evidence of chemical zonation
is garnet, however there is significant variation in
the manner in which garnet is chemically
inhomogeneous. In all cases, Ca decreases toward

ofquantitative spot analyses support these trends
(Figure 6.7) and indicate that the XFe of gamets are
also quite variable.

By comparison, gamets from YSl48 gave consistent

78

figu-re 6.8. Qualitative compositional maps of a garnet in st-bearing maf¡c amphibotite schist YS148.
(a) Ca and (d).Mn decrease rimwards while (b) Mg increases tõward the þarnet rim and (c) Fe
appears essentially homogeneous in distribution. These trends suggest prograde growth zòriing.
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show XFe decreasing slightly in all the garnets
(Figure 6.10).

on with Mg decreasing in
suggesting some minor
n. Calcium in the garnets
compared with the other
ch aìe concentricallY

distributed, and in Figure 6.12 in particular this
cation appears to be distributed in concentrated linear

Figure 6.9. apg.gf a.garnet.in st-bearing mafic.amphibolite.schist YS148.

iáiõà ã"ì 'ivnile 
(Oi Mg increases tõward the þarnet rim a.nd (c). Fe

appears es istributiìjrí. T-hese trends suggest prograde growth zoning.
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v

Figure 6.1 1 .Qualitative
compositional maps of
a garnet from sample
YS149 a mafic amphi-
bolite schist, showing
the zonation pattern
typical for this rock.
(a) Ca increases rimward;
(b) MS and (c) Fe appear
homogeneous while
(d)Mn decreases.

Figure 6.1 2,Qualitative
compositional maps of
a garnet from sample
YS149 a mafic amphi-
bolite schist, showing
a unique zonation
pattern for this rock.
(a) internally this garnet
displays linear increases
in Cawhich may
represent the relic
signature of earlier
smaller garnets; (b) Mg
is homogeneous except
for a narrow rim with
decreased Mg; (c) Fe
appears homogeneous
while (d) Mn decreases.
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Figurc 6.13. Quantihtive faverse
of the gamet from sample YS149
also shown in the compositional
maps in Figure 6.11 , indicating the
amounts of almandine, pyrope,
spessartine and grossular present

6.3.1.2 I)iscussion

Although there are some apparent disparities in
gamet zoningprofiles from the mafic schists, these
are not difficult to explain. The lack of zoning in
sample YS147 suggests either 1) the garnets grew
under constant P-T conditions, 2) they grew in a
changingP-T regime but in a direction approximately
parallel to Fe, Mg and Mn isopleths and subparallel
to Ca isopleths in P-T space, or 3) that due to their
small size garnets in this rock have been unable to
effectively isolate their cores from rehomogenisation
via diffirsion. This latter scenario is probably the

0

r¡m flm

zones parallel to existing crystal faces. This suggests
that the garnet has maintained the original Ca
signature of numerous early nucleated gamets which
predated the present larger garnet (e.g. Daniel and
Spear, 1998).

In YS9 compositional maps consistently show
concentrically zoned garnets with Ca and Mn
declining smoothly from core to rim, while Fe and
Mg both increase in abundance in this direction (see
Figure 6.14).

Fþurc 6.14. QualiHive compositional maps of a gamet ftorn sample YS9 a mafic amphibolÍte schist
(a) Ca and (d) Mn decrease rimwards while both (b) Mg and (c) Fe increase suggesting his gamet
has grorn during prcgrade mebmorphism.

---*- pyrope

,n spessartine

.- grossular

. almandine

. XFe
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Chapter 6 Metam orphism of Metab as ite s

In general, all the samples show Mn to be either

ofgrain size, but where zonation is recorded, then
the trends in these cations and in the XFe ratio are
consistent with an interpretation of growth zoning
profiles. A detailed discussion on the c-haracterisatioñ
of growth and reverse zoning profiles in garnet is
presented in section 4.3.I, and observed àonation
trends in these garnets, particularly in those of YS9,
are consistent with the growth of garnet during
prograde metamorphism.

Except for sample YS149, garnets from all the
samples have grossular contents which decrease with

Isopleth diagrams from the Kohn
) gamet-homblende geobarometers
ctions:

(Mg eqn)

6an * J1¡4'2gr + py + 3tsch + 6q (6.2)

A. lsopleths of lnKd for Mg equation

and

(Fe eqn)

6an + 3Fe-act+2gr + alm + 3Fe-tsch + l8q (6.3)

show that isopleths of lnKd values for these two
equations are nearly horizontal, and that with

value is more
grossular. Th
increasing but r
lead to smaller
path may be pressure.
Isopleths of I -from 

the
Graham and rnblende
thermometer

l/4Fe-parg+ l/3 py+l/4parg+ I/3 alm(6.4)

B. lsopleths of lnKd for Fe equation
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Chapter 6 Metamorp h ism of Metab as ites

content coupled with an increase in pyrope, must
cross lnK isopleths and therefore be up temperature.
This suggests that a garnet in a mafic amphibolite
with a zonation profile of increasing Mg and
decreasing Ca with garnet growth records a path of
heating with either burial or decompression. This
is consistent with the interpretation made above that
the pattems of Mg, Fe and Mn distribution in garnets
from the Yarnbah Schist Zone record growth zoning.

6.3.2 Conventional Geothermobarometry

Given tlie high variance of cornmou assemblages in
mafic amphibolites in general, it is understandable
that they can be difficult to constrain ir-r P-T space
petrographically. However from the mineral
assemblages discussed above, the Yarnbah Schist
Zone rocks must lie within a portion of P-T space
which is bound by the staurolite-in isograd, the
clinopyroxene and orthopyroxene-in isograds and
tlie kyanite-sillirnanite univariant. To constrain the
P-T conditions of metamorphisrn further a number
of different approaches cau be taken.
Geothermobalometry using calibrated thermometers
and barometers based on equilibriurn reactions is
one method. However while a number of potentially
useful equilibria (such as GRIPS, GRAIL, GRAIP,
and various Fe-Mg exchange thermometers for
different mineral pairs) exist for use on amphibolites,
a lack of rutile and the typically small number of
phases present in metabasic rocks from the Yarnbah
Schist Zone, severely restricts the range of applicable
thermometers and barometers.

6.3.2.1 Results of geothermobarometry on the
metabasites

Results of geothennometry calculations are presented
in Tables 6.1 to 6.3. Two calibrations of Fe-Mg
cation exchange in garnet-hornblende pairs have
been used to constrain peak ternperatures recorded
by the Yarnbah rnetabasites. The Graham and Powell,
(1984) g-hbl therrnometer produced reasonably
consistent results, with estimates ranging between
526oC and 553oC, while the Perchuk et al, (1985)
calibration for the equivalent equilibria produced
slightly higher estimates ranging between 565oC
ar.rd 615oC. The Holland and Blundy, (1994)
arnpl-ribo le-p I agi ocl ase therm om eters produced
unreasonably high temperatures (in excess of 700oC)
for all sarnples, however the chernistry of plagioclase
in these samples is at the extreme range recommended
for these thermometers and this may explain the
anornalous results. There was lìo significant
difference in temperature estimates between rims
and cores of garnets. Attempts at estirnating pressure
conditions using the Kohn and Spear, (1989) and
Kohn and Spear, (1990) g-hbl-plag-q barometers
rnet with little success, producing a scattered range
of pressure estimates on the order of 2 - 4 kbar,
however the chernistry of plagioclase in these samples
is also outside tlie calibrated ranges ofthe barometers.
Results of these calculations are presented in Table
6. I and in Figure 6. 1 6, which demonstrate that while
the g-hbl temperature estimates are acceptable, when
combined witli the unreasonably low barornetric
estirnates, they place the metabasites well below the

X(Fe) hbl

X(Fe) gnt

ln Kd

0.392

0.735

1.459

0.396

0.737

1.454

0.433

0.759

1.416

0.398

o.773

1.638

T (oC) G&P

T (oC) P

537

605

537

605

553

615

526

565

X(Fe) hbl

X(ab) plag

0.392

0.11

0.396

o.11

0.433

0.1

T(oC) H&B 1

T(oC) H&B 2

828

736

828

736

829

722

rabre 6.1 remperarure estimates on yambah meta- 13:1,""3 îJfif"JÊ¡i:"gïiä5':iS Jå[?iriiJ?,
basites using Fe-Mg..p?qtignlng_for.g-hbl. Abbrev: H&81=HollanO a eiunðy (1990) ed{r thermometer;
G&P=Graham & Powell (1984); P= Perchuk et al (1985). H&$2=Holland & Blundy (t OOO) ed-ri thermometer.

T ("C)

K&S 1

K&S 2

K&S 3

K&S 4

550

2.31

3.77

2.11

2.30

600

1.86

353
2.37

2.20

650

1.40

3.29

2.63

2.10

550

2.40

3.80

2.97

2.92

600

20
3.6

2.9

650

1.60

3.40

359

2.83

550

183

3.50

2.29

2.10

600

1.37

330

254

1.98

650

092
300

28
1.87

Table 6.3. Pressure estimates on metabasic amphibolites using the Kohn & Spear (1989) g-hbl-plag-q
barometers, Abbrev: Og51=parg-Fe model 1 barometer; K&S2=parg-Mg model 1 barometer; K&S3=parg-Fe
model 2 barometer; K&S4=parg-Mg model 2 barometer.

83



Chapter 6 Met am orp hism of Met ab as ites

10
Geothermobarometry on YS1 47 Geothermobarometry on YSl 48

10

ky

sill

to be more geologically reasonable than those gained
from conventional cation exchange geobarometry
(section 6.3.2.1above) and while they place the rock
just into the sillirnanite field, they are within error
of the kyanite field.

Given the presence of unusual aluminous and hydrous
phases in the metabasic schists, and the presence of
intercalated calc silicate units within the Yambal-r
Schist Zone, there is considerable evidence suggesting
a significant alteration of the bulk chernistry of the
schists compared with the surrounding granulites
via the introduction of a fluid phase. The
metasomatism of these rocks also implies that any
such fluid phase present in the system was not a
pure HzO fluid. Average PT calculations were thus
performed for a range of X(HzO) to examine the
influence of a fluid phase of varying composition.
Direct modelling of the fluid chemistry was not
undeúaken, however by introducing varying X(COz)
in a HzO-COz fluid, some assessment could be made
of the dependency of the mineral assemblage on the
fluid composition. Reducing the X(HrO) of the fluid
resulted in temperature estimates steadily declining
while pressures \¡/ere either unaffected or declined
rnarginally (see Table 6.6), however all the estimates
still placed the rocks just into the sillimanite field.

Average press u re calculat ion s us ing TTIERMOCALC
were then made over the temperature range of 590-
65OoC constrained on the basis of temperature
estimates from cation exchange geothermometry
and THERMOCALC Average PT calculations, at
varying X(HrO). Results of these calculations are
presented in Table 6.7. Invariably the pressures
estimated over the selected temperature range placed
the rocks below the kyanite field into the sillimanite
field, however many of the higher temperature/higher
pressure estimates fall close to the kyanite-sillimanite
univariant and are within eror of the kyanite field.

8

6

4

L(!
l¿
q)

tt)
.J)
q)
L

È

I

6

4

2

ky

sill

kyanite field, which is at odds with the presence of
kyanite in the interlayered aluminous schists. The
limited success of these equilibria probably reflects
the inherent cornplexities of composition, solid
solution and thermodynamics associated with
arnphiboles and plagioclase, and the fact that
plagioclase compositions used were generally outside
or at the limit of the thermobarometers' calibration.
This situation is exacerbated in this instance by the
high variance nature of the stable assemblage in
these mafic schists which restricts the total number
of equilibria available for calculation.

6.3.3 Average P-T calculations using
THERMOCALC

The results of average pressure and temperature
estilnates for adjacent mineral rims calculated using
tlre computer programme TI{ERMOC ALCY2.6 are
presented in Tables 6.4 and 6.5. Due to the absence
of plagioclase in YSl49, THERMOCALC was
unable to determine complete reaction sets for this
rock and thus no results are presented. Average
pressure and temperature estimates using all available
end members in the reaction sets (see Table 6.4) for
YS147 and YS148 failed statistical tests irnposed
by the program expressed as a 'o fit' value. However
review of the individual end-member statistics
indicated that pargasite and tscherrnakite appear to
have a controlling influence upon the calculations
as tliey consistently produced high values for the
(ex) statistic (see Appendix 3.2 for an example of
the complete statistical output of THERMOCALC
Average PT calculations). Subsequent removal of
these phases as end-members available for calculation
ofa reaction set, resulted in statistically acceptable
estimates and a significant improvement in the
associated erors (Tables 6.5). For an X(HzO):1.0,
metamorphic conditions were estimated to be around
630oC and 5.2 kbar. These pressure estimates appear
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Figure 6.16. Estimates for peak metamorphic conditions using the independently calibrated thermobaro-
mèters. Although some temperature estimates appear reasonable, the pressure estimates are too low,
placing the rocks outside of the kyanite-stable field. Abbrev: G&P=Graham & Powell (198a); H&81=
Holland & Blundy (1990) ed-trthermometer; H&B2=Holland & Blundy (1990) ed-rithermometer; K&S'l=
Kohn & Spear (1989) parg-Fe model 1 barometer; 

'4952=parg-Mg 
model 1 barometer;

^&53=parg-Fe 
model 2 barometer; K&S4=parg-Mg model 2 barometer; P= Perchuk et al (1985).
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rim data
g-st-hbl-plag-q-fluid

T (CC)

sd (T)

P (kbar)

sd (P)

o fit

o fìt (max)

6'18

92

4.7

3.5

3.12

1.54

622

94

4.8

3.6

3.16

1.54

632

111

5

4.2

362
1.54

629
'109

5

4.2

3.63

1.54

630

106

5.1

4.1

3.52

1.54

643

117

55
4.4

3.72

1.54

644

110

5.5

4.2

3.62

1.54

642

114

49
4.5

3.59

1.54

641

111

4.8

4.4

3.52

1.54

x(H2O) '1.0 1.0 1.0 '1.0 1.0 1.0 1.0 '1.0 1.0

Average PT calculations

m¡neral rim data

assembl g-st-hbl-plag-q-fl uid

r (a)
sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

643

120

5.2

4.4

3.65

1.54

642

116

6

4.2

3.6

1.54

620

113

5.3

4.2

3.59

1.54

644

118

5.7

4.3

3.65

1.54

641

123

5.4

4.5

3.77

1.54

639

117

5.2

4.4

3.69

1.54

639

123

5.2

4.6

385
1.54

640

124
E'

4.6

3.85

1.54

643

124

4.9

4.9

3.69

154
x(H2O) 1.0 1.0 '1.0 1.0 1.0 10 1.0 1.0 1.0

Average PT calculations

mineral

assemblagr

rim data

without pargasite & tschermakite end members

r (a)
sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

616

42

4.8

1.7

1.44

1.73

620

38

4.9

1.5

1.29

1.73

631

35

5.1

1.4

1.15

1.73

627

40
À

1.5

1.32

1.73

629

37

5.2

1.4

1.24

1.73

644

44

5.6

1.7

1.4

1.73

643

38

5.6

1.5

127
1.73

641

41

5.4

1.7

1.33

1.73

639

42

5.4

t.l

1.34

1.73

x(H2O) 1.0 1.0 1.0 1.0 1.0 '1.0 1.0 '1.0 1.0

Table 6.4. Results of THERMOCALC average PT calculations using the complete assemblage of g-st-hbl-
plag-q-fluid. For 95% confidence (o fit) should be less than (o fit max). Both samples failed the étatisti-cal test.

Table 6.5. Results of THERMOCALC average PT calculations using the same data as above minus the
pargasite and tschermakite end memeberscomplete assemblage. For 95% confidence (o fit) should be
less than (o fit max). Both samples pass the statistical test. Temperature estimates are little
affected by the removal of the two end members, but pressure estimates increase slightly and errors
are significantly reduced.

Average PT calculations

mineral

assemblage

rim data

without pargasite & tschermakite end members

T (CC)

sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

644

40

5.3

1.5

1.23

1.73

643

32

6.2

1.2

0.83

1.73

620

31

5.4

1.2

046
1.73

646

33

5.9

1.2

1.01

1.73

643

33

5.5

1.2

1

1.73

639

32

5.3

1.2

0.88

1.73

641

32

5.4

1.2

0.99

173

640

34

5.3

13
1.07

1.73

640

46

5.3

1.7

1.42

1.73

x(H2O) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
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without pargasite & tschermakite end members

rim datamineral

assemblage

r (c)
sd (T)

P (kbar)

sd (P)

o fit

n fit lmaxl

639

34

5.6

1.4

1.1

161

634

33

5.5

1.4

1.1

161

629

33

5.5

1.4

1.09

1.61

624

32

5.5

1.4

1.09

1.61

638

35

5.5

1.5

1.14

1.61

633

34

5.5

1.4

1.13

1.6r

628

34

5.4

1.4

1.13

161

623

33

5.4

1.4

1.12

1.61

x(H20) 0.7 1.0 0.9 o.71.0 0.8 0.80.9

g-st-hbl-plag-q-fl u id

rim data

without pargasite & tschermakite
mineral

assemblage

r (a)

sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

648

62

5.8

2.5

1.86

1.54

642

61

5.7

2.5

1.85

1.54

637

60

5.7

2.5

1.85

1.54

632

59

5.6

2.5

1.84

1.54

644

33

6

1.4

0.92

1.61

638

32

6

1.3

0.92

1.61

633

32

5.9

1.3

0.9

1.61

628

31

5.9

1.3

0.9

1.61

1.0 0.9 0.70.8x(H20) 1.0 0.70.9 0.8

Ave P

x(H20) 610T('C) 590 600 620 630 640 650

0.9

o.7

1

0.8

5.1

1.73

0.9

1

4.1

1.13

1.3

1.73

4.7

0.96

1.1

1.73

5.5

0.92

0.9

1.73

5.8

0.92

1

1.73

P (kbar)

sd (P)

o fit

o fit (max)

4.4

1.3

1.2

1.73

5

0.91

1

1.73

5.2

0.92

1

1.73

5.7

0.91

0.9

1.73

6

0.92

1

1.73

P (kbar)

sd (P)

o fit

o fit (max)

4.2

1.07

1.2

1.73

4.5

0.98

1.1

1.73

4.8

0.92

1

1.73

5.4

0.91

0.9

1.73

4.7

0.93

1

1.73

5.3

0.92

0.9

1.73

5.5

0.93

0.9

1.73

5.8

0.94

1

1.73

6.1

0.97

1

1.73

P (kbar)

sd (P)

o fit

o fit (max)

5

0.91

1

1.73

4.4

1

1.1

1.73

4.8

0.9

1

1.73

5.1

0.9

1

1.73

5.7

o.92

0.9

1.73

P (kbar)

sd (P)

o fit

o fit (max)

6.2

1.1

1.1

1.73

4.5

0.96

1.1

1.73

5.4

0.92

0.9

1.73

6

0.94

1

1.73

Table 6.6. Results of THERMOCALC average
4 & 6.5.on the same data used for Tables 6

tn however tem erature estimates enerall

PT calculations test¡ng the effect of va x(Hzo)
Pressure estimates are l¡ttle affected

decrease with decreses i n H

Table 6.7.
temperature
at lower

The effect of vary¡ng X(H2O) on THERMOCALC average P calculations over a selected
range. lt appears that an imþure fluid composition may have stabilised the mineral assemblage
temperatures and higher pressures than calculated by thermobarometry.
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Ave P

H2 c) 590 600 610 620 630 640 650

1

0.9

0.8

o.7

P (kbar)

sd (P)

o fit

o fit (max)

4.6

1.17

1.2

1.73

4.9

1.06

1.1

1.73

5.1

1.01

1

1.73

5.4

1.O2

0.9

1.73

5.7

1.03

0.8

1.73

5.9

1.04

0.8

1.73

6.2

1.05

0.8

1.73

P (kbar)

sd (P)

o fit

o fit (max)

4.7

1.1

1.1

1.73

5

1

0.9

1.73

5.2

1

0.9

1.73

5.5

1.01

0.8

1.73

5.8

1.03

0.8

1.73

6

1.04

0.8

1.73

6.3

1.05

0.8

1.73

P (kbar)

sd (P)

o fit

o fit (max)

4.7

1.06

1.1

t./J

4.9

098

I

1.73

5.2

0.99

0.9

1.73

5.5

1

0.9

1.73

5.8
'1.01

08
1.73

6.1

'1.03

0.8

1.73

6.3

104

0.9

173

P (kbar)

sd (P)

o fit

o fit (max)

4.8

1.0'l

1.1

1.73

5

098

I

1.73

53
0.98

1

1.73

5.6

1

0.8

1.73

5.9

1.01

0.8

1.73

6.2

1.02

0.8

1.73

6.4

104

0.9

173

Values for the 'o fit' statistic and standard deviations
are lowest for pressure estimates calculated at an
assumed temperature range of 620oC-640oC, also
implying that the higher temperature estimates are
closer to actual values. Decreasing the X(HzO) of
the fluid phase results in significant increases in the
pressure estimates at arry given temperature, but also
produces sotrre accomparlying decreases in associated
errors and irnproving statistical fit parameters at
lower fixed tempelatures. Given that Fe-Mg
exchange thermometry (which is independent of a
fluid phase) places the temperature of lnetamorphisrn
at around 600oC, and decreasing tlre X(HzO) value
lowers tenperature estimates and raises pressure
estirnates calculated by THERMOCALC, it seems
plausible that the fluid phase has helped to stabilise
the existing mineral assemblage at lower T and
liigher P (i.e. further into the kyanite field) than
calculated. Thus although the fluid used here is a
simple linear rnixing of COz-HzO, these results imply
that tlie stability of the mineral assernblage may have
been influenced by the fluid composition.

6.3.4 Petrogenetic evidence for the P-T evolution
of metabasic schists from the Yambah Schist Zone

Due to the generally high variance tratltre of most
mafic amphibolite facies assemblages compared
with rnetapelitic rocks, most existing petrogenetic
grids have been developed for rnetapelitic rocks in
subsets of the chemical system MnCaKFMASH (e.g.

Carrington and Harley, 1995; Spear and Cheney,

Table 6.7. (continued. )

1989; Powell and Holland, 1990, Xu et al,7994,
Droop and Harte, 1995), and thus relatively few
petrogenetic grids exist for metabasites (e.g. Abbott,
1982, Frey etal,7997; V/ill etal, 1990). Fufthennore,
the existing rnafic grids rarely include aluminous
phases such as kyanite, sillimanite, staurolite
(exceptions are Froese and Hall, 1983; Spear and
Rumble, 1986; Amold et al, 1995; Arnold et al,
2000) and tend to concentrate ol.l discontinuous
reactions within the chosen chemical system rather
than addressing the continuous leactions which are
more applicable to most rocks. Arnold et al, (2000)
have produced a theoretical grid for aluminous mafic
rocks from equilibrium thermodynarnic calculations
carried out using the computer program
THERMOCALC (Powell and Holland, 1988) (see
Figure 6.17). The petrogenetic grid of Amold et al,
(2000) is aimed at determining phase relations in
kyar-rite- and staurolite- bearing arnphibolites and
the continuous reactions which influence them.

Mafic arnphibolites with staurolite and/or kyanite-
bearing assemblages have commonly been interpreted
as evidence of high pressure metamolphisrl (e.g.
Spear, 1982; Selverstone et al, 1984, Grew and
Sandiford, 1985; Helms et al, 1987; Ward,1984
Cooper, 1980) sirrce they generally occul in
arnpliibolite facies metamorphic terranes at pressures
greater than about 6 kbar. Calculated stability fields
for stauroIite and kyanite-bearing nrafic amphibolites
modelled in CaNaFMASH by Aniold et al, (2000)
support the interpretation of higher pressure genesis
for these rocks, indicating tliat these assemblages
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generally occur at pressures above 5.5 kbar (Figure
6.I7). These conditions correspond to common
Barrovian style metamorphism, thus the rarity of
these assemblages probably reflects a small window
of P-T-X space, with predominantly bulk
compositional factors (particularly Al and XFe
contents) controlling their stability (Arnold et al,
2000). As such staurolite and/or kyanite-bearing
mafic arnphibolites have rarely been used for
calculating rnetamorphic pressure and temperature
conditions beyond assefting the interpretation of a
high pressure environment. The petrogenetic grid
ofArnold et al (2000) is therefore particularly useful
as it explores the phase equilibria relating to these
locks and demonstrates the sensitivity of the stable
staurolite and/or kyanite-bearing assemblages to
srnall bulk cornpositional variations in Al and Fe
content. Thus although such assemblages are
relatively rare, the advent of the Arrold et al, (2000)
petrogenetic grid enables them to be used to rnore
thoroughly constrain the arnbient conditions of
metamorphism.

The st-g-hbl-plag-q assemblages from the Yambah
Scliist Zone are trivariant within the NaCaFMASH

10

I

I

7

6

4

chemical system. While they do not preserye textural
evidence consistent with crossing any of the
univariant reactions on the petrogenetic grid (see
Figure 6.17), the reaction textures noted above in
section 6.2.1 suggest that staurolite has been present
in some samples prior to the growth of garnet, and
that these rocks underwent the reaction:

hornblende * staurolite+
garnet + plagioclase + quartz (6.1)

This reaction suggests that the Yambah rnafic
arnphibolites moved up temperature through a
quadrivariant st-hbl-plag-q field into a trivariant st-
g-hbl-plag-q field (e.g. Figure 6.18) and then must
have undergone cooling and decompression to exist
at the current surface. The lack of any apparent
retrogressive phases lirnits investigation of the
exhumation path taken by these rocks. However it
is obvious from the local presence of relatively late
stage sillirnanite overprinting kyanite in adjacent
rnetapelites, that the rocks underwent a broadly
clockwise P-T evolution.
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increasing anorthite content in plagioclase. (AfterArnold et al, 2000.)
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metamorphic history of the Yambah mafic
amphibolites using a pseudosection constructed for
the staurolite-bearing samples. Representative bulk
compositions were derived using electron microprobe
analyses of the minerals and point counting to
establish modal proportions. While these calculated
bulk compositions fell within the range of
compositions suitable for crystallisation of aluminous
phases in mafic rocks as discussed by Arnold et al,
(2000), the resultant pseudosections (e.g Figure
6.19 c) either did not stabilise a staurolite-gamet
trivariant field or placed the staurolite-gamet trivariant
at considerably lower pressures (well below that of
the kyanite-sillimanite univariant) than expected,
given the presence ofstaurolite in these rocks and
kyanite in the adjacent lithologies. Furthermore
although calculated modal proportions of the minerals
were similar to those in the actual rocks, calculated
mineral chemistries differed significantly.

After calculating a number of pseudosections over
a raîge of bulk compositions, it became apparent
that the amount of sodium in the bulk composition
was a critical factor in stabilising the position of the
relevant staurolite-garnet trivariant field. To
investigate this observation further, bulk sodium
contents were varied with the other cations (Al, Fe,

10

4

Mg, Ca) being recalculated to maintain their relative
ratios @igures 6.19 a-d). Increasing the bulk sodium
content resulted in staurolite being stabilised at higher
(and more geologically reasonable) pressures,
approaching those calculated by Amold et al, (2000).
However while calculated modal proportions of
minerals were not unduly affected by varying the
bulk sodium content, calculated mineral chemistries
þarticularly of hornblende and plagioclase) were
aflected and no longer approached that ofthe actual
minerals in the rocks. It was found that in bulk
compositions with Na less than about 4 mol %o,the
staurolite-garnet trivariant field would inevitably
plot below the kyanite-sillimanite univariant and
move up the temperature axis toward higher
temperatures, regardless of the relative proportions
of Al:Mg:Fe:Ca. As the mafic amphibolites from
Yambah tend to have bulk sodium contents of about
2 mol%o, (c.f. the average mafic bulk composition
used by Arnold et al, (2000) with Na >5 mol %) the
resultant pseudosections always produced staurolite-
bearing assemblages at unreasonably low pressures
and elevated temperatures.

In general terms, the addition of sodium to the bulk
composition results in the calculated anorthite content
of plagioclase declining from about An 0.85 - 0.70 to
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Figure 6.18. P-T pseudosection for a moderately aluminous amphibolite calculated for a
bulk composition.of.A:C:M:F:N = 26: 26.73: 20.87:20.87:5.53. (After Arnold et al, 2000).
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Chapter 6 Metamorp h is nt of Metab as ites

about An 0.35 and 0.50, while calculated hornblende
becomes more Ca enriched and Na depleted.
Coincidentally calculated XFe ratios increase slightly
in Fe-bearing phases, by up to l0%. Therefore the
arnount of sodiurn present appears to be preferentially
partitioned ducing the
proportion producing
a flow-orr e of calcium
between all other calcium-bearing phases. This
consequently affects calcu lated mineral chemi stry,
but the topology ofthe pseudosection and calculated
rnodal proportions of stable minerals remailrs
essentially unaffected. This observation suggests
that either the plagioclase of the Yambah metabasic
rocks is anomalously calcic or the thermodynarnic
data and activity composition relations used to model
hornblende and plagioclase do not adequately model
actual minerals in bulk cornpositional ranges
appropriate to rnafic amphibolites in the Yarnbah
Schist Zone.

A review of the literature denronstrates that
plagioclase chemistry varies widely in mafic
amphibolites (Table 6.8). While plagloclase generally
becomes ir-rcreasingly anorthitic with increasing
metarnolphic grade and can display some systematic
relationships with coexisting hornblende chemistry
(Laird, 1980; Spear, 1980; Spear, l98l), solid-
solutions in botl-r minerals are non-ideal and are
apparently influenced by associated mineral and
whole rock compositions. Plagioclase solid solutions
are complicated by the peristerite, Huttenlocher and

Bøggild miscibility gaps and, of particular irnpoftance
in arnphibolite facies metabasites, tlie Voll gap
between -4n46-An9g. In many staurolite-bearir-rg
metabasites, plagioclase tends to be either moderately
anorthitic (-An :o - oo) (e.g. Sharma and McRae,
I 98 I ; Stout, 197 2; Spear, 797 7 ; Spear, 1 97 8 ; Speaq
1980) or predominantly anorthitic (-Anzo to >Angg)
(e.g. Gibson,1979; Ward, 1984; Schurnacher and
Robinson, 1987; Hehns et al, 1987), reflecting the
influence ofthe Voll gap. The distribution coeffrcient
(Ko) for the partitioning of Ca ar-rd Na between
plagioclase and hornblende ir these rocks is extremely
variable (see Table 6.8) with albitic plagioclase
producing low Ko values, and anorthitic plagioclase
resulting in KD values an order of rnagnitude higlier.
Although tlie rnafic arnphibolites tabulated in table
6.8 are estimated to have experienced similar
ternperature conditions, the wide range in KD values
in these rocks indicate that the Ko is not independent
of mineral cornposition, suggesting that tlie
distribution of Na-Ca between hornblende and
plagioclase in the rocks is highly non-ideal, consistent
with tlie observations made in rnore commolì
staurolite-absent mafic arnphibolites. Thus while
the Yambali plagioclases are particularly anoftl-ritic,
they are not unusually so.

In the Arnold et al, (2000) petrogenetic grid, sodiun
is contained solely within plagioclase and hornblende,
and in real rocks the Na-Ca ratio between hornblencle
ar-rd plagioclase is sensitive to bulk composition and
controls the resultant chernistry of these phases.

Selverstone

Z3M

Z3N

FH 1M

FH 1P

Helms

L '100

L 112d

L 112n

L75

Humphries

kdh 5-105

g5b

va 12a

Arnold

hr 91-8

853-1 6

85-72

950-077

0.33

0.295

0 325

0.334

0.89

0.961

0.956

0.661

o.297

0.459

0.412

0.89

0.61

0.83

0.36

0.687

0.719

0.671

0.69

o.102

0.033

0.056

0.334

0.704

0.55

0.588

0.07

0.36

0.13

0.29

1.66

1.648

1.593

'1.639

1.585

1.665

1 .618

1.551

'1.66

I 645

1.58

'1.6'1

1.75

1.66
'1.58

0 182

0.1 95

0.253

0.209

0.093

0.05

0.067

o.152

0.18

0.1 89

0.223

0.27

0.21

0.28

0.39

0.053

0.049

o.o77

0.062

o.512

0.875

0.707

0.1 94

0 046

0.096

0.099

2.132

0.203

1.077

0.306

o.324

o.291

0.326

0.326

0.897

0.967

0.945

0.664

o.297

0.455

0.412

0.927

0.629

0.865

0.554

500-600

540-620

600-625

570-710

Table 6.8. Summary of varation in the chemistry of plagioclase in mafic amphibolites from a range
of localities. Abbrev: Selverstone = Selverstone et al (1984); Helms = Helms et al ('1987);
Humphries = Humphries (1993);Arnold = Arnold et al, 2000.
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Thus it seems plausible that the influence of bulk
sodium on stabilising the position of di- and
trivariant fields within the calculated pseudosections
relates to uncertainties within the existing
thermodynamic data and our understanding of the
complexities and fundamental uncertainties of
activity-composition relations between homblende
and plagioclase (e.g. Spear, l9B0; Spear, 1981;
Holland and Powell, I992;Will and Powell, 1992;
Holland and Blundy,1994). The stability and
positioning of fields within the calculated
pseudosections is also a function of the necessarily
limited selection of phases and their endmembers
included in the petrogenetic grid. In natural
assemblages orlhoamphibole is also sodium-bearing
and the addition of an ofho-edenite end member
would stabilise calculated orlhoamphibole-bearing
fields, expanding them up pressure, and widening
them along the temperature axis. The addition of
other potentially stable phases such as ortho- and
clino-pyroxenes and cummingtonite would fuilher
affect the location ofthe current field stabilities
parlicularly at higher T and P.

The influence of bulk sodium on stabilising the
position of the staurolite-garnet trivariant field in
the calculated pseudosections is unfortunate since
no quantitative estimates of actual pressure-
temperature conditions can be made. Regardless
of this limitation however, it appears that topological
relationships are little affected. In all the calculated
pseudosections produced, the inferred P-T path of
the Yambah metabasites is through the st-hbl-plag-
9-H2O quadrivariant into the st-g-hbl-plag-q-HzO
trivariant, and then into the g-hbl-plag-q-Hto
quadrivariant. This path is consistent wäh
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Figure 6.21. lsopleths of X(Fe) in garnet in the st-g
trivariant field. Pseudosection (a) is equivalent to
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and (d) in Figure 6.19 respectively. Note that X(Fe) isopleths
are oriented sub-parallel to the pressure axis such
that an up-temperature path will tend to grow gamet with
a decreasing X(Fe) ratio.
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increasing temperature, and is supported by modal
proportion data which indicates that the growth of
gamet at the expense of staurolite through the st-
g-hbl-plag-q-H2O trivariant field is achieved via
an up-temperature path (Figure 6.20). In addition,
any up-temperahrre path, regardless of whether the
rock moves isobarically, up or down pressure will
result in a path either parallel to XFe isopleths or
in decreasing the XFe ratio in garnet (Figure 6.21),
consistent with the garnet zonation profiles
discussed in section 6.3.L2. Thus the available
pseudosection data, while not quantitatively reliable,
indicates that the metabasites in the Yambah Schist
Zone have experienced up-temperature
metamorphism, probably associated with
decompression through P-T space.

6.4 Conclusions

In the Yambah Schist Zone metapelitic rocks consist
of high variance assemblages which are ineffective
for geothermobarometry and petrogenetic
investigations. Adjacent interlayered metabasites
locally contain hbl-plag-q+g, but some examples
contain the relatively rare assemblage st-hbl-plag-
q+g and record informative reaction textures
resulting from the growth of garnet at the expense
of staurolite. As such, these lower variance
metabasic schists are more appropriate for studying
the ambient metamorphìc environment during the
ASO. Chemical zonation patterns in gamets from
the metabasites show small changes across
individual grains which are interpreted as resulting
from the growth of garnet during prograde
metamorphism. Temperature estimates from
geothermobarometry are slightly lower than those
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fromAverage PT calculations using TIIERMOCALC
(Powell and Holland, 1988; Holland and Powell,
1990) however there is reasonable agreement for
peak temperahres of -600-640oC. Pressure estimates
from cation exchange geobarometry are generally
unreasonably low ranging between 2-3.5 kbar, while
those obtained from THERMOCALC are more
reasonable at- 5-6 kbar. Manipulation ofthe X(H2O)
of the fluid phase indicated that pressure estimates
arevery sensitive to chemical variations in the fluid,

Based on the petrogenetic grid ofAmold et al, (2000),
pseudosections for appropriate metabasic bulk
compositions were calculated to investigate the
significance of the staurolite breakdown textures.
However it was foun
fields appropriate
contained within th
sillimanite stability field or straddle the kyanite-
sillimanite univariant at unreasonably low pressures.
These calculations are at odds with the ubiquitous
presence of kyanite in the surrounding ASO
metapelites. Further assessment indicates that the
position ofthe appropriate tri- and quadrivariant
fields in P-T space is directly linked to the amount
of sodium present in the bulk composition used to
calculate the pseudosections. This may reflect
inadequacies in the activity-composition relations
used to model cation exchange between homblende
and plagioclase. As a result, the quantitative position
of the fields in P-T space and calculated chemistry
of these phases may not be directly applicable to the
natural assemblages at Yambah. While varying the
bulk sodium content effects the position of fields
within P-T space, it appears to have little effect upon
topological relationships. The pseudosections, in
conjunction with textural information, indicate that
the rocks from the Yambah Schist Zonehave moved
along an up temperature path in P-T space from the

Sm-Nd dating of the Yambah metabasites indicate
that they experienced peak metamorphism at about
380 Ma while undertaking a clockwise trajectory in
P-T space. The age of this metamorphism contrasts
with the prograde metamorphism (600-640oC and
6 kbar) recorded for the Piruracles Bore and Winnecke
regions at about 320Ma. Thus it appears that there
are at leas
during th
Complex,
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Chapter 7

FLUID FLOW METASOMATISMAND STABLE
ISOTOPE ALTERAIION IN ASO SHEAR ZONES

7.1 Introduction

Mid-crustal ductile shear zones are zones of pervasive
rnineralogical, chemical ar,d isotopic alteration,
which can extend over large distances. Such large-
scale alteration is not adequately explained by
diffusive mass transfer (Dipple and Ferry, 1992a;
Fletcher and Hofinann,7974; Bickle and McKenzie,
1987; Etheridge et al,1984; Rumble, 1989), and
thus shear zones must act as conduits for the
movement of large volumes of fluid. h-rdeed, the
close relationship between the distribution of shear
zones and zones of metasomatism suggests that the
progressiorr of metamorphic reactions, deformation
and fluid flow are contemporaneous and self
perpetuating processes (Beach, 1980; Etheridge et
al, 1983; McCaig, 1984; Fourcade et al, 1989; Oliver
et al, 1990; Oliver, 1996; McCaig, l99l).

The Strangways Metamorphic Cornplex is an
excellent locality to explore fluid-rock interactions
that occurred during the ASO, as it is a Proterozoic
granulite facies terrain cut by a large number of
anastomosing Palaeozoic amphibolite facies shear
zorÌes. The shear zones contain hydrous arnphibolite
facies assemblages, irnplying the localised infiltration
of a water-rich fluid along tl-re shear zones during
deformation associated with the ASO.
Geothennobarometry and petrogenetic evidence (see
Chapters 4, 5 &.6) suggest that tl.rese amphibolite
facies assemblages developed at peak conditions of
about 600-640oC and 6-7 kbars (-20 krn depth in
the crust). Mineralogical differences between the
granulites and the shear zone rocks, such as the
growth of potassic phases in metabasic shear zoue
rocks, and the cornfiroll occurrence of kyanite-rich
veins, also suggest that some changes in whole-rock
geochemistry may have occurred. Therefore, an
important aspect of understanding the metamorphic
environment in which these Palaeozoic assemblages
grew includes an investigation of the source and
transport environrnent of the fluid which facilitated
mineral recrystallisation in these shear zones.

In many instances, fluids penneating shear zones in
response to regional metamorphism have been
derived from devolatilisation of a local rock mass
during prograde metamorphisln, a process which is
capable of producing large volumes of fluid (Connelly
and Tlrompson, 1989; Grahanr et a1,1997; Marquer
and Burkhard, 1992), or from magmatic waters
derived from the intrusion of syn-metamorphic
igneous bodies (Burnham, 1979; Fleck and Criss,
1985; Kerrich, 1988). Environments in which
subduction, thrusting or nappe stacking have occurred

are particularly amenable to the production of large
volumes of metamorphic fluids, which are derived
from the underlying sequences as they are heated
through burial and the emplacement of the overlying
thrust sheets. Fluid movernent in these systems is
often mediated by an interconnected network of
ductile faults, effectively channelling fluid flow
through the rock mass via perrneability contrasts,
leading to metasomatism of the hangingwall rocks
(Olivea 1996; McCaig,1997). This scenario is often
invoked to explain sources and transport mechanisms
for fluid circulation in high grade terrains (e.g. Lobato
et al, 1983; Jamtveit et al, 1990; Selverstone et al,
l99l; Crespo-Blanc et al, 1995; Marquer ar-rd

Burkhard, 1992). However a growing body of
evidence suggests that meteoric fluids are also able
to infiltrate to significant depths in the crust, or may
be recycled without flowing from surface to depth
(e.g. dehydration of earlier hydrothermally altered
rocks) (Wickham and Taylo¡ 1985; Sheppard, 1986;
McCaig et al, 1990; Frost and Bucher, 1994;
Morrison, 1994; Cartwright and Buick, 1999). A
significant problem arises however when considering
retrograde shear zones in relatively anhydrous
granulite facies terrains, particularly in the absence
of intrusive bodies. In tl-ris scenario a water-rich
fluid must have been able to access the rocks in
order to facilitate the recrystallisation of granulite
facies assemblages to lower grade hydrous
assemblages. The fluid is unlikely to have been
generated in large alnounts from the surrounding
granulites, particularly in the absence of melt
generation, implying tl-re influx of an exotic fluid to
enable retrograde recrystall isation. This conundrnm
is exacerbated in the Strangways Metamorphic
Complex since the terrain experienced granulite
facies metamorphisrn during the Proterozoic, but the
shear zones experienced prograde arnphibolite facies
metarnorphism during the Palaeozoic. Thus wliile
the shear zones are lower grade (i.e. 'retrograde')
with respect to the surrounding granulite country
rocks, they are not related to the retrograde patli of
the Proterozoic granulite facies event.

Characterisation of the infiltrating fluid and the
manner in which it interacted with the shear zone
rocks can be examined using whole-rock
geochernistry and stable isotope analysis. Stable
isotopes can be quite robust to resetting, and whole-
rock stable isotope signatures rnay only reset after
interaction with a significant fluid flux (e.g. Hoernes
and Hoffer, 1995; Jiang et al, 1988; Cartwright et
al, 1993; Farquhar et al, 1996). In addition, fluid
interaction may also affect the bulk composition of
a host rock via the mass transfer of major and trace

95



Fluid FlowChapter 7

elements. Therefore the largest shifts in isotopic
signatures are likely to be in shear zone rocks which
aré mineralogically distinct from their precursor.

Yarnbah schist Zone) underwent prograde
rnetarnorphism at about 380 - 400 Ma, while shear

were both selected for reconnaissallce stable isotope
studies in order to assess the fluid flow regimes
which existed during these two periods of prograde
metamorphism.

7.2 Shear Zones descriptions and sampling
strategy

Sarnples were selected from the major rocktypes
presènt adjacent to and witl-rin the Yambah Schist
Zone and the Erontorrga Shear Zone, including
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Figure 7.1. Simplified geology of the Yambah Schist Zone , indicating locations of the northern and
eastern sch¡st zones and the traverse used for sampling (adapted from Windrim, 1983).
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mafic, quartzofeldspathic and aluminous metapelitic
gneisses and schists. Although there are marbles
and calc silicates scattered throughout the Strangways
Metamorphic Complex, there are few associated
with the metapelites and metabasites used for
calculating metamorphic conditions in the selected
shear zones. Therefore, carbon isotope studies were
not able to be performed in conjunction with oxygen
isotope studies. Unfortunately contacts between the
Yambah and Erontonga Shear Zones and their
unaffected granulite facies host rock are commonly
obscured by scree or do not crop out, and the Yambah
Schist Zone in particular has quite difffuse
boundaries. The shear zones are generally oriented
parallel to sub-parallel to lithological contacts and
fabrics in the surrounding granulites, and contain
metabasic, metapelitic and felsic schists interlayered
on the metre to ten metre scale. As a result, the
individual schist units can rarely be traced into
unaffected precursor granulite and thus the specific
precursors to the sheared and metasomatised rocks
are often unknown.

7.2.1 The Yambah Schist Zone

In the Yambah Schist Zone there are two distinct
areas of outcropping schists (termed the northern
and eastern zones), which are spatially separated by
aî area of obscuring alluvium (Figure 7.1). The
shear zone rocks are derived from adjacent
interlayered mafrc, ultramafic, felsic and metapelitic
granulites of the Strangways Metamorphic Complex
(SMC). However, contacts between the granulites
and the shear zone do not outcrop and the diffuse
nature of the shear zone further hinders systematic
sampling in a measured traverse. The granulites are
laterally heterogeneous with individual units
commonly measuring less than 10 metres in width.
Rocks within the shear zone are also heterogeneously
distributed with mafic, felsic and metapelitic schists
interlayered on a 5-10 metre scale. The mafic
granulites are generally medium to coarse grained
gneissic rocks with a granoblastic polygonal texture.
Assemblages in the mafic granulites consist of plag
+ opx * cpx + mag + i1¡¡ + (hbl, bi, all, q). Felsic
granulites are generally medium to coarse-grained
gneissic rocks composed of q + plag * opx + bi +
ilm I mag t (ksp, g,ap), while the more aluminous
metapelitic granulites have q + opx * cd a bi + ilm
+ mag + (g, ksp, plag, sill, ap) assemblages.

In the field at Yambah, a metasomatic influence is
implied by the growth of biotite and kyanite in the
mafic schists, as well as the presence of quartz-
þanite pods within the schist zones. ln both zones,
biotite is the more cornmon mica, however in the
northem zone muscovite is less common than in the
eastem zone, where it is a major phase in the rocks.
In addition, the eastern zone is marked by small
isolated lenses of very coarse-grained biotite-þanite-
rich and hornblende-þanite-rich schists, and almost
monomineralic pods of very coarse-grained þanite
and quartz. Mafic amphibolites in the shear zones
are commonly foliated hbl + plag t (q, ep, chl, bi,
sph, rut) + mag + ilm-bearing rocks.
Quartzofeldspathic rocks are generally well-foliated

\ Lithological Boundary \-- Road

) - Fault :":: ' Discrete Shear Zone

- 
ureeÁEeo I nnraraGnetss

¡ã:[".tln'oÎf n.""n"hist@*Ë'ffßtì¡:?:"..-sschisrs

Figure 7.2. Simplified geology of the Winnecke
area indicating the location of the Erontonga
Shear Zone (adapted from Emslie, 1996).

HC-TMBSZ
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plag + q + bi t (mu, ksp, mag) + ilm + ap schists.
The metapelitic schists are more aluminous having
ky + bi + st+ plag + q t (g, sill, mu, chl) assemblages.
A more detailed description of the mineralogy of
some of the Yarnbah schists is given in section 6.2.1
and Appendix 1.25. As the eastern schist zone
appears to be more affected by metasomatism,
sarnpling was concentrated here.

7 .2.2 The Erontonga Shear Zone

Tlre Erontonga Shear Zone in the Winnecke area is
smaller than the Yambah Schist Zone with a total
outcropping width of about 50 metres (Figure 7.2).
It also contains interlayered rnafic, metapelitic and
felsic schists but generally appears to have less
voluminous growth of coarse micas and the other
unnsual metasomatic assemblages seeu at Yarnbah
including the monomineralic pods. The shear zone
is oriented parallel to lithological layering and
deforrnation fabrics observed in the adjacent
granulites and contacts between the shear zone aud
surroundilrg rocks are obscured by scree and
alluvium. Therefore, the original unsheared granulite
equivalents of individual schist layers are not
identifiable, but the schists are clearly derived from
granulites of the Erontonga Metamorphics suite.
Mafic granulites of the Erontonga Metarnorphics
are generally rnedium to coarse grained gneisses
consisting of plag * opx * cpx + mag + ¡¡1 + (hbl,
bi, q, sp) assemblages. Felsic granulites are also
generally medium to coarse-grained gneisses with
q t opx + bi + ilm + rnag t (plag, ksp, g, ap, zr)
assemblages, and rnetapelitic granulites have q +
opx + cd + bi + ihn * mag + (g, ksp, plag, sill, ap,
sp) assernblages. Mahc arnphibolites from the shear
zone contain hbl + plag + q t (g, cz, ap) assemblages,
while felsic shear zone rocks contain bi + q + (rnu,
ky, fsp, ap) and metapelitic schists contain bi + q t
rnu, ky, g, st, fsp, ap) assemblages.

7.3 Stable Isotope Geochemistry

The interaction of CO2- and H2O-rich fluids with
rocks comrnonly results in the growth of new mineral
assemblages, rnetasornatic mass transfer and the
parlial or total rehomogenisation of stable isotope
valnes. On a centimetre to metre scale isotopic
resetting rnay be mediated by advectiori or dispersion,
but for resetting on a greater scale advection is
required (e.g. Rurnble, 1989; Feny and Dipple, 1991;
Dipple and Ferry, 1992a; Cartwright and Buick,
1995). In the case ofoxygen isotopes, the direction
arrd magnitude of isotopic alteration in the ropks (i.e.
either relative enrichment or depletiorr in rðO) carr
provide information on the source of the infiltrating
fluid, the flow direction with respect to the ambient
thermal gradient and the time-integrated fluid flux
(e.g. McCaig et al, 1990; Baurngaftner and Ferry,
1991; Dipple and Ferry, 1992 a & b; Van Haren et
al, 1996;' Cartwright and Buick, 1999). Since the
exchange of oxygen isotopes between a fluid and
rock is temperature sensitive, the analysis of oxygen
isotope ratios in coexisting minerals can also be used
for geothermometry and to determine tl-re degree of

equilibration and the scale over which isotopic
equilibration has occurred (Valley, 1986; Gregory,
1990; Matthews, 1994; Zheng,l993a). Thus stable
isotopes are a useful source of information for
investigating metamorphic P-T:Xnuid regimes and
hence the tectono-metamorphic histories of orogenic
belts.

7.3.1 Methodology

'Whole rock samples for stable isotope analyses are
powders derived from the crushing of -3-5 kg of
material, while pure mineral samples were separated
from coarsely crushed and sieved hand specimens
using a Franz Isodynarnic separator and by hand
picking. Stable isotope ratios were measured at
Monash University on a Finnigan MAT 252 mass
spectrometer, and were analysed following the
method of Clayton and Mayeda (1963) but using
chlorine trifluoride (ClF3) as the oxidising reagent.
Oxygen isotope values are expressed in conventional
'delta' (ô) notation relative to V-SMOW. Intemal
and international standards analysed during the same
period as the study sarnples returned values witl-rin
0.,2.%o of their accepted values. The long tenn average
ô'oO value for the NBS28 quartz standard at the
Monash laboratory is 9.55 + 0.11%o. Errors on
individual analyses are within t 0.2o/oo.

7.3.2 Results from the Yambah Shear Zone

Granulites from the Strangways Metamorphic
Complg¡ in the vicinity of the Yambah Schist Zone
have ôröO values ranging between about 2.8%o and
6.20/oo (Table 7 .l and Figure 7 .3; n=23). The rnafic
granulites have a large spread of values but tend to
have the lowest average value at about 4.3o/oq wbile
the felsic granulites have a smaller range of between
4.5%o and 6.2o/oobut a slightly larger average value
of around 5%0. Mafìc arnohibolites from the Yambah
Shear Zone also have wid'ely distributed ôl80 values,
ranging between about 4o/oo and 9.3%o (n:11).
Although values in the mafic amphibolites car.r

overlap with the upper ranges ofthe mafic granulitps,
the data does suggest a trend toward higher ðrðO
values witlr an average shift of about *2o/oo and a
maxitnum shift of aboutl5o/oo. In comparison, felsic
schists from the shear zone have a very large spread
of values ranging frotn 4.5o/oo to ll.9%o (n:9),
suggesting average increases of only around *1 .60/oo

but maximum shifts of up to *6.90/oo (Freure 7.3).
Figure 7.4 shows the trend ioward highei ôffiO valués
in the shear zone rocks more clearly. In this figure
values are plotted as a transect frorn pristine granulites
of the Strangways Metarnorphic Cornplex (SMC)
into and across the shear zone. The sranulites
adjacent to the shear zone have ôlSO"values of
between 3%o and 5%o and, while some of the shear
zone rocks have equivalent values, most are higher.
The largest shifts are found in very coarse-grained
staurol ite-biotite-mu scov ite schists and horn blende-
biotite-kyanite schists (e.g. YS30, YS3l, YS19).
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g-chl schist
g-st-bearing amphibolite

g-bearing amphibolite

hbl-plag-q amphibolite

g-bearing amphibolite
g-chl schist

hbl-plag-q amphibolite

hbl-plag-q amphibolite

g-st-bearing amphibolite

g-bearing amphibolite

g-st-bearing amphibolite

ky blow w/in hbl-bi-ky schisl

hbl-bi-ky schist

retrogressed ultramafic

retroq ressed u ltramafic

4

7.1

6.1

6.7

6.6

4.8

6.4

6.6

7.1

5.9

6.6

6.9

9.3

5.6

4.9

Mafic schists

YSlO

YS148

YS149

YB32

YB33

YS145

YB1

YB2
YB3

YB4

YB15

YB2O

YB22

YB24

Y825

7.5

7.2

2.9 3.5

4.7

5

2.92

2.9

2.73

3.1

Felsic schists

bi-rich schist

ky-rich micaschist

micaschist

micaschist

micaschist

stky schist

micaschist

micaschist

st-ky schist

bi-rich schist

bi ky fsp q schist

ky-rich micaschist

bi mu ky schist

bi mu ky schist

st-ky schist

ky bearing micaschist

micaschist w very coarse st

micaschist w very coarse st

coarse bi ky schist
(subcrop) bi-rich schist

v coarse micaschist

micaschist
quartzofeldspathic sch ist

kv bearinq micaschist

8.7

7.2

9.1

11.9

7.1

4.2

4.8

5.3

6.5

4.5

5.3

4.5

5.9

7.8

4.6

5.9

7.1

5.6

YB8

YBI9
YB30

YB31

A1

418
A'22

490

499
p.128

YS2

YS8

YS11

YS11A

YS146

YS146A

YS150

YS151

YBl B

YB6

YB7

YB27

YB28

YB29

9.5

8.7

10.1

10.7

8.7

10.2

13.2

6.9

6.6

6.3

5.5

6.4

5.8

1.5

5.1

7.7

-0.1

4.2

-0.4

4.3

6.2

7

11

2.69

3.04

3.02

3.07

2.86

2.96

2.88

2.4

3.02

.ò L:o"(

w*5¡I

'')/¡ ':Ï
/ -. {t¿7

Table 7.1. Summary of 618O data from whole rock and pure mineral separates from selected rock
samples from the Yambah Schist Zone.
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Granulites

YBlO

4129

YB11

YB13

Y814
YB21

35895

39227a

39575

35924

35889

39573

YB9

39922

39227b

39226

35925

35890

35847

35926

39959

39949

35901

felsic granulite

felsic granulite

felsic granulite

felsic granulite

felsic granulite

ultramafic granulite
felsic granulite

felsic granulite

felsic granulite

felsic granulite

metapelitic granulite

metapelitic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic qranulite

4.7

4.5

5

3.5

4.7

4.8

5.2

5.8

4.7

6.2

3.7

2.8

3.3

4

4.2

4.3

4.6

4.9

5.2

5.3

5.4

4.7 5.9

5.1 0

2.2

2.5

3.12

2.57

2.74

2.8

3.11

!:1
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12

10

I
6
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Table 7.1 (continued).

Whole-rock ð180 data for the Yambah Schist Zone

Rock Type

7.3. Variation in whole-rock ô180 values in different rock types from the Yambah Schist Zone.
W&B = Wilson & Baski, (1983).

Figure
Abbrev

8
I

o

o

E

tr
tr

o

o
e

I
o

Granulite precursors

O mafic granulite (W&B)

a mafic granulite (current)

felsic granulite (W&B)

Shear Zone rocks

I felsic schist (current)

o metabasic schist (current)
o metapelitic schist (current)

a retrogressed ultramafic (current)
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Distribution of ô180 values in the Yambah Schist Zone
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Figure 7.4. Distibution of
stable isotope values
within the Yambah Schist
Zone compared to values
of adjacent granulite
facies country rock.
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7.3.3 Results from the Erontonga Shear Zone

Granulites in the Erontonga Metamorphics have a
similar range of ôl80 valuãs to the SMC granulites
with most mafic and felsic granulites ranging between
about2%o and Jo/oo (Table 7 .2 and Figure 7.5). Mafic
granulites have an uì".ug" ôl80 valuË of about 3.60/oo,

felsic granulites l-rave all average of about 5.lo/oo and
metapelitic granulites have an average of about 3.8o/oo.

Rocks from within the selected shear zone tend to
have higher ôl80 values thar the granulites, ranging
between about 8%o and l2%o with an average value

of about 9.9o/oo. These figures indicate average
isotopic shifts in the mafic rocks of about t 5.'7%o,
average slrifts in the felsic rocks of about 4.60/oo, and
average shifts in the metapelitic rocks of about
-16.3%o, however maximum isotopic shifts are on
the order of about +7%o (see Figures 7 .5 & 7 .6). As
noted in the Yambah Shear Zone, the largest isotopic
shifts in the Winnecke Shear Zone are present in the
mic4çeous shear zone rocks. Thus general trends
in õ'oO data froln the Winnecke Shear Zone are
similar to those noted in the Yarnbah data.
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14
Whole-rock ô180 data for the Erontonga Shear Zone
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. metapelitic schist (current)

¡ quartzofeldspathic schist (current)

Figure 7.5. Variation in oxygen isotope values in rocks from the Erontonga Shear Zone area
Abbrev:W&B + Wilson and Baksi, (1983).
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Granulite precursors Shear Zone
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7.3.4 Mineral Fractionations

Figure 7.6. Distibution of
oxygen isotope values
within the Erontonga Shear
Zone compared to values
of adjacent granulite
facies country rock.

A ô-õ graph (Gregory, 1990; Gregory and Criss,
1986; Criss et al, 1987) for quartz-biotite pairs (Figure
7.8) frorn the Yarnbah Schist Zone shows that
fraótionation between quartz and biotite 1i.e. ôl80
q-bi values) are variable, with samples plotting in a
scattered aruay across the 400oC to 700oC isotherms.
Assuming that the mineral separates were pure and
did not contain any contaminants, that the individual
minerals separated for analysis were not isotopically

1989). During cooling along a retrograde path, some
minerals (particularly feldspars) commonly continue
to re-equilibrate with incoming fluids while minerals
tnore resistant to isotopic exchange at low
temperatures (e.9. quartz) undergo no or limited
isotopic exchange (Gregory and Criss, 1986; Fourcade

The extent of equilibrium achieved between a rock
mass and an introduced homogeneous fluid can be
investigated by cornparing the degre,e"of homogeneity
in the whole-rock and mineral ô'oO values from
different fluid-affected rock types. Any given mineral
having equilibrated with a homogeneous.fluid at a
given"temperature, will have the"same ôl80 value
independent ofthe type ofrock it occurs in (Faure,
1986; Rumble, 1982). Thus all quartz grains (for
example) regardless of whether they occur in a
rnetapelitic, fel,sjc or rnafic schist, sllould have
hornogeneous ôtoO values if they have cornpletely
re-equilibrated with the same homogeneous fluid
under the same conditions. Sirnilarly, the overall
effect of the interaction of a pervasive homogeneous
fluid with a variety of lithologies will be to minimise
chemical differences within and between those rock
nnits.

10

O mafic granulite

o felsic granulite

A metapelitic granulite

X mafic amphibolite

r metapelitic schist

o felsic schist

Figure 7.7. A A q-bi plot
for schists from the Yambah
Schist Zone. lf isotopic equili-
brium had been maintained
between these minerals then
individual fractionation values
might vary but would tend to
lie along an isotherm. ln this
case the values are scattered
across an array of isotherms
arguing that isotopic equilibrium
can not be assumed.
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Sample Description
õ1t o
values

density
(kg/m3)

Mafic amphibolites

WK55

WK56

layered mafic gneiss

micaceous amphibolite

Metapelitic schists

WK57

WK58

WK59

WKS9a

WK61

micaschist

st-g micaschist

stg micaschist

st-g micaschist

micaschist

Felsic schists

WK6O

WK62

bi-q-fsp schist

bi-q-fsp schist

Mafic granulites

39495

39476

39375

39559

39560

39556

39505

39504

39562

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

mafic granulite

felsic granulites

37442

37440

37487

Siliceous granulite

Siliceous granulite

Siliceous granulite

metapelitic g ranu lites

WK52

39396

39561

39452

g-sill granulite

cd granulite

cd granulite

cd granulite

9.3

9.4

10.7

8.'1

10.1

10.7

11

7.6

11.8

2.5

2.8

1.3

4.8

5.8

2.1

29
2.9

5.3

3.9

4.4

b

7.4

2.5

2.2

2.9

2.9

2.6

3,5

3

2.9

2.7

2.8

3.1

2.7

2.9

Table 7.2. ô18O data for selected samples from the
Erontonga Shear Zone.

et al, 1989; Giletti, 1986; Giletti et al, 1978).
Examination of whole-rock data from Yambah and
Winnecke (Tables 7.1 attd 7.2) shows that ôl80
values ofthe shear z terogeneous,
however wl-role-rock values in the
schists are rarely the O signatures
of the granulites, commonly showir-rg shifts toward
liigher values. This suggests that tliere has been an
overall shift in the oxygen isotope values of the
schists, toward heavier values during ASO
metamorphism, but that either l) the schists have

Sample Descrlption ô180

values

Winnecke Shear Zone

BHN-2

BHN-4

BHN-5

BHN-6

micaschist adjacent to HTQ

chl-rich schist

bi-fsp-q schist

mafic schist w mu overprint

Winnecke anthophyllite shear zone

PAW-1

PAW-2

PAW-3

PAW-6

PAW-7

PAW-9

PAW-10

PAW-11

PAW-12

PAW-13

PAW-20

nite

cd-g granulite

bi schist with mu overprint

Utranalama anthophyllite shear zone

MRN-1.1 cd granulite

MRN-12 anth-ky-bi schist
MRN-I3 cd-g granulite

MRN-14 bi schist

MRN.16 anth-g-ky protomylonite

MRN-17 cd-g mylonite

I
7.6

11

9.4

7.9

5.1

4.9

3.1

6

5.8

6.3

8.6

3.4

6.8

6.2

3.8

6.3

5.3

5.4

5.4

51

Table 7.3. ô180 data from selected minor shear zones
in the Winnecke and Plnnacles Bore areas.

not achieved cornplete isotopic equilibrium with a
homogeneous infiltrating fluid or 2) the schists
achieved equilibrium with an isotopically heavy
fluid during the earlier stages ofASO metamorphism
but subsequently interacted ar-rd partially re-
equilibrated with a different, isotopically lighter fluid
during their retrograde path (e.g. Kohn and Valley,
1998; Cartwright et aL,1996).

The greatest shifts in ôl80 values (up to about 6%o)
are seen in the most micaceous schists, wliich rnay
reflect their greater perrneability and hence greater
ability to interact with the fluid, particularly when
compared to the mafic arnphibolite schists which
contain uo or very minor amounts of phyllosilicate
minerals. This irnplies that the observed
heterogeneity in whole rock and mineral ôl80 valLres
may reflect the partitioning of fluid flow within the
shear zone through permeability contrasts (e.g.
Etheridge et al, 1983; Fourcade et al 1989; Oliver,
I 996 ; McCa ig, 1997 ). Alternatively, some minerals
within tlie schists may not have completely
rqc^rystallised aud may preserve their original granulite
ô 

1 8Ó 
s igrrature (e. g.'Cä.rt".ignt et al, lÇ93) ílthough
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there is no evidence of preserved reliç1 rninerals in
these shear zone rocks. If the lower ô'oO values do
result from re-equilibration during cooling from peak
metamorphic conditions during
would be expected that some mine
for this retrogression should be obs
However there is also very little evidence of
retrograde reaction or significant growth of retrograde
minerals in the schists. As such, isotopic
inhomogeneities in the basement shear zoltes are
interpreted as evidence for incornplete equilibration
between the rocks and the fluid.

7.3.5 Stable isotope data from other shear zones
in the Winnecke area

A rnajor retrograde shear zoue (here called the
Winnecke Shear Zone) about 500 metres in width,
consisting of greenschist facies ch lorite-muscovite
and biotite-rnuscovite bearing schists of the Arunta
Basernent, lies immediately adjacent to the Heavitree
Quartzite in the Bald Hill-Winnecke area (Figure
7.2). This structure constitutes the main thrust
separating the southern footwall containirrg the
Heavitree Quartzite and Bitter Springs Formation,
and the noÍhern hangingwall, which includes the
granulite facies Erontonga Metamorphics. The rocks
in this shear zone have potentially experienced tbe
greatest fluid flux in the area, as this zone has
experienced large vertical rnovernents and represents
a fundamental structural boundary between the basal
Arnadeus Basin sedirnents and the overthrust Arunta
Basement. Sarnples of schists and phyllonites
irnrnediately adjacent,to the Heavitree Quartzite iu
tlris locatiou record ô'oO values of between 7.6%o
and l1%o (see Table 7.3), similar to the higlier ôl80
values recorded in sorne schists frorn the Yambah
and Erontonga shear zones. This suggests that the
greenschist facies scliists may have equilibrated with
a sirnilar fluid frorn a similar source as the higher
grade schists in the Yambah and Erontonga shear
zones. Tliis evidence supports the hypothesis that
the isotopic inhonrogeneities observed at Yarnbah
and Erontonga result from incomplete equilibration
with an infiltrating isotopically heavy fluid during
early stages ofASO rnetamorphism, rather than frour
an episode of subsequent retrograde re-equilibration
witli another fluid.

Also found throughout tl,e Pinnacles Bore and
Winnecke areas are narrow (i.e. - 10-20 rnetres
wide) anthophyllite-bearing and garnet-cordierite-
bearing shear zones and mylonites that are commonly
rlineralogically sirnilar to the host granulites,
generally mica-poor, and are not substantially
retrogressed. These shear zones have not been dated
and may have developed prior to the ASO.
Alternatively, they may have undergone limited
reaction durir-rg the ASO but due to the paucity of a
flLrid phase, failed to recrystallise a new equilibrium
assernblage (e.g.Jìoemes and Hoffer, 1985). These
rocks record ôröO values ranging between about
3%o afld 6.8%o (Table 7.3), which are essentially the
salÌre as that of the precursor granulites. This
evidence is consistent with the observation that
oxygen isotopes are quite robust, resetting only after

substantial fluid interactiotr,.pnd supports the
interpretation that the heavier ô 

| öO values recorded
by schists frorn the Yarnbah and Erontonga shear
zones result from interaction with an ASO fluid.

7.4 \ilhole-rock Geochemistry

Mineralogical differences between the shear zone
rocks and host granulites in the SMC reflects
fundamental differences in the ambient metamorplric
environments which existed during crystallisation
of the respective assemblages. However, in the field
the large volumes of biotite and muscovite present
in the shear zone schists suggests that mineralogical
differences may also reflect significant changes in
bulk chemistry resulting frorn mass-transfer via
infiltrating fluids. Such large-scale rnajor element
metasomatism is considered to require much larger
volumes of fluid thar-r would be required to only
reset stable isotope values (e.g. Cartwright and Oliver,
1994; CarTwright and Buick, 1995; Spear,1993).
Moreover, if the magnitude of elemental addition or
loss via metasomatislrì can be quantified through
mass balance calculations, then solne assessment of
the interacting fluid regime can be rnade, including
calculation of tl-re size and direction of flow of the
fluid flux.

7.4.1 Mass balance calculations

In order to assess tl-re differences in whole-rock
geochemistry between the Palaeoproterozoic
grarrulite-facies host rocks and the Alice Springs
Orogeny-age arnphibolite facies shear zone rocks,
some quantification of the net mass change between
the rocks must be made. However this is not a
sirnple process of directly comparing the mass of
each element present in the precursor rock with the
same element's mass in the altered equivalent, since
the mineralogical changes inherent in the metasomatic
process may also have effected a change in rock
volume (Gresens, 1967; Grarft, 1986; Baumgaftner
and Olsen, 1995). As such, the total mass per unit
volul.ne of the altered and unaltered rock samples
must be used to calculate the net mass change
between the unaltered and altered rocks. The Gresens
method (Gresens, 1967) compares the rnajor and
trace element concentrations of altered sarnples and
their unaltered precursors by using rock densities
and the concentrations of identified immobile
elements in both the unaltered and altered samples,
to calculate quantitative changes in element
concentration and rock volume. Elements such as
Al, Ti, Zr,Y,Y and the Rare Earth Elements (REE)
are often assumed to be immobile (e.g. Maclean
and Kranidiotis, 1987; O'Hara, 1988; Selverstone
etal,199l; Dipple and Ferry 1992b; McCaig, 1991).
However these elements may not be ubiquitously
irnrnobile in all metamorphic circumstances. The
isocon plot (Grant, 1986) enables some interpretation
of the mobility of elements in rocks by graphically
comparing elemental concentrations in a
metasomatically altered rock of interest and an
equivalent unaltered precursor. Any imrnobile
elements in the altered rock will have identical mass
ratios to the unaltered rock and hence will define a
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straight line (an isocon) through
the origin. The relative change
(i.e. addition or depletion) of a
mobile element's concentration
is then graphically represented by
that element's displacement from
the isocon (Grant, 1986). An
altemative rnethod of detennining
irnmobility is through the use of
bivariate plots. ln this instance
concentrations of two potentially
immobile elements in a suite of
rock samples are plotted against
each other. Ifthe selected element
pair are imrnobile then they will
plot as a straight line array with
a line of best fit passing through
the origin (MacLean and
Kranidiotis , 1987; Barrett and
Maclean, 1994). If one element
is immobile whereas the other is

precursors and the altered schists
from tlre Yambah Schist Zone and
the Erontonga Shear Zone, the
elemental concentrations of
individual sheared samples were
first plotted against that of either
their corresponding original
granulite or the elemental
concentrations of an equivalent
average granulite as isocon plots
(Grant, 1986). Then, to verifl, the
results of tl,e isocons, a series of
bivariate plots of potential
immobile elements including Al,
Ti, Cr, Ni, Zn, Zr were
constructed. The geochemical
data used in this investigation is
a cornpilation of published data
from the literature, unpublished
data provided by the Australian
Geological Survey Organ isation
(AGSO) and unpublished new
data. Details of new and
published whole-rock
geochemical data is tabulated in
Appendix 6. However, due to
curent confidentiality agreemerrts
data sourced from the AGSO
geochernical database can not be
reproduced. All new chemical
deterrninations were made using
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Spectrometer, with an analysis package calibrated
against several international and local Standard
Reference Materials. A dual-anode (Sc-Mo) X-ray
tube was used, operating at 40 kV and 75 mA. Trace
element analyses were determined on pellets of
powdered material, while major elelnents were
determined on disks of fused sample. Matrix
corrections were made using either the Cornpton
Scatter peak or mass absorption coefficients
calculated from the major element data.

1,4.2 Element mobility in the Yambah Schist
Zone rocks

As the eastern shear zone is oriented approxilnately
parallel to the compositional layering and fabrics
observed in the surrounding granulites, the specific
precursors to the schists in this shear zone can not
be identified. However the northeru shear zone
trends orthogonal to the fabrics in the granulites,
and Iyer (1914) was able to locate a small outcrop
where an unaltered mafic granulite and two felsic
granulite units could be tracked into the shear zone
and be directly corelated with their equivalent altered
schists. No stable isotope data exists for these
sarnples, however whole-rock geochemical data is
presented in Appendix 6.

Figure 7 .8 a-c shows plots of elernental concentration
in the original granulite precursor rock compared to
the equivalent altered schist. According to the n-rethod
of Grant (1986), an isocor.r is defined by suite of
in-unobile elements describing a straight line through
the origin. Elements plotting above the isocon line
are enriched in the altered rock while elements falling
below the isocon are depleted. The geochemical
datasets for the three rock pairs from the nofthern
Yan-rbalr Schist Zone are limited and do not include
analysis on a full suite of trace and Rare Earth
elements (such as Y and Nb) whiclr are generally
considered less sensitive to remobilisation (Rollinson,
1993). However it is apparent that the potential
imrnobile elements included in the chemicaldatasets
suclr as Al, Ti, Cr, Ni, Zn and Zr, do not describe
clearly defined isocons in these plots. In the case
of samples 491 & 493 (one of the felsic rock pairs
flom lyer, 1974: Figure 7.8 a) the distribution ofAl,
Ti and Ni may constitute a poorly defined isocor.r,
however the common occurrence of kyanite-quartz
pods witlrin the Yarnbah Schist Zone, and the lack
of consistency in imrnobile elements with the other
felsic pair is suspicious.

Since in the eastern shear zone tl-rere is no way of
confirming altered and unaltered equivalents, whole
rock geochernical data for felsic, rnafic and
metapelitic granulite country rock from the
Strangways Metamorphic Complex in the vicinity
of the Yarnbah Schist Zone has been compiled from
a variety of sources and used to calculate average
compositions for these rock types (see Appendix
6.1). Exarnination of the isocon diagrarns for the
felsic schists (Appendix 6.2.1) shows that the
potential irnmobile elements included in the datasets
for these rocks do not generally plot as well defined
isocons. In two cases, samples A22 and YB6

(Appendix 6.2.1) Al, Ti, Cr, Ni, Zn and Zr have
totally random distributions while in the other plots
(see Appendix6.2.l) isocons can not be constrained
using more than two elements, and the elements
which define the isocons are inconsistent between
samples. Potential immobile elements from the
metapelites and metabasites also fail to plot as well
constrained isocons (see Appendix 6.2.2 and 6.2.3).
In every case the elements Al, Ti, Cr, Ni, Zn and Zr
are randomly distributed and no isocon can be
identified.

Bivariate plots ofAl, Ti, Cr, Ni, Zn andZr from the
felsic, rnetapelitic and metabasic rocks are presented
in Appendix 6.3. In general, the data plot as a
scattered array and do not define linear trends.
Aluminium in the mafics and felsics is an exception
to this since when plotted against Ni, Zn, Ti and Cr
in the mafics (Appendix 6.3.2), and against Ti and
Zn inthe felsic rocks (Appendix 6.3.1), it does define
linear trends. However the linear trends in these
plots intersect the Al axis rather than the origin,
suggesting that Al concentrations in the granulite
precursors have been homogenised at some time.
Data points from the shear zone rocks do not
generally lie witliin the linear trends defined by the
granulite data suggesting that Al has been mobile in
the shear zone rocks. The linear trends in the Al
plots suggest that Ti and Zn in the felsic granulites
or Ni, Zn, Ti or Cr in the mafic grarulites were more
conserved than Al, however these elements are not
necessarily irnmobile since if this was the case then
plots comparirrg them to each other would produce
straight lines through the origin.

Thus no irnrnobile elements have been conclusively
determined from analysing precursor granulites and
altered scl.rists from the Yãinbah Schñt Zone. The
inability to determine any elemental irnrnobility in
these rocks may arise from a number of factors
including; geochem ical heterogeneity in the original
source rocks and/or the inappropriate use of an
average precursor for geochemical comparison,
incomplete re-equilibration wjth the metasomatising
fluid, and the use of inconsistent data sources which
have not included a full suite of trace and REE data.

7.4.3 Element mobility in the Erontonga Shear
Zone rocks

Slrear zones in the \ùy'innecke area are derived from
granulites of the Erontonga Metamorphics. However
since the shear zones trend approximately parallel
to the gneissic fabric and lithological layering in the
granulites, it is rarely possible to conclusively
establish the granulite precursor to the individual
schists in the shear zones. As such, the whole rock
geochemistry of schists from the Erontonga Shear
Zone are compared to average compositions of felsic,
mafic and rnetapelitic granulites from the Erontonga
Metamorphics (see Appendix 6.1). As mentioned
above (S7.4.1) the geochemical dataset used in this
study has beeu accnmulated from a number of sources
which do not all include analysis of a full range of
trace and Rare Eafth elements. As such, the number
of potential immobile elements analysed is quite
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limited, and probably only includes Al, Ti, Cr, Ni
andZr.

The geochemistry and mineralogy of rnetapelitic
granulites in the Erontonga Metarnorphics varies
somewhat, therefore tlrese granulites have been
divided into three major groups (Appendix 6.1).
The first two groups have quite similar bulk
geochemistry, but different mineralogy with one
group consisting of an opx + cd + plag + bi + q
assemblage, while the other consists of opx + gnt *
sill +bi + q plag. The third group lias lower SiOz
and AlzO¡ concentrations, elevated Fe2O3, MnO

.\.i and CaO concentrations and particularly high MgO
concentrations cornpared to the other two groups.
These 'rnaguesiau' metapelitic rocks lrave Mg-opx
+ plag + q + bi + g assemblages. In general, the
geochemistry of the metapelitic schists in the
Erontonga Shear Zone mostly closely approximates
that of the magnesian metapelites. However as the
precursors can not be conclusively identified in the
field, the schists were colnpared to all three
metapelitic granulite groups.

Isocon diagrarns of the rnetapelitic schists compared
to the average garnet-sillirnanite-bearing granulite
are shown in Appendix 6.2.1. The metapelitic schists
are compared to the cd-rich granulites in Appendix
6.2.6 and to the 'magnesian' rnetapelitic granulites
in Appendix 6.2.8. Regardless of the granulite
precrlrsor used however, in general the potential
irnrnobile elements plot as a scattered array and do
not define a welI constrained isocon passing tlrrough
the origin.

Similarly, there are no well defined isocons result
from the isocon diagrams for the felsic and mafic
schists from the Erontonga Shear Zone (Appendix
6.2.4 and 6.2.5) as Al, Ti, Cr, Ni at'td Zr again plot
as a scattered array across the d iagrams.

Bivariate plots of Al, Ti, Cr, Ni and Zr in the
Erontonga Shear Zone rnafic, felsic and metapelitic
rocks also failed to distinguish any elemental
irnrnobility (see Appendix 6.3). In most cases, the
available data plotted as scattered arrays across the
bivariate diagrarns. As noted in the Yarnbah Schist
Zone bivariate plots however, plots of Al versus Ti
in the rnetapelitic rocks (Appendix 6.3.6),Al versus
Ti and Zr inthe felsic rocks (Appendix 6.3.5), and
Al versus Ti, Zr, Cr and Ni (Appendix 6.3.4) in the
mafic rocks did define linear trends intersecting the
Al axis rather than the origin. This is interpreted to
indicate that Al co¡rcentratio¡rs in the respective
granulites have been homogenized at some time,
and that the other element included in the plot nray
have been rnore conserved. In the Zr versus Ti
bivariate plot for the felsic rocks, a linear trend
intersecting the Zr axis is also observed (Appendix
6.3.5), suggesting that Ti may be more conserved
than Zr. In all cases however the shear zoue rocks
do not tend to lie within the linear arays defined by
the granulites, suggesting that Al and the other
elements l-rave been rnobile witl-rin the shear zoÍìes.
None of the bivariate plots produced straight line
arays intersecting the origin, which would indicate

possible imrnobility of both elements. As such no
irnmobile elements have been conclusively identifred
in rocks from the Erontonga Shear Zone.

7.4.4 Discussion

In order to perfonn mass balance calculations using
the Gresens method, a known unaltered precursor
to the altered rock and elemental immobility rnust
be established. From the geochernical data available
for the Yambah Schist Zone and the Erontonga Shear
Zone however, isocorrs were not able to be clearly
defined. Bivariate plots of the potential imrnobile
elements were also constructed to determine if any
pair of elernents defined a straight line through the
origirr. Such a plot would indicate conservation of
these elements. However bivariate plots of Al, Cr,
Ni, Ti, Zn and Zr generally displayed scattered
distributions. The only plots which suggested some
degree of conservation were the Zr vs Ti plot for tlie
Erontonga felsic rocks and sorne of the bivaliate
plots involvingAl for both the Yambah and Erontonga
rocks. In these cases elements such as Ti and Zr
appear to be less mobilised than Al but not necessarily
imrnobile.

Since no immobile elements can be confidently
identified from the available geochemical datasets
and the specific precursors to tlre shear zone rocks
are not known, mass balance calculatiolts using the
Gresens method could not be undertaken. \ùy'ithout

a quantitative rneasure of the net loss or addition of
material between the precursor granulites and the
resulting altered schists, calcr.rlations describing the
rnagrritude and direction of the fluid flux also could
not be undeftaken for these rocks.

7.5 Assessing the Fluid Regime

Mineralogical evidence and stable isotope studies
indicate that Alice Springs Orogeny-age shear zones
in the Strangways Metarnorphic Complex were
infiltrated by fluids that influenced the stability of
their mineral assernblages and fundalnentally altered
their stable isotope signatures. The stable isotope
data allows a number of aspects of tlie fluid flow
regime to be constrained.

7.5.1 The Fluid Source

The shear zones that cut the granulites have acted
as fluid conduits subsequent to Proterozoic granulite
facies metamorphism, facilitating recrystallisation
of the affected rocks to arnphibolite facies during
prograde metamorphiç1n assoicated with the ASO.
ihiheterogeneity ih a18O values across the Yambah
Sl-rear Zone rocks suggests incornplete isotopic
equilibration of the schists with the infiltrating fluid
and channelise.d flow within the shear zones, with
variations in ôl80 values between micascl-risis and
metabasites also reflecting factors such as differences
in 

"rnineralogy, 
relative perrneabilities and initial

ô'lO values. Regardless of the heterogeneity in
ôl80 values howãver, there is a consiítent ihift
toward higher values in all the shear zone rocks,
with a potential maximurn shift of about 16%o.
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Given that there are no known igneous bodies of
Alice Springs Orogeny age in the Strangways
Metamorphic Cornplex, there are three major
potential sources for the fluid which created this
isotopic shift. These are l) dehydration fluids released
from the surrounding granulite country rock 2)
introduction of meteoric and/or basinal fluids directly
into tl-re pre-existing shear zones during growth
faulting associated with formation of the Arnadeus
Basin which is inferred to have covered tlie SMC
prior to the ASO, and 3) formation/metamorphic
fluids associated with dewatering ofAmadeus Basin
lithologies during burial via compression during the
ASO in arì open system enviroument. In the
following section the attributes of these potential
sources will be discussed.

1.5.1.1 Devolatilization of the Granulites

Frost and Bucher (1994) and Newton (1989) provide
excellent reviews of petrological evidence for sources
of deep crustal fluids, in which they discuss the
interaction, transport and maintenance of fluids in
the deep crust. One possibility discussed therein is
the production of fluid locally derived from fufther
dehydration of a granulite terrain. Felsic granulites
of the Strangways Metarnorphic Complex and
Erontonga Metarnorphics are generally anhydrous,
consistirrg primarily of pyroxene-cordierite-
sillimanite-garnet assemblages with very minor
arnounts of biotite. Sirnilarly, the orrly hydrous
rnineral commonly found in the mafic granulites is
hornblende. Therefore, it is unlikely that significarrt
fluid fluxes could be derived from these rocks via
further dehydration, which would require an
overprinting episode of granulite facies
metamorphism during tlie ASO. There is no
petrological or geochronolgical data from the
Stlangways Metarnorphic Cornplex which supports
the existence of Alice Springs Orogeny granulites.
Li addition, the isotopic signatures of felsic and
mafic granqlites in the SMC are generally low, with
uu"rug"" õ180 values of about'4.7%o'at'td 3.8o/oo

lespectively (see Table 7. I ).

V/ith the available stable isotope data it is difficult
to rnodel the appropriate oxygen isotope signature
of a fluid derived from the granulites. However,
eq Lr i I ibriurn fractionation calcu lation s u s ing anoft h ite
of 4.7%o as a proxy for the granulite whole-rock
source, show that a fluidderived frorl this rock at
600oC would have a ô180 value of about 3.8%0,
using the fractionation data of Zheng (1993a) (Table
7 .4). Fractionation calculations between this fluid
and modelled rock cornpositions equivalent to those

found in the Yarnbah and Winnecke Shear Zones
(Table 7.7), indicate that at 600!C the interacting
iocks wouid reach rnaxirnum ôl80 values of onl!
about 5.9%o. General predictions ort stable isotope
variation from modelling of fluid-rock interaction
over thermal gradients show that fluid flow in a
down-!çrnperature regime will lead to increases in
rock ôl8O'values if tñe fluid is in equilibrium with
the rocks along tl-re flow path (Dipple and Ferry,
1992b). However calculations performed using the
above mentioned parameters indicate that while
equilibriur,r in a lower temperature legime would
gene.rally p.roduce higher values in the rocks, the
maxrnurn lncrease tñôl80 values is only on the
order of about -r0.9o/oo per l00oC (Table 7.4).

Therefore, a fluid derived from the granulites would i
not be capable of producing the maximr.rm shifts '/

observed in the adjacent schists. Fufthermore, any
fluid trapped within these rocks at higher crustal
levels and subsequently held in situ at granulite
facies conditions is likely to have been consumed
by reaction with the rock (Frost and Bucher,1994)
or, surviviug this process, to have cornpletely re-
equiIibrated with the sur4o-unding granulites thereby
attaining sirnilarly low ôröO values. Therefore, this
evidence suggests that the shear zone rocks interaçled
with an inflÑ of an isotopically distinct high ôl80
exotic fluid.

7.5.1.2 Direct introduction of a meteoric or basinal
fluid to the shear zones

In the absence of any magmatic fluid sources in the
SMC, the only otlier potential soLlrce for an externally
derived fluid which rnight have interacted with the
shear zone rocks are basinal fluids associated with
the evolution of the Amadeus Basin. Fonnation/basin
waters can be quite variable in their ôl80 signatures
(see Sheppard, l9$6 and references therein), but the
rnajority have ôrðO values intennediate between
seawater and the meteoric water liue, with^average
seawater since about 2500Ma having a ôl80 valúe
of 0-3o/oo, and meteoric waters ranging between about
- l0 and 0%o (Slleppard, I 986). Most formation/basìn
waters have ôrðO values below 5%o, but maxirnum
values up to 8-9%o have been recorded (see Sheppard,
1986 and references thereiu). This movement toward
heavier isotopic ratios is mainly due to increasing
isotopic equilibration between tlie formation waters
and detrital minerals corrprising the host sediment
during diagenesis (Sheppard, I 986).
Discriminating between formation waters and
rnetamorphic waters can be difficult since major

Table 7.4. Summary of
water-rock fractionation
calculations. indicatino
the variation in ¡1sõ
values of pure water in
equilibrium with
anorthite over a range
of temperatures.

Fractionation factor for

anorthite-water

ð'uO of water in equilibrium

with anorthite @ 4.7%o

Matsushita et al, 1979 (400-500'C)
Matsushita et al, 1979 (500-800'C)
Bottinga and Javoy, 1973 (500-800"C)

O'Neil & Taylor, 1967 (350-800"C)

Zhenq, 1993

400"c
5.'19

6.18
4.89

500'c
4.39
5.34
3.74
5.03
4.13

600'c
4.70
4.96
4.70
4.25
3.75
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fluid-rock interactions occur during diagenesis and
low-grade metamorphism. During burial, initial
fluids are derived from compaction ofthe sedimentary
sequence and expulsion of pore fluids. With
increasing temperature, fluids are then released via
the reaction of clay minerals to micas and the
subsequent crystallisation of other less hydrous
phases during prograde metarnorphisrn (Sheppard,
1986; Faure, 1986; Marque¡^and Burkhard, 1992).
During these processes, the ôtðO values for fonnation
waters tends to increase (Sheppard, 1986), but since
fractionation^factors are greater at.lower temperatures
(i.e. ln l/T2 hence apþroaches I with increasing
temperature, (Faure, 1986; Bottinga and Javoy, 1975),
the greatest isotopic shifts tend to occur early in a
cycle of prograde metamorphisrn. Therefore higher
grade metamorphism may not significantly change
isotopic signatures, and ry4ters derived from this
pro..r. ,r-tu! huu" siinilar õl80 values as if expulsed
at significantly lower temperatures.

In the case of the shear zones sampled in the SMC,
an isotopically light meteoric or basinal fluid
interacting directly with the shear zone rocks would
have been interacting with an isotopically light host
rock. This assumes that the shear zone rocks had
maintained a signature similar to their granulite
precursors or if the rocks had interacted with an
external fluid during retrogression and/or exhumation,
that such a fluid was also isotopically light. The
assumption that the shear zone rocks still retained
the isotopic signatures of the granulite precursors is
probably valid as there only appears to be evidence
for one episode offluid-rock interaction recorded in
each of the Yarnbah Schist Zone and the Erontonga
Shear Zone (see $7.3.5). If the basinal fluid was
directly introduced into the shear zones during growth
faulting of the Amadeus Basin, it rnay have evolved
toward a heavier signature during fractionation with
burial, but it would not h-a¡re been capable of shifting

. the slrear zone rocks' ôl80 values ip to the heav!" values observed since it would have been
equilibrating with and buffered by isotopically light
host rocks. The outcome rnight be different however
if an open system existed, perrnitting continuous
flow of formation/metamorphic waters from the
adjacent sedimentary pile through the shear zoltes.

7.5.1.3 Dewatering of the Amadeus Basin
sediments

In the vicinity of the Yambah and Winnççke Shear
Zones,the orily other rocks with high õl80 values
are the Heavitree Quartzite and the Bitter Springs
Formation, which constitute the basal units of tl-re
Amadeus Basin sediments. Caftwright et al (1994)
recorded õl8O values of 13.2 - 16.9o/oo"nthe quàrtzitei
and plryllites of the Heavitree Formation and23.4
- 27 .7o/oo in dolomites of the Bitter Springs Formation
(Table 7.5), and found that the pervasive syntecto¡ic
ìeins in tÉêse rock units had near-equivãlent ô180
values. From their study of the veins Cartwright et
al, (1994) not only demonstrated tl.rat these
syntectonic veins were produced frorn locally derived
fluids urrder greenschist facies conditions, but there
was no evidence of any other external fluids

interacting with these rocks.

Fluid-rock ôl80 fractionation calculations were
performed to deterrnine the equilibrium ô180
signature of a pure-water fluid produqgd from a
quartzite with an equivalent range of ð'oO values
as those recorded by Cartwright et al, (1994) for the
Heavitree Quartzite over a temperature range of
300"C to 600oC (see Table 7.6). The Heavitree
Quartzite was pg:lected for modelling calculations as
the range of ô'oO values for this unit is lower than
th provides a guide to the
m èxotic fluid i,itn ahigher'-
ôl had upon the shear zone
rocks. In addition, the calculation of fluid-rock
fractionation relations is greatly sirnplified in a
monmineralic system compared to the more complex
rnineralogy of the phyllites, although the phllites are
more likely to readily devolatilise. The resultant
fluid values \ryere then used to determine the
equilibriurn ôl80 values for various modelled rock
compositions in order to assess if a fluid derived
from the Heavitree Quartzite was able to produce
the large positive isotopic shifts observed in tl-re
basement shear zones (see Table 7.6). Results of
these calculations indicate that an equilibriurn fluid
deriv emperatures
betw e minimum
ôl8O and Il.9o/oo,
and maximum values of 9.5%o to 75.2%o with the
higher values being produced at higher temperatures
(Table 7.5). As fractionation factors approach unity
with increasing temperature (Faure, 1986; Bottinga

Heavitree Formation samples
(Cartwright et al, 1994)

ô'oo

values

Quartzites

F21A

F21B

F21E

F22A

F27

Phyllites

F21F

F21H

F21L

F21 N

F23

F24

Basement

8,1

82

Heavitree Quartzite

Heavitree Quartzite

Heavitree Quartzite

Heavitree Quartzite

Heavitree Quartzite

14.1

13.6

15.4

16.8

14.5

15.6

16.9

16.2

16.4

15.7

r 6.6

7

6.6

Table 7.5. Summary of ô180 data for the Heavitree
Quartzite and associated Amadeus Basin
sediments. Data compiled from Cartwright
et al (1994).
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Chapter 7 Fluid Flow

Shear Zone

Rock

ô'oO of rock in equilibrium

with water of 3.87oo

ô 
''oO 

of rock in equilibrium with water derived from:

a quartzite of 13.6%o a ouartzite of 16.9%o
mafics
YS149
YS148
YS147

YB9
YSlO

400'c 500"c 600'c 400'c 500"c 600'c 500'c 600'c
5.67
5.59
6.09
5.84
4.54

5.33
5.32
5.91

5.70
4.85

10.07
9.75

r 0.53
9.88
8.05

12.89
'12.61

12.75

12.64
12.98

13.44
13.02
12.88
12.95
14.25

16.19
15.91
16.05
15.95
16.29

16.75
16.33
16.18
16.25

17.55
metapelites

WK182
wK71
YB30
Y826

3.15
3.01
4.50
5.54

9.10
9.04
11.45
11.39

13.16
13.24
14.36
14.1

16.47
16.58
16.26
16.00

4.98
5.97

3.78
3.93
4.21
5.23

11.59
11.37
13.19
13.00

14.89
14.70
16.49
16.3

Jaþle 7.7..Summarv 9f fractionation calculations demonstrating the variation in modelled oxygen
isotope values of mãfic amphibolites and metapelitic schists iriequilibrium with water of difféäng
isotopic origin.

environments where the subducted slab or undertlrust
sequences of a terrain are heated via burial and
undergo prograde dewatering (e.g. Lobato et al,
1983; McCai g, 1984; Jamtveit et al,1990; Selverstone
et al, l99l; Crespo-Blanc et al, 1995; Marquer and
Burkhard, 1992).

Superhcially it seems that this is a likely explanation
for the mode of fluid transport in the Strangeways
Metamorphic Complex shear zones. The Alice
Springs Orogeny is undeniably a compressional

I 33 45'

event and kinematic evidence clearly and consistently
indicates a reverse sense of shear on these structures.

7. I 0). However the geometry of the shear zones is
not really consistent with the creation and
emplacement of large nappe complexes or indicative

133 20'

23 00'

23 20'

Ligur.e 7.9. Simplified geology of the southern Strangways Metamorphic Complex. The
Heavitree Quartzite structurally underlies the basementiocks which occür to the nbrth of the
Winnecke and Two Mile Bore Shear Zones.

Creek

rl a
a

2

N

Litholog ical Reference

Bore0 5 10 15 20km

E
E
il
I
E
I
EE
E
tl
E

a

n
tfn
E
fl
E
E

lngula migmatite suite

Granite
Johannsen Dyke Swarm
Cadney metamorphics (upper unit)

Cadney metamorphics (lower unit)

Anuma Schist

Erontonga metamorphics (unit 3)
Erontonga metamorphics (unit 2)

Erontonga metamorphics (unit 1)

\åmbah Granulite

Quartzofeldspathic gneisses
Harry Anorthositic Gabbro

Utnalanama Granulite

Small shear zone location

Alluvium
Bitter Springs Formation

Heavitree Quar2¡te
Retrograde (greensohis{) Shear Zone
Retrograde (amphibol¡te) Shear Zone
Laughlen Metamorphics

lrindina Gneiss
f_l iilulgaCreekGraniticGneiss
f_l Ankala cneiss
f-l StiOing Rock Metamorph¡cs
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Chapter 7 Fluid Flow

of large-scale horizontal shortening (e.g. Flöttman
and Hand, 1999), as the shear zones are relatively
steeply dipping (i.e. > 35o) and tend to steepen to a
near-vertical orientation in the northern part ofthe
area (e.g. the Yambah Shear Zone) (Figure 7.9 and
7.10). This geometry would make it difficult to
substantially underthrust the sediments.

The fundamental difficulty then is to discover a
mechanism that transports the Amadeus Basin
sediments to greater depth in the crust without
invoking nappe-stacking or significant overthrusting.
Another method for achieving this situation is to
deposit the sediments in an extensional environment,
where down-faulted regions in parts of the basin
produce deeper local depo-centres, which are buried
by further deposition and subsequent compression.
In the Strangways Metamorphic Complex area,lhe
Heavitree Quartzite is observed in the footwall of
the Harry Creek-Two Mile Bore Shear Zone in the
Winnecke area, but also occurs in the hanging wall
in the vicinity of the Southern Cross Bore, further
north near Edwards Creek and to the northwest near
Woolanga Bore (Figure 7.9). These outcrops are
separated by more than20 kms of basement outcrop
including 3-4 kms cumulative width of shear zones
which show a regional variation in metamorphic
grade and pressure from2-3 kbar to about 6 kbar,
yet they are currently at the same structural level,
The shear zones which separaûe the quartzitn outcrops
are steep to moderately north dipping with a reverse
sense of movement. Therefore it seems inescapable
that prior to exhumation along these shear zones
during the ASO, the quartzite units resided at different
structural levels. This implies that prior to initiation
of the ASO, the northern Strangways Range area
was down-faulted so that the northem quartzite units
resided at greater depth than the quartzite units found
in the Winnecke area. Using microstructural analysis
of recrystallised quartz in shear zone rocks from the
Heavitree Quartzite in the Winnecke area, Emslie
(1996) suggested that this unit had experienced
metamorphism at temperatures of about 400oC and
adj acent chlorite-biotite schists produced pressure
estimates of about 3 kbar (Palamountain, 1996).
Thus it is possible that parts ofthe Heavitree Quartzite

and Bitter Springs Formation deposited over the
central and northem Strangways Range were locally
buried to even greater depths as a result of normal
faulting during pre-ASO extensional tectonism,
however exhumation and erosion during the ASO
has since eradicated these rocks.

This supposition is supported by evidence from the
Harts Range Metamorphic Complex located
approximately 100 kms east of the Strangways
Range, where geochronology on detrital zircons in
granulite facies rocks shows that the precursor
sediments to these granulites were deposited in the
late Neoproterozoic (I. Buick et al, in press; Miller
et al, 1998) and were metamorphosed to granulite
facies during the Early Ordovician (Miller et al,
1997;Miller et al, 1998; Hand et al,l999b; Mawby
eI al,1999) prior to inversion of the Amadeus Basin
during compressional tectonism associated with the
ASO. High-grade Early Ordovician structural fabrics
preserved in the Irindina Supracrustal Assemblage
suggest regional extension was occurring at this
time, oriented in a north-south to northeast-southwest
direction (Mawby et al,1999; Hand et al,l999b).
This is consistent with evidence from the sedimentary
record of the Amadeus and Georgina Basins which
were corìnected as part of an Early Ordovican seaway
which spanned central Australia, linking oceanic
masses to the east and west (Webby, 1978; Walley
and Cook, 1991; Romine et al, 1994). At this time
deposition of the Late Cambrian to Mid-Ordovician
Larapinta Group was underway. Isopach data from
the Larapinta Group indicate that these units were
deposited into a narrow asymmetric intracratonic
trough with its depocentre located over the current
southeastem Arunta Inlier, oriented in a northwest-
southeast direction and shallowing to the west (Figure
7.11) (Wells etal,1970; Smith, 7972;Lindsay and
Owen, 1993; Hand et al, 1999a & b; Mawby et al,
1999). Thus the sedimentary record provides evidence
for persistent and continuing extension deepening
toward the east - southeast, which is also the direction
of increasing metamorphic grade.
Geothermobarometry on Early Ordovician granulites
in the Harts Range region indicate they experienced
at least 25 km of subsidence in response to this

B Harry Creek
Shear Zone

c
ûit")sorth

2Mi Bore Ba Hiil
Ankala

Shear Zone
ShearZone Fault

A Southern Cross
Shear ZoneNorth

Bald Hill
(Heavitree Qua

Pin 10 km
Fault

Figure 7.1O. I, cross section throught the southern Strangways Metamorphic Complex (see location on
Figure 7.9). Note that most major faults and shear zoneð dip steeply northward io sub-vertical,
suggesting that thrusting on these structures did not result in the creation of large basement cored
nappes or large-scale horizontal shortening. (Adapted from D'Addario ãnd Chan, 1982).
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Chapter 7 Fluid Flow

I 32000

22000

24000

26000

extensional event wl-rich has been termed the
Larapinta Event (Hand et al, 1999a; Hand et al,
1999b;Mawby et al, 1999;Miller et al, 1999). Thus
it is possible that as a result of extension durir-rg the
Larapinta Event, and potential further bLrrial during
the ASO, parts of the Heavitree Quartzite and the
Bitter Springs Fonnation were buried to the depths
recorded by the ASO-aged arnphibolite facies shear
zones. As such fluid flow may have occurred laterally
into the shear zones rather than to greater depth
against a pressure gradient.

This interpretation is also consistent with fluid flow
evidence from the Reynolds Range which lies about
150 kms west of tllê SVIC (Ffuure 2.1). In the
Reynolds Range area, shear zones of similar age and
crustal level to those in the Strangways Metarnorphic
Complex, have interacted with meteoric/surficial
fluids ratl,er than metamorphic fluids (Cartwright
and Buick, 1999; Read and Cartwright, 1999a; Read
and Cartwright, 1999b). In a scenario of
Neoproterozoic asymmetric rifting shallowing toward
the west, it would be expected that surface-derived
fluids would exert a greater influence on shallower
buried basement rocks in the west, than on eastern
basement rocks overlain by thicker sediments.
Therefore it is more likely that evidence for meteoric
fluid infiltration would be found in western shear
zones than in deeper parts ofthe basin such as the
Strangways and Harts Range Metarnorphic
Cornplexes where a metamorphic fluid influx is
observed.

Sm-Nd and U-Pb dating from shear zorìes in the
Strangways Metamorphic Cornplex (Chapter 3;
Ballevre et al, 2000; Moller et aL,1999) indicates
that some nofthern ASO-aged shear zones are older
than southern ASO-aged shear zones by up to ca.
100 m.y. Given that the infiltrating fluid was derived
from the prograde dewatering of sediments in the
Amadeus Basin, then infiltration of the fluid into

1 29oOO 1 32000 1 35000

Figure 7.11. Map indicating the generaldistrib_ution of isopacs for the mainly Ordovician Larapinta
Group and equivalent sedimentary units in the Georgina Basin. The isopac data suggests sediments
were deposting into a narrow NW-SE oriented trough with a depocentre located over the current
SE Arunta lnlier. (after Hand et al, 1999a).

the shear zones must have occurred at some time
during theAlice Springs Orogeny. In orderto faciliøte
the growth of arnphibolite facies assemblages in the
shear zones, infiltration must have occurred during
the prograde path either prior to, or coincident with,
peak metamorphisrn in the shear zones. As such,
Sm-Nd dates from the shear zones provide a
minimum age on the timing of the fluid influx. If
local depo-centres in the north of the SMC were
deeper than in the south, of
the cover sequences were ng
regional extension in t l-re

dewatering of sedirnents and migration of fluids into
the nofthern shear zones may have preceeded fluid
rnobility and interaction in the south. Potentially
then, the tirning of peak metarnorphism in the shear
zolles may have been controlled by the tirning of
the fluid influx, as well as the arnbient PT
envrronment.

1 35000 1 38000

22000

24000

7.6 Conclusions

In the Straugw
isotope studies
aged rnid-arnph
granulite facies
through the infiltration of an externally derived,
relatively isotopically heavy fluid. Fractionation
calculations suggest that fluids produced frorn the
devolatilization of pelitic units within the Heavitree
Quartzite, the basal unit of the Arnadeus Basin
sediments, during prograde metamorphisnt associated
with the ASO, would be capable of creating the
observed shifts in the oxygen isotope signatures
observed in the basement shear zone rocks. Although
the Strangways Metamorphic Complex underwent
convergent deformation during the ASO and the
ASO-aged shear zones lrave a reverse sense of
moverrent, the geometry of the shear zones is not
consistent with the large-scale urderthrusting of
cover sequences. Thus nappe-stacking is unlikely

alia n

Springs

Georgina stn
100

500

Amadeus

Musgrave lnlier
100 km

2

2

a

trucation of the
Erosional

ã ÁT¿.1"Á.

c.450 Ma sed¡ments: Carm¡chael
Sandstone (Amadeus Bas¡n), Ethabuka
Sandstone (Gêorg¡na Basin).

Extent of the lrind¡na
Supracrustal Assemblage
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Chapter 7 Fluid Flow

to have provided the mechanism for the infiltration
of the bãsinal fluids into the shear zones at mid-
crustal depths. Outcrops of the Heavitree Quartzite
are foundin the Winnecke anea south of the Harry
Creek-Two Mile Bore Shear Zone and about 20 -
30 kms to the north. These outcrops are separated
by abo
which
grade
southe

enabling lateral fluid flow rather than fluid flow
against temperature and pressure gradients. The
infiltration of the fluid must have occurred during
the Alice Springs Orogeny prior to or coincident
with peak metamorphism in the shear zones. Thus
Srn-Nd dates constraining the timing of peak
met s provide aminimum
age influx. IfArnadeus
Bas deeper crustal levels
in the north of the SMC than in the south, then
sediment dewatering and migration of fluids into
the nofthern shear zones may have occurred earlier
here than in the south. This provides a potential
mechanism for the differences in the timing of
prograde metamorphism between the northern and
southern shear zones.
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Chapter 8

METAMORPHIC, GEOCHRONOLOGICAL &
SED LOGICAL EVIDENCE FOR TIIE

ARCHITECTURE OF TIIE ALICE, SPRNGS OROGENY

8.1 Introduction

The results of this study show that the ASO had a
more complex evolution, and a wider langing effect
upon the Strangways Metarnorphic Cornplex than
previously thought. Srn-Nd geochronology shows
that rnid-arnphibolite facies metamorphic
assemblages in shear zones in the Strangways
Metamorphic Cornplex record ASO ages and that
peak metamorphisrn in these shear zone rocks is
diachronous, with shear zones becoming younger
toward the south of the area. The oldest ages from
the nofthern-most shear zone in the SMC indicate
activity from about 440-450 Ma (Ballèvre et al,
2000; Möller et al, 1999) which confirms that
basement-involvement during the ASO was initiated
closely on cessation of an episode of intraplate
extensional tectonism associated with the recently
recognised Ordovician Larapinta Event (Hand et al,
1999 a; Mawby et al, 1999). Geotherrnobarom etry
and inforrnation from phase diagrams presented in
Clrapters 4, 5 and 6 indicate that the metarnorphic
evolution of the ASO generally followed clockwise
paths in the Strangways Metamorphic Cornplex and
had a pervasive effect on basement rocks, with
pressure aud temperature conditions increasing
northward from the Amadeus Basin and reachirrg to
at least rnid-arnphibolite facies in the Strangways
Range. The tirning, duration, conditions and extent
of both the Larapinta Event and the Alice Springs
Orogeny are still poorly constrained and resolution
of these issues will require further work to be
undeftaken in the Arunta Inlier.

There ale three possible soLrrces of evidence for
constraining the tirning and duration of orogenesis
namely; (l) rnineral growth ages, (2) coolirrg ages
and (3) the deposition of synorogenic sediments.
Mineral ages may only reflect the local peak to post-
peak metamorphic environment since the first
expressions of deformation such as cold brittle
structural features, the growth of illite and other
minerals during diagenesis and very low grade
metarnorphisrn will be destroyed and/or overprinted
by successive growth of higher grade rninerals and
ductile features on the prograde path. Cooling ages
leflect the local post-peak metarnorphic environlnent
via retrograde recrystallisation and homogeuisatiou
of isotopic systerns, and thus provide constraints or.r

the decline and cessation of orogenesis. V/hile
isotopic dating of metamorphic rr-rinerals is
particularly important when trying to investigate
orogenesis especially in polymetamorphic terrains,
potentially tlie most useful method for studying
large-scale tectonic processes is the record of

synorogenic sedimentation, as this rnay provide the
sole constraint on the initiation of uplift as well as
information on the progression of deforrnation
throughout the duration ofa tectonic episode. Thus
over the timespan of an orogenic event, evidence
from mineral growth ages, cooling ages and tlie
deposition of synorogenic sediments should go
through a period where they can be directly coruelated.

Early in the development of an orogen, the
sedimentary record is decoupled frorn isotopic
mineral ages, since the generation of topography
will relatively quickly result in an increase in the
deposition of associated sediments. However any
isotopic re-equilibration occuring at this time will
be subsequently overprinted during progressive
prograde rnetamorphism. During mid-orogenesis,
mineral ages reflecting local peak and near-peak
metarnorphic conditions and the sedimentary record
are coupled for a period. V/ith the waning of orogenic
processes mineral ages and the sedimentary record
potetnially decouple, as the isotopic systems with
higher closure temperatures cease diffusion and are
effectively'frozen-iu'. Thus the individual
metamorphic, structural and isotopic records of a
rock will not in isolation provide many constraints
on the duration of an orogenic event, since these
records simply reflect the thennal and defonrational
co¡rditions that the individual rock experienced during
its residence in the local system. The sedirnentological
record however can provide a time integrated record
which may potentially exceed the duration of time
that a single rock resides in the system. Therefore
combining evidence frorn the sedimentary record
with data frorn the structural, isotopic and
metanrorphic records is a powerfuI means to
investigating large scale features ofan orogen, sueh
as its tirnir-rg and duration. One of the problerns in
investigating orogenesis in plate margin eltviromnents
however, is the loss of much of the preserved
sedirnentological record into adjacent marine basiis.
However in an intraplate setting such as the Alice
Springs Orogeny, this material may rernain partially
preserved in an intraplate basin.

A well preserved record of intraplate seclirnentation
and tectonics spanning much of the Neoproterozoic
and Palaeozoic exists within the curent sedimentary
basins of central and nofthern Australia. (Figure 8.1)
In this chapter evidence from synoroger-ric sedirnents
will be presented and correlated with
thermochronological evidence to furtber constrain
the timing of tectonìsm associated with the ASO.
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Chapter 8 Discuss ion

8.2 Brief Overview of the development of the
Amadeus Basin

Tlie Amadeus Basin is located in the centre of the
Australian continent and separates the basement
rocks of the Musgrave and Arunta Inliers.
Throughout its history the basin has been located in
an intracratonic environlnent, although for much of
its development an epicontinental seaway has linked
the basin to major oceanic regions in the east and
west (Webby, 1978; Walley etal,1997; Lindsay and
Korsch, 1991). Durirrg the Neoproterozoic, tnuch
of central Australia, including the current Amadeus
Basin area and the basement rocks of the Musgrave
and Arunta Inliers, was covered by a single large
depositional system referred to as the Centralian
Superbasin (V/ebby, 1978; V/alter and Gorter, I 994;
Walter et al, 1995). Deposition in this system was
punctuated by episodic periods of erosion and
changes in sub-basin clistribution, resulting in local
unconformities and disconformities (Jones, I 972;
Shaw, l99l; Oaks et al, l99l) but was essentially
constant until the Late Devonian-Early Carboniferous
(i.e. between about 900-350 Ma). The only major
disruption during this time was to the southern part
of tlre Superbasin when the late Neoproterozoic to
Early Cambrian Petermann Orogeny (Forman and
Shaw, 1973; Canacho et al, 1997) led to the
exhumation of the Mesoproterozoic baselnent of the
Musgrave Inlier, consequently separating the Officer

Basin from the rest of the Superbasin. After this
orogeuy, the depositional area of the Superbasin
expanded northward to include the areas which
constitute the present Georgina and Wiso Basins,
and south of the Musgrave Inlier deposition exparded
southward in the Officer Basin (Walley et al, 1991).
Sedimentation in the Superbasin continued essentially
uninterrupted in a largely extensional environment
with sediments accumulating in the centre of the
basin which is the area now occupied by the nofthern
Arnadeus Basin ar-rd Arunta Inlier (Sandiford and
Hand, 1998). This belt of sedirnentation apparer-rtly
extended west into the Canning Basin and east into
the Georgina and \ùy'arbufton Basins respectively, in
a sliallow marine setting which connected to oceauic
regions to the west and east throughout much of the
Cambrian ar.rd Ordovician (Walley et al, l99l; Walter
et al, 1995). During the Early Ordovician, the pattern
of marine sedirnentation appears to have been
controlled by rifting that was associated with intense
deformation and high-grade lower- to rnld-crustal
metamorphism during the Larapinta Event (Mawby
et al, 1999; Hand et al, 1999a). Exhumation of the
Arunta Inlier during the ASO resulted in the
segmentation of the remaining Centralian Superbasin
into the preserved remnant Amadeus, Ngalia,
Georgina and Wiso Basins which exist today (V/alley
et al, 1991; Jones, I 99 1; V/alter et al, 1 995). These
basins continued to fill with synorogenic sediments
during the Alice Springs Orogeny, providing a local
record ofASO activity.

Basins

Mid-late Palaeozoic
syn-orogenic sediments

lnlier

Toko
Syncl¡ne

Birr¡ndudu
Basin

Lachlan
Fold
Belt

0

Figure 8.1. Locality map of basement inliers and
sedimentary basins mentioned in the central
region. The basins representing the approximate
distribution of the earlier Centralian Superbasin.
(Adapted from Lindsay and Korsch, 1991).
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8.3 Synorogenic Sedimentological Evidence
of the ASO

The Alice Sprir-rgs Orogeny has prirnarily been
identified and defined in tenns of its effect uporr the
sediments of the Amadeus Basin and to a mucl-t
lesser extent the Ngalia and Georgina Basins (e.g.
Fornran et al, 1967; Wells et al,1970; Jones, 1972;
Smith, 1972; 'Wells and Moss, 1983; Lindsay and
Korsch, 1991; Shaw, 1991). In addition, radiometric
dating of retrograde metamorphism in the Arunta
Inlier has also aided in constraining the absolute
tirning of the orogeny (e.g.Black et al, 1980; Shaw
et al, 1984; Stewart et al, 1984). The cornplex tectonic
nature of the Amadeus, Georgina and Ngalia Basins
has resulted iri significant local variation in the
distribution of sequences and their relationships to
over- and r-rnderlying sedirnentary units. As a result
there is a degree of diversity between various
definitions of what constitutes the Alice Sprir-rgs
Orogeny. For example, sorne authors confine the
Alice Springs Ologeny to the event which led to
cleposition and deforrnation of the Early Devouian
Pertnjara Group (e.g. Fonnan, 1966; Wells et al,
1970; Cook,197l; Jones, 1972) and consider the
various lnovernents which preceded the orogeny
(e.g. the Rodingan, Pertnjara and various uunarled
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Amadeus Amadeus
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local rnovements) as disconnected epeirogenic
movernents (Table 8.1). Other interpretations extend
the term ASO to encompass all Palaeozoic convergent
defonnation including these earlier movements (e.g.
Forrnan et al, 1967;' Bradshaw and Evans, 1988).
Many workers however define the ASO as a episode
of cover and basement interaction and thus lirnit the
ASO to a period between the onset of the Pertrjala
Movernerrt (ca. 400 Ma) and about 300 Ma on the
basis of isotopic evidence (e.g. Black et al, 1980;
Shaw et al,1984; Stewart etal,1984; Lindsay and
Korsch, I 99 I ; Shaw, 199 1 ). Recent isotopic studies
from the Arunta Inlier however, provide evidence
for widespread basement-involved convergent
deformatiou leaching as far back as ca. 450 Ma
(Ballèvre et al, 2000; Möller et al, 1999; Mawby et
al, 1999; Hand et al, 1999b;, Scrimgeour and Raitli,
in press) supporting the view that convergent
movement on deep seated baselnent stt'uctures, at
least in the south-eastern Arunta Inlier, may have
initiated in the niid to late Ordovician. Thus the
isotopic data suggests that the ASO was a long-lived
event. The sedimentary record in the adjacent
Amadeus, Ngalia and Georgina Basins also has a
long history yet in the literature, local unconfonnities
and defonnation in the basins, sl-rch as the Rodingan
and Peftnjara Movements, are generally referred to
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Table 8.1. Stratigraphic overview of Palaeozoic sedimentation in parts of the Amadeus, Ngalia and
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Chapter I Discussion

only as epeirogenic movements although they
probably reflect basin response to the initiation of
orogenesis. In the next section a brief description
of the stratigraphy and sedimentary styles of the
Amadeus, Ngalia and Georgina Basins will be
presented, followed by a discussion on correlations
between the isotopic data and the sedimentological
record.

8.3.1 The Rodingan Movement

While the Late Cambrian Pacoota Sandstone and
Early Ordovician Horn Valley Siltstone of the
Larapinta Group (see Table 8.1) are of marine origin,
an increase in carbonate and clastic sedimentation
in tlie upper Stairway Sandstone and Stokes Siltstone
(particularly in the upper Stokes Siltstone where
there is an absence of marine fossils) reflects
increasingly shallow conditions and suggests the
enlergence of some relief adjacent to the basin
(Kennard and Nicoll, 1986; Walley et al, 1991).
Ovellyirg the Stokes Siltstone is the Late Ordovician
Carmichael Sandstone which shows evidence of a
deltaic depositional environment representing a
significant change in sedimentary style and the
pattern of sedimentation. In the northern Amadeus
Basin, a rnajor unconfonnity exists at the base of
the Carmichael Sandstone, and the unit is generally
recognised as indicating a change in the tectonic
leginre (V/ells et al, 197 0; Lindsay and Korsch, I 99 I ;
Shaw, l99l; Mawby etal,1999) although authors
differ over its stratigraphic assigrunent. Shaw (1991)

for example treat the Carrnichael Sandstone as a
separate individual sequence, whereas Owen (in
Kennard and Nicoll, 1986), Lindsay and Korsch
(1991) and Lindsay and Owen (1993) consider it a
member of the predominantly Silurian Mereenie
Sandstone, and Oaks et al (1991) include both the
Carmichael Sandstone and the Mereenie Sandstone
within the Larapinta Group. Much of this confusion
appears to arise from variations in the local style of
contact between the Stokes Siltstone and the
Carmichael Sandstone, and between the Cannichael
and Mereenie Sandstones. Contacts between these
units are generally gradational and conformable
toward the western and central parts of the basin but
appear unconformable in the northeast (Laurie et
a1,1991;Nicoll etal, 1991; Oaks et al,199l;Lindsay
and Owen, 1993).

According to Wells et al (1970), the unconformity
and the change in sedimentation from the Stokes
Siltstone to the coarse clastics found withìn the
Cannichael Sandstone, and a major erosional period
between deposition of the Carmichael Sandstone
and the overlying Mereenie Sandstone are
representative of initiation and cessation of the
Rodirrgan Movernent. This movement was
responsible for significant uplift and erosion of older
sediments, particularly in the northeastern of the
Amadeus Basin where between 1000 m and 3000
m of material including the Pacoota Sandstone was
cornpletely removed, prior to deposition of the
Mereenie Sandstone. This erosion becomes less

'1 31 000' 1 32000' 1 33000'
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24000

25000'

Figure 8.2. lsopach map of the Late Ordovician to Silurian Carmichael Sandstone, including location of
major outcrops in the northern-central Amadeus Basin. (Adapted from Liindsay and Owen, 1993).
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severe and then ultirnately conformable with
westward progression toward the Missior-rary Plain
and Carmichael Sub-basin areas (V/ells et al,l9701'
Slraw and Wells, 1983; Oaks eT al,7991; Nicoll et
al, 1991) (Figure 8.3). The age of initiation of the
Rodingan Movement is not well constrained, but is
believed to be Caradocian (i.e. 450-460 Ma) on the
basis of fossil frsh fragments found in the base of
the Carrnichael Sandstone (Shergold et al, 1991),
and from the presence of reworked earlier Ordovician
conodont fragments within the unit, which indicates
the erosion of exposed older sediments (Walley et
al,1991; Nicoll et al, l99l). The distribution of the
Carrnichael Sandstone is not fully known and this
lias led to some confusion over its stratigraphic
position and possible sources of the rnaterial (e.g.
Owen in Kennard ar-rd Nicoll, 1986; V/alley et al,
1991; Shaw 1991; Shaw et al 1991). What is known
is that the sediments were deposited in an elongate
depression trending NW-SE (see Figure 8.2) and
onlapped highs created by the Rodingan Movement,
in the nortlieast and possibly soutlrwest of the basin
(Lindsay and Owen, 1993). Given that the Rodingan
Movement exposed underlyi n g Ordov ici an seq uences
in the north-eastern Arnadeus Basin, it seenrs
plausible that this may have been a source area for
the conodont fragments found in the Carmichael
Sandstone.

In the Ngalla Basin (see Table 8.1) the Rodingan
Movelnent is correlated with an unconfonnity known
as the Djagarnara Movement, occurrir.rg between the
Ordovician Djagamara Fonnation and tl-re Ordovician
or Devonian Kerridy Sandstone. Age constraints on
the Djagarnara Fonnation and the Kerridy Sandstone
are poor due to a paucity of fossil evidence, however
a K-Ar age of 447 Ma frorn glauconite in tl-re upper
parts of tl-re Djagamara Formation (Cooper et al,
1971) provides a potential minimum age constraint
for this unit, which has been correlated with the
Larapirrta Group sandstones (Cooper et al, 1971;
Wells and Moss, 1983). The Kerrldy Sandstone
does not closely resemble any of the rnid-Palaeozoic
units from the Amadeus or slrrrouuding basins aud
could be equivalent to the Carmichael Sandstone,
the Mereenie Sandstone or the lower to rniddle parts
of the Pertnjara Group, although it is probably coeval

with tl-re Carrnichael and/or Mereenie Sandstones
(Wells and Moss, 1983; Deckelman and Davidson,
1994; Walley et al, 1991). Tlie full distribution of
the Kerridy Sandstone is also unknown due to
extensive erosion of the unit during the Kerridy
Movement prior to deposition of the Late Devonian
- Early Carboniferous Mt Eclipse Sandstone, however
it is considered a fluvio-deltaic sequence ('Wells et
al, 1972: Deckelman ar-rd Davidson, 1994) which
tlrins westward (Wells eT al, 1972). The Djagarnara
Movement was most intense in the western part of
the basirl recording a period of diastrophisrn and
folding which probably occurued during the Silurian
(Wells and Moss, 1983).

In the Georgina Basin (see Table 8.1 ) a similar'
relationship exists whereby the Lower to Mid-
Ordovician rocks of the Ethabuka Sandstone are
unconformably overlain by the Mid-Devonian
(Ernsian-Eifelian) Craven Peak Beds (Jones, 1972;
Draper, 1980; Shergold, 1985). Sorne arnbiguity
exists over the stratigraphic assignment of the
Ethabuka Sandstone with early workers assigning
it as the lowest unit ofthe Cravens Peak Beds (despite
the significant urrconfonnity which marks its upper
contact with the Cravens Peak Beds) while later
authors classified it as the youngest unit in the Toko
Group, (e.g. Srnith, 1972;Draper, 1980; Lodwick
ar-rd Lindsay, 1990 and references therein). This
uncertainty is due to the paucity of infonnation about
the Ethabuka Sandstone which is rnainly collected
from drillhole data (Shergold and Druce, 1980). It
is generally correlated with the upper Stokes Siltstone
and Carmichael Sandstone however as it contains
Ordovician fossils and conformably ovellays the
Ordovician Mithaka Formation (Draper, l9B0;
Shergold and Druce, 1980; Lodwick and Lindsay,
1990; Cook and Totterdell, 1991), while the Cravens
Peak Beds have been correlated witl, tl-re Mereenie
Sandstone and the Pertnjara Gror.rp (Gilbert-
Tomlinson, 1965; Draper,19761, Tunter et al, 1981;
Lodwick and Lindsay, 1990). Thus the unconformity
which separates these sequeltces can probably be
correlated with the Rodingan Movement in the
Amadeus Basin.

Overlying the Cannichael Sandstone is the Mereenie

Figure 8.3. Locality map ind¡cating the distibribution of the Pertnjara Group in the nodhern Amadeus Basin
and salient structures mentioned in the text.
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Sandstone, all areally extensive unit dominated by
mature aeolian sands and minor fluvial material
which suggests it was derived from low relief
sedirnentary units adjacent to the basin rnargins
(Wells et al 1970; Oaks et al, l99l; Walley et al,
1991). The age of the Mereenie Sandstone is poorly
constrained due to a lack of fossil remains in the
unit, however it is generally believed to be Silurian
to Early Devonian although it could be as old as
latest Ordovician (Kennard and Nicoll, 1986; Young,
1985; Li et al, l99l; Shaw, l99l). The accumulation
of this unit is interpreted as indicating a period of
relative tectonic stability in the Amadeus Basin
(Nicoll et al 1991; Jones, 1991; Shaw et al 1995)
which rnay have spanned a period of up to 40 Ma.
Equivalent sequences l-nve not yet been conclusively
identified in the adjacent basins although the Kenidy
Sandstone in the Ngalia Basin and Cravens Peak
Beds in the Georgina Basin have been variably
correlated with the Mereenie Sandstone (Wells and
Moss, 1983; Lodwick and Lindsay, 1990; Walley et
al, 1991).

8.3.2 The Pertnjara Movement.

The aeolian sands of the Mereenie Sandstone were
oveftaken by playa and lacustrine sediments of the
Pertnjara Group durir.rg the Emsian (397-388 Ma)
(Kennard and Nicoll, 1 986; Young et al, 1987 ; V/al ley
et al l99l; Shergold et al, I 99 I ) (Table 8. 1 ). The
change in depositional environment from that of the
Mereenie Sandstone and the creation of the
depocentre into which the Parke Siltstone was
deposited is generally equated with onset of the
Pertnjara Movement, the first of a number of
rnovements observed in the sedirnentological record
resulting in regional and/or localised epicratonic
uplift which were associated with the Alice Springs
Ologeny (Kennard and Nicoll,1986; Walley et al
1991 ; Jones, l99l ). However Jones ( 1991) noted
that the Harajica Sandstone Mernber, which was
deposited in response to uplift during deposition of
the Parke Siltstone, overlies the Deering Siltstone
and N'Dahla Members. Fossil evidence from the
Harajica Sandstone indicates a Givetian to Early
Frasnian age for the Pertnjara Movement (-375-385
Ma). The Henbury Movement and a nu¡nber of
other unnarned movements are also observed in the
Amadeus Basin, generally as local unconfonnities
within the Pertnjara Group and are often invoked to
explain tlie lack of sedimentation over local structural
features. Fufther studies have shown however that
these local events frequently have a more regional
character. The Henbury Movement for example was
originally defined as an uplift event which eroded
parl of the Parke Siltstone offthe Illamurta Structure
(located in the north-central Amadeus Basin to the
south of the Gardir.rer Range) (Figure 8.3) prior to
deposition of the Hermannsburg Sandstone and
appeared to be a localised phenomenon (Cook, 197 I ;
Iones,7972) however its definition was later extended
to include uplift prior to and during deposition of
the Hermamrsburg Sandstone (\ùy'ells, 1976: Bradshaw
and Evans, 1988) and, along with the Pertnjara
Movement, was later equated with rnajor uplift and
the erosional interval which preceded deposition of

the Mt Eclipse Sandstone in the Ngalia Basin ('Wells
and Moss, 1983; Jones, 1991).

During deposition of the Pertnjara Group, depocentres
progressively shifted north in response to localised
uplift and rapid erosion until the Fammenian (- 310-
360 Ma), by which time sedirnentation was restricted
to localised northern depocentres in the northern
Amadeus Basin and extreme southern depocentres
in the southern Amadeus Basin (Walley et al, l99l).
Upper units in the Pertnjara Group become
increasingly conglomeritic and in succeeding
sedimentary units clastic material was sourced from
progressively older underlying sedimentary rocks,
until finally from about the 900m interval until the
top of the Brewer Conglomerate, basement clasts
from the Arunta Inlier appear and increase in
distribution (Jones, 1972; Jones,l99l). The rapid
influx of material derived from the exhuming Arunta
basement and deposited as the Brewer Conglomerate
was attributed to the Brewer Move¡nent which was
defined as a major regional uplift phase whicl-r also
created an unconformable contact between the
Hermannsburg Sandstone and the Brewer
Conglomerate in the north-east of the basin
(Bradsliaw and Evans, 1988). Spores from the
Undandita Member at the top of the Brewer
Conglomerate indicate this unit is Late Devollian
(Fammenian -375-360 Ma) in age (Playford et al,
1976). MaTuration studies from the same unit indicate
further cover of l-1.5 km thickness existed above
the presently preserved youngest sediments (Jones,
l99l), however the lack of granulite facies basement
clasts within the Brewer Conglomerate (Bradshaw
arld Evans, 1988), suggest that a significant thickness
of material was yet to have been relnoved from
above the exhuming basement rocks of the Arunta
Block. Estimates of the total volume of basement
clast-bearing Brewer Conglomerate and associated
sediments suggest about 5 krns of uplift of the Arunta
Block (Jones, 1991). The Brewer Conglomerate is
the youngest preserved sedimentary sequence in the
Amadeus Basin but folding of this formation and its
upper member the Undandita Member (Forman,
1966; Jones, 1997; Shaw, 1991) indicates that
defonnatiou continued into the Carboniferous,
therefore informatior-r about the final stages of the
ASO must come from sedimentary evidence in the
adjacent Ngalia and Georgina basins.

Throughout the Ngalia Basin, an ultconfonnity exists
between the Kerridy Sandstone and the overlying
Mt Eclipse Sandstone (the Kemidy Movement) which
has been correlated with the Pertnjara Movement
(Wells et al, 1968; Benbow et al,1983 Wells and
Moss, 1983) and the Henbury Movement (Jones,
1991) in the Amadeus Basin. In the north of the
basin, significant relief may have been created during
this movement as some of the underlying sedirnents
were relnoved creating angular unconformities
between the Latest Famennian to Late Carboniferous
Mt Eclipse Sandstone and the underlying Kerridy
Sandstone, Djaganrara Formation and the mid-
Cambrian Bloodwood Formation (Wells and Moss,
1983). The Mt Eclipse Sandstone is a tliick (-2400
m) and laterally extensive arkosic sandstone unit
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with interbedded pebble and boulder conglomerates
which has been equated with the mid to upper
Pertnjara Group. It was subsequently deformed and
eroded during the Mt Eclipse Orogeny, which is
ubiquitously correlated with the Alice Springs
Orogeny's defomation of the Brewer Conglomerate
(e.g. Wells and Moss, 1983; Lambeck, 1984; Jones,
l99l). Fossils located in the upper part of the Mt
Eclipse Sandstone (White, 1983) indicate that Mt
Eclipse Orogeny was r.ro older than Late
Carboniferous and therefore post-dates the deposition
of basement clasts in the Late Devonian Brewer
Conglomerate. The Mt Eclipse Sandstone was
derived from the north (Wells and Moss, 1983)
however there is no record of any basement clasts
withiri the Mt Eclipse Sandstone, thus although the
topograpþ created here during the Kenidy/Pertnjara
Movement may have been significant, basement
rocks of the northem Arunta Block l-rad not yet been
exposed at a thne when movement in the south had
exlrumed parls of the basement there (Figure 2ll).
Interestingly, no material was apparently shed into
the Ngalia Basin from the rear of the highlands on
its southern margin which provided copious
basement-sourced sediments to the Amadeus Basin.
Given that tl-rere are sillimanite and kyanite bearing
ASO age (c. 334 Ma) shear zones in the eastern
Reynolds Range (Cartwright and Buick, 1999; Read
and Cartwright, 1999b), it is possible that up to l5-
20 krns of sediment was still to be removed by the
mid-Carbon iferous.

Also coeval with the Pertnjara Group in the Amadeus
Basin were the fluvial-lacustrine sediments of the
Cravens Peak Beds in the Toko Syncline, and the
Dulcie Sandstone in the Dulcie Syncline of the
Georgina Basin (Gilbeft-Tomlinson, 1965; Draper,
1976;Turner et al, 1981) (see Figure 8.1). Both tlre
Cravens Peak Beds and Dulcie Sandstone contain
pebble conglomerates (Srnith, 1972) and have been
corelated with the Mereenie Sandstone and Pertnjara
Group of the Amadeus Bas in (Youn g et al, 1987 ;
Young, 1988; Slraw, 1991) although the presence of
fish fossils in the Dulice Sandstone, Cravens Peak
Beds (Gilbert-Tomlinson, 1965) and Pertnjara Group
(Young et al, 1987; Young, 1988) suggests tlris
correlation is more likely. Palaeocurrent data frorn
the Dulcie Sandstone indicates that sedirnents in this
unit were sourced from the southwest offthe Arunta
Inlier (P. Haines, University of Tasmania, pers corrll
July 2000). Both the Cravens Peak Beds and the
Dulcie Sandstone have unconfonnable contacts witlr
their locally underlying Ordovician sequences, and
these unconformities may be correlated with the
Pertnjara Movement. Gilbert-Tomlinson (1965)
identified a hiatus during the deposition of both units
which may be a response to gentle epeirogenic
rnovernents, possibly related to the many moverneuts
noted within the Pertnjara Group. The basal unit of
the Cravens Peak Beds are rnarine limestones
suggestir-rg that the Georgina Basin maintained
contact with a larger oceanic regiorr to the east
(Walley et al, 1991). This is supported by the
distribution of palaeodrainage (Jones, 1972) and tlie
dispelsal of sirnilar fish fossils found within units
of the Amadeus and Georgina Basins and throughout

eastern Australia during the rnid to late Devonian
(Gilbert-Tornlinson, 1965; Turner et al, 1981; Young
etal,1987; Young, 1988; Shergold et al, 1991). On
the basis of the fish fossils identified by Gilbert-
Tomlinson (1965), the youngest known rocks in the
Georgina Basin to be affected by the Alice Springs
Orogeny are Upper Devonian (Frasnian-Famennian).

Numerous correlatives of sedimentary sequences,
erosional and depositional l-riatus and folding events
exist across the Arnadeus, Georgina and Ngalia
Basins, particularly of the regionally significant
Rodingan, Pertnjara and Brewer Movements. Clearly
then the sedimentological record indicates that fairly
widespread orogenic activity occurred throughout
tbe Centralian Basin and its derivatives, from about
the Late Ordovician until at least the Late
Carboniferous. However the youngest Amadeus
Basin sequences are older than the youngest shear
zone rocks from the Strangways Range (- 310-320
Ma) which, atthat tirne, were still located at about
20kms depth in the crust and were undergoing
prograde mid-arnphibolite facies deforrnation. The
youngest sediments affected by the ASO in the Ngalia
and Georgina Basins are only Late Carboniferous,
and while they contain conglomeritic interbeds, these
units do not host basement clasts. Maturation studies
from the upper Brewer Conglor-nerate indicate only
a fufther l-2 kms of sediment was ever deposited
over this unit, and no granulite clasts derived frorn
the extensive granulite terrains in the Arunta Inlier,
have been recorded. Therefore after about the mid
to late Carboniferous, a large part of the sediment
record assoicated with denudation of the Arunta
Inlier, is rnissing from the basins adjacent to the
Inlier, as tbere is no record of the denudation which
exhumed these younger shear zones througl-r about
20 km of overburden, arguably the rnost intense
phase of tectonism during the ASO (Li et al, I 99 I ).
One possible explanation forthe absence of sediment,
as indicated by rnaturation studies, is that the basins
adjacent to the Alice Springs Orogen filled up and
sediments were transpofted further afield. Given
that the Georgina Basin and Amadeus Basins were
sporadically linked to a larger ocean mass to the east
throughout the Ordovician, Devonian and
Carboniferous (Gilbert-Tomlinson, 1 965; Draper,
1976;Yeevers, 1984; Cook and Totterdell, 1991;
V/alley et al, l99l), it is plausible that this sediment
was carried southeastward and deposited into the
\ùy'arburton-Cooper Basin area or further
southeastward toward the present Tasman and
Lachlan Fold Belts (Figure 8.1).

In the Amadeus Basin, sedimentary sequences
defonned by the ASO are overlain by thin
undeformed Pennian sediments of the Clown Point
Formation, Buck Formation and other unnamed
rocks (Wells etal,1970:- Bradshaw and Evans, 1988).
These units occur mainly at the margins of the basin
and are poorly exposed generally, thus fossil evidence
for their age is sparse and palynological evidence
rarìges between late Carboniferous (-300 Ma) to
Lower Permian. The best preserved fossil evidence
suggests a Sakmarian age (-270-275 Ma) (V/ells et
al, 1970). In the Georgina Basin rare unnamed
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pebble deposits unconfonnably overlying the Cravens
Peak Beds were thought to be Permian glacial
deposits however fossil evidence indicates that these
sedirnents are Triassic (Smith, 1972). The Mt Eclipse
Sandstone in the Ngalia Basin is unconfonnably
overlain by thin Cainozoic units of middle Eocene
age (Wells and Moss, 1983). Although there is some
doubt about the age of the oldest Crown Point
Formation units, these undeformed younger
sedirnerfs indicate that by the Sakmarian and possibly
as early as the Late Carbouiferous, orogenesis in
central Australia had ceased according to the
sedimentary record. Consequently information on
the later stages of the Alice Springs Orogeny may
only be available from isotopic infonnation in the
form of cooling ages from metatnorphic minerals.
Tliis situation highlights the notion discussed above,
that although tlie sedirnentary record is potentially
the most useful single n-ìearìs of investigating
orogenesis, it is lirnited by the need for all the
synorogenic sediments to remain accessible. Thus
if the process of orogenesis, and the Alice Springs
Orogeny specifrcally, is to be adequately defined
and charactelised, alI pertinent information incIuding
isotopic, structural and rnetatnorphic evidence fronr
the basement as well as from the sedirnentological
record needs to be considered.

8.4 Correlating the sedimentary record and
evidence from the Arunta basement

Altliough the ASO is generally considered to be an
episode of north-sor¡th directed compression, the
overall geometry of tl-re rnid-Palaeozoic structures
indicate that it was a transpressional systern, with a
sinistral strike-slip cornponent (NE-SV/ directed

stress) to the deformation (Harison, i980; Bradshaw
and Evans, 1988; Collins and Teyssier, 1989b;
Scrirngeour and Raith, in press). The dominant ASO
structural features in the Arunta basernent are the
extensive arrays of anastomosing shear zones which
are both E-V/ and NW-SE trending. Wliile many
structures in the basins are E-W trending, the NV/-
SE trend of some basement shear zones is mirnicked
to an extent by the distribution offeatures such as
the Hugh River High, the Goyder Structure and the
Casey Bore uplift and local depocentres in the
Amadeus Basin (Bradshaw and Evaus, 1988; Nicoll
et al, 1991; Lindsay and Korsch, 1991; Oaks et al,
1991) and the orientation of the Dulcie and Toko
Synclines in the Georgina Basin (Lodwick and
Lindsay, 1990; Harrison, 1980) (Figure 8.1). The
tirning of the Rodingan Movement would appear to
be coeval with the oldest ASO basernent ages from
tlre Bruna Detachment Zone in the Harts Range in
the eastern Arunta Inlier (Mawby et al, 1999; Hand
et al, 1999b), tlre Entire Point Shear Zone (Scrirngeour
ar-rd Raith, in press), and other shear zones from the
noftheastern Strangways Range (Ballèvre et al, 1998;
Möller et al, 1999), suggesting that it is directly
related to local basement-involved deformation.
The distribution of the Carrnichael Sandstone within
the Arnadeus Basin in this same general NW-SE
orientation also suggests that early movement on
these structures lrìay be connected with the depositiorr
of this sedimentary unit and the Rodingatr Movement
generally. Although the provenance of the
Carmichael Sandstone is not conclusively known,
significant exhumation occnrred in the noftheast of
the Amadeus Basin in response the Rodingan
Movement, exposing Ordovician sediments to erosion
¡na reg ion immediately soutl-r of areas of the ArLrnta
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lrave been found (eg. Hand et a1,1999b; Mawby et
al, 1999; Scrimgeour and Raith, in press). These
sediments may have been the solìrce of tl-re reworked
Ordovician conodont fragments found in the
Carmichael Sandstone. Thus it appears that the
shallowing depositional environment noted in the
Stokes Siltstone and deposition of the Cannichael
Sandstone may mark the end of the extensional Early
Ordovician Larapinta Event (Hand et al, 1999b1.
Mawby et al, 1999) and heralds the onset of
transpressional tectonism associated with the ASO.

Ages constraining peak metamorphism frorn high
grade ASO shear zones in the Arunta basement rattge
from the Late Ordovician (ca. 450 Ma) throLrgh to
the Late Carboniferous (ca. 315 Ma) (Figure 3.7)
and are therefore conternporaneous with deposition
of the Carmichael aud Mereenie Sandstones, the
Pertnjara Group arrd their correlatives in the Ngalia
and Georgina Basins as well as the defonnational
and erosional events noted within thern (Table 8. I ).
Similarly Rb-Sr, K-Ar and Ar-Ar dates from the
Redbank Shear Zone, Arltunga Nappe Complex,
Woolanga Bore, Yambah Schist Zone, the Harry
Creek Deformed Zone and Harts Range also fall
within this period (Stewart, 1970; Armstrong and
Stewaft, 1975; Woodford et al, 197S;Iyer etal,1976;
Allen and Stubbs, 1982; Mortirner et al, 1987; Cooper
et al, 1988; Shaw and Black, 1991; Dunlap et al,
1 995; Durrlap ar' d Teyssi er, 1995; Foden et al, 1995;
Mawby, 2000). It appears from the Rb-Sr, K-Ar and
Ar-Ar datatl'tat ASO tectonism began to wane by
about 320-300 Ma (Shaw et al, 1984; Dunlap and
Teyssier, 1995), however in the Strangways, Hafts
and Reynolds Ranges some of the high grade shear
zones were still undergoing mid-arnphibolite facies
rnetarnorphisrn at depths 20 kms at about 330-320
Ma (thls study; Mawby,20001- Cartwright and Buick,
1999), so it is likely that much of this part of the
Arunta Inlier was still at considerable depth in the
Late Carboniferous. This suggests the distribution
of deforrnation and exhumation became highly
focused at this time, and coucentrated in a narrow
NW-SE trendir-rg corridor defined by the locations
of the Reynolds, Strangways and Harts Ranges
(Figure 8.4). As such the large-scale fonn of the
orogeu is fan-shaped. The data also indicates that
tlre southeastemArunta areaat least, resided at depth
throughout most of the orogenic cycle, since shear
zoues in this region record peak metarnorphic
conditions throughout a period spanning about 130
nr.y. (- 450-320 Ma), an interpretation consistent
with the l.rypothesis of Warren (1983). This suggests
that the overall orogenic strairl rates lnust have
increased through the mid-Carboniferous in order
to exlrnme the southeastern Arunta areato its current
structural level.

As there is no record ofthe final periods of orogenesis
which exhumed the SMC granulites preserved in
the basins, and it is unlikely that the synorogenic
sediments resulting from this period of exhumation
\¡/ere ever actually deposited there as maturation
studies indicate there was little additional sediment
(Jones, 1991), isotopic evidence fronr the Reynolds,
Strangways and Hafts Ranges is probably the only

source of infonnation on the latter stage of the ASO.
Unfortunately the thennochronological data fol much
of the inlier is still quite scant and often difficult to
interpret as it has frequently been collected from
high grade polymetamorphic rocks which have had
luumerous episodes of isotopic resetting (e.g. Allen
and Stubbs, 1982;'Windrim and McCulloch, 1986).
Moreover the geochronological systems used to
produce the data generally liave had closure
temperatures lower than the peak cor-rditions
encountered by the rocks, plus the samples used
have often been poorly constrained structr,rrally and
their metamorphic grade and history is also often
poorly defined. Thus it often impossible to know
what the thennochronological data represent as they
are effectively cooling ages which are unlinked to
any structural or metamorphic feature which rnight
place tl,em at a particular point in P-T space. As
such many cooling ages cannot be correlated with
any particular baric location on a exhtunation path,
and therefore may not actually describe the
exhumation history of the rocks. This point is made
quite clear in the detailed reviews and interpretation
of the existing data by Dunlap and Teyssier (1995),
Dunlap et al (1995) and Hand et al (1999b). Problerns
with the existing therrnochronological data are also
highlighted by the presence of Rb-Sr, K-Ar and Ar-
Ar cooliug ages wbich are older than or equivalent
to the dates produced frorn peakASO assemblages
in the high grade shear zones (Figure 3.7).

Hand et al (1999b) and Mawby (2000) also noted
that cooling ages in the nofthent parts of the Harts
Range tended to be significantly younger that tliose
iu the southem areas, and suggested that this tlend
rnigl-rt reflect the influence of a local heat source.
They suggested the large influx of pegrnatites which
occurred at about 340-330 Ma in the Harts Range,
night be allied to the intrusion of an unidentified
larger underlying magrnatic body, rather than arising
solely frorn decompression rnelting ofthe sunounding
country rocks. The thermal consequences ofthe
emplacement of such a body at about 330-340 Ma
are intriguing, potentially triggering lithospheric
weakening of this region, which resulted in the
dramatic focusing of deformation and exhurnatiou
in the southeastern Arunta Inlier at about 320 Ma.

8.5 Conclusion

This stLrdy coupled with other recent work, has
clearly shown that in the SMC the expression of the
Alice Springs Orogeny was thennally complex, with
basement-involved defonration occurring over a
period greater than 100 rn.y. fi'om ca. 450 Ma
(Ballèvre et al, 2000; Möller et al, 1998; Möller et
al, 1999) until ca. 310-320 Ma. Isotopic and
sedimentological evidence indicates that the first
rnovernents associated with the ASO occurrecl in the
Late Ordovician involving both the basement and
cover sequences througliout the Centralian Basin.
In the southeastern Arunta Lilier the earliest
lnovernellt appears to have occurred on shear zones
in the central part of the inlier and then progressively
shifted nofth and south toward the adjacent basins.
It appears that intense deformation and exhumation
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may have been initiated earlier in the southern paft
of the inlier (i.e. south of the Ngalia Basin) compared
to the north. The overall distribution of the orogen
is a fan-shape (Figure 8.4) with the greatest
exhumation occurring along the central zone but
concentrated in the southeastern portion ofthe Inlier
north of the Arltunga Nappe Complex. This is
evident frorn the distribution of metamorphic grade
across the orogen and is consistent with the large
scale structural style of the orogen. The southern
parls of the orogen are dominated by south-directed
thrusting on steep north dipping shear zones with
lineations plunging steeply to the NE, but toward
the central core of the orogen the trend of shear
zones become very steep to vertical until in the
northern parts of the orogen shear zones verge
nofthward (Figures 3.6 and 7.10). Initial orogenic
activity began at about 450 Ma (Ballèvre et al, 2000;
Möller et al, 1998; Möller et al, 1999; Mawby et al,
1999; Scrimgeour and Raith, in press) and is
expressed in the Amadeus Basin by deformation of
the sediments during the Rodingan Movement.
Orogenic activity began to wane throughout much
of the inlier by about 320-300 Ma, however in the
southeastern portion of the inlier exhumation of the
basement was beginning at about this time. The
cessation of the ASO is not well constrained as there
is no preserved sedimentary record of this period
and the existing therrnochronological database is
scant and imprecise aside from localised detailed
studies (e.g. Dunlap et al, 1995).

An underlying therne throughout this discussion has
been the need for a holistic approach to be used
when unravelling the evolution of the Alice Springs
Ologeny or indeed when investigating orogenesis
generally. However when attempting to correlate
information from different geological disciplines it
has become apparent that many of the difficulties in
understanding the ASO arise from the differing
definitions of what constitutes the orogeny. Does
tlie ASO constitute all the Palaeozoic compressional
movements in the Amadeus Basin and is the
lurovement valid when occurring in isolation or only
when allied with baselnent involvement? If so then
the ASO appears to span a total period of about 150-
170 Ma. Should it refer strictly to the prograde
rnetamorphism and deformation of the Amadeus
Basin sediments? Or should the ASO be restricted
to the phase of deforrnation which resulted in the
exhumation of the high grade basernent areas of tbe
Reynolds Range, Strangways and Harts Ranges
which so fundamentally define the character of this
episode of orogenesis in the Arunta Inlier?

8.6 Future'Work

To date rnost of the studies instigated in the Arunta
Inlier have concentrated on elucidating the
Proterozoic evolution of the inliet and only recently
has attention turned toward its Palaeozoic
development. This is particularly evident when one
considers that until recently the extent of basement-
involved deformation during the Palaeozoic tectonisnr
was effectively unconstrained by high ternperature

tbermoclrronology, and the Larapinta Event, a major
Palaeozoic extensional event associated with regional
granulite facies metamorphism, has just been
identified (Mawby et al, 1999; Mawby, 2000).
Although a significant start has now been made
toward unravelling the history of the Alice Springs
Orogeny in areas such as the SMC, further
rnultidisciplinary research would enhance the curuent
understanding ofthis event and that ofthe Palaeozoic
history of the Arunta Inlier generally. Some aspects
which require attention include:

l) The paucity of baseline geochronological
and metamorphic data. At present there is a sparse
database of accurate therm ochronolo gy performed
on the lrigh grade shear zones which record
Palaeozoic influences. As suclr the extent and
duration of the Early Ordovician extensional
Larapirrta Event (Hand ef al,l999a; Mawby et al,
I999) has not been constrained and the extent ofthe
ASO is still poorly defined in different parts of the
Arunta Inlier. High precision thermochronology of
metarnorphic minerals in the shear zones in
conjunctiou with detailed structural analysis and
tnetamorphic petrology is required in order to;
characterise, define and distinguish the temporal and
spatial extent of the Larapinta Event and Alice
Springs Orogeny; to establish whether there is a
discernible periodicity to ASO movement on the
shear zones particularly in the central SMC and; to
link them with observed sedimentological features
in the adjacent basins.

2) Modelling of the amount and distribution
of the overburden removed from above the inlier
and a comparison with the distribution and thickness
of sedirnents in the basins. A better understanding
of the size and distribution of material removed from
above the basement and how it was deposited in the
basins would provide first order information on the
overall architecture of the orogen. This would
provide an appreciation of where the most
exhumatiorr occurred and how exhumation and
deformation were linked, as well as an insight into
where the creation of topography was occrrrring and
hence where lithospheric loading was concentrated.
Correlation between how much material was removed
and deposited throughout the ASO would also give
sorne independent assessrnent of the
exhumation/cooling rates across tlre orogen.

3) The loss of the Late to post-Carboniferous
synorogenic sediments from the adjacerrt basins
restricts the investigation of the latter stages of the
ASO and hence our knowledge of the lithosphere's
response to loading at a point when exhumation
became most pronounced and focused into a NW-
SE trending corridor. This in turn affects our ability
to accurately model the tectonic regime which created
the orogen. It also poses the question of where the
sediments went, which may have interesting
colìsequeuces for proveuauce studies in eastern
Australia.
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the lengthy evolution of the thick-skinned ASO and
the adjacent basins in an intracratonic setting, but
also provides a mechanism for change to a more
intense and localised expression of tectonism in the
southeastern Arunta Inlier, as well as the inversion
from an extensional environmentto a compressional
environment.
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Appendix 1

SAMPLE LOCALITY LIST AND DETAILED
PE,TROGRAPHY OF SELECTED SAMPLES

Table A1.1 . List of samples discussed in this thesis. All samples listed are stored at the Department of
Geology and Geophysics, University of Adelaide, and are preceeded with theAccession No.41028-.

Sample
Number

Easting Northing Locality 1:50 00 map shee Sample use

BHN2
BHN4
BHN5
BHN6

cMl9
cM20

MRN11
MRN12
MRN13
MRN14
MRN16
MRN17

PAWl
PAW2
PAW3
PAW6
PA\^r/
PAW9
PAWIO
PAW11
PAW12
PAW13
PAW2O

PBlO
PB11
PB12

PB1 84
P8246
PBS3

YBl
Y82
YB3
Y84
YB6
YB7
YB8
YB9

YB1 O

YB11
YB12
YB13
YB14
YB15
YB1 B
YB19
Y82O
YB21
YB22
YB23
YB24
YB25
YB27

415504
41 5509
41 551 5
415511

417146
417144
417160
417 158
417162
417166

427872
427870
427867
427810
427805
427690
427694
427580
427136
424421
424441

418807
41 881 0
418854
41 891 I
41 8830
417165

382250
382250
382251
382252
382232
382220
382215
381 834
382215
381 850
381 850
381912
382022
382210
382225
382235
382284
381 820
382245
382264
382373
382373
382375

431 500
431504

7425204
7425226
7425422
7425528

7426940
7426944

7431701
7431705
7431715
7431718
7431727
7431730

7422055
74220s3
7422048
7421985
7421980
7421658
7421655
7421342
7420625
7422420
7422005

7431764
7431760
7431750
7431766
7431757
7431 983

7449697
7449697
7449697
7449698
7449772
7449790
7449801
7449830
7449804
7449758
7449758
7449772
7449795
7449805
7449775
7449762
7449653
7449840
7449794
7449693
7449704
7449704
7449680

Ankala Gneiss
North of Bald Hill

lower
Cadney

Metamorphics
North of road
to Arltunga

Erontonga
Metamorphics

West of Patsy's
Bore

Pinnacles Bore
Shear Zone

Yambah Schist
Zone

Cadney
Metamorphics

Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen

Pfitzner
Pfitzner
Pfitzner
Pfitzner
Pfitzner
Pfitzner

Angkarla
Angkarla
Angkarla
Angkarla

Laughlen
Laughlen

Pfitzner
Pfitzner
Pfitzner
Pfitzner
Pfitzner
Pfitzner

Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah

stable i

stable i

stable i

stable i

sotopes
sotopes
sotopes
sotopes

petrog rap hy/petrology
petrog raphy/petrology

stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes

stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes
stable isotopes

Sm-Nd; petrography/petrology
Sm-Nd; petrography/petrology
Sm-Nd; petrog raphy/petrology

petrography
petrography

Sm-Nd; petrog raphy/petrology

stable isotopes
stable isotopes; geochemistry

stable isotopes
stable isotopes

stable isotopes; geochemistry
stable isotopes

stable isotopes; geochemistry
petrography

stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry

stable isotopes
stable isotopes

stable isotopes; geochemistry
stable isotopes
stable isotopes

stable isotopes; geochemistry
stable isotopes
stable isotopes
stable isotopes
stable isotopes
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Appendix I Petrography

Sam
Num

ple
ber

Easting Northing Locality 1:50 00 map sheet Sample use

YS2
YS8
YS9

YS1 O

YS11
YS11A
YS145
YS146
YS,147
YS148

Y829
YB3O
YB31
YB32
YB33

YS1 50
YS15,1

YS149

WK52
WK55
WK56
WK57
WK58
WK59

WKs9A
WK6O
WK61
WK62
WK71

WK181

WK182

382252
382252
382307
382222
382222

4382252
4382252
4382250
4382215
4382252
4382252
4382215
4382250
4382250
4382250

4382250

4382252
4382252

431 096
431 097
431097
431 099
431 096
431 096
431 096
431102
431105
431105
431110
431 1 00

431 1 03

7449268
7449268
7449548
7449507
7449507

7449268
7449268
7449697
7449801
7449268
7449268
7449801
7449697
7449697
7449697

7449697

Yambah Schist
Zone

Yambah Schist
Zone

Winnecke-Depot
Creek

7449268
7449268

7422633
7422610
7422608
7422606
7422603
7422598
7422598
7422593
7422588
7422590
7422750
7422604

7422602

Yambah
Yambah
Yambah
Yambah
Yambah

Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah
Yambah

Yambah

Yambah
Yambah

Laughlen

Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen
Laughlen

stable isotopes
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry

stable isotopes

stable isotopes
stable isotopes
stable isotopes

stable isotopes; geochemistry
stable isotopes
stable isotopes
stable isotopes
stable isotopes

Sm-Nd ; petrography/petrology
Sm-Nd ; petrography/petrology
stable isotopes, geochemistry

Sm-Nd ; petrography/petrology
stable isotopes; geochemistry

stable isotopes
stable isotopes

stable isotopes; geochemistry
stable isotopes, geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry
stable isotopes; geochemistry

petrog ra phy/petrology
Sm-Nd; petrography/petrology;

stable isotopes

Sm-Nd; petrog raphy/petrology;
stable isotopes

41.2. Detailed petrography of selected samples from shear zones in the Strangways Metamorphic
Complex.

Al.2.l Petrographic descriptions of metapelites from the Winnecke area.

wK182

This is a coarse-grained metapelitic rock sampl e \üinnecke area. It has a strongly
developed foliation defined by muscovite (-40 ich constitute the bulk of the rock.
This fabric wraps coarse (2-5mm) euhedral p ich fonns about l0% of the rock.
The gantet is not optically zoned and displays no textural evidence of secondary rims or other disequilibrium
features. It is predorninantly almandine garnet (58% core to 64%o rim) with a significant spessartine

e (12% core to l5Yo rim) and grossular (\Yo core to
Inclusions in garnet are commonly either ilmenite

l;åilH,il*fr ì:';i?:'n,ijfi J:nffi ;ï,iïl'å',:"i:
garnet growth initiated early in the crystallisation

history of this assemblage. Staurolite occurs as coarse (-4 mm) euhedral grains which are commonly
twinned and comprise about 15% of the rock. It has an XFe of about 0.77-0.79. Biotite, ilmenite and

which on occasion can be urolite growth
isation history as individ deformed and
ix fabric however other overprint the

fabric. Biotite occurs as both fine laths and as coarser (2-3 mm) grains disseminated throughout
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the rnatrix, however there is no systematic chemical variation between the two forms which have an XFe
of 0.40-0.41. Occasionally biotite is observed with tiny radiation haloes surrounding inclusions of allanite.
Muscovite comprises the bulk of the rock, occurring as fine grained laths with a paragonite content of
about0.26-0.29andAlvlofl.84-1.86. Quartzispresentmainlyassmallanhedral grainsfillingvoids
between the larger ferro-magnesian phases. Ilmenite is present as inclusions in garnet, staurolite and
biotite, and throughout the rock as a minor matrix phase. No chlorite is observed in this rock.

wK 71

Another strongly foliated metapelite from the Winnecke area, this rock is generally finer grained than
WKl82. Again garnet is present as coarse (-5 mm) etrhedral porphyroblasts which are wrapped by the
fabric, defined by the phyllosilicate phases. The garnet is dominantly almandine but with a significant
spessarline component. It is strongly zoned with 5 1% almandine at the core increasingfo 66%o at the rim,
lesser spessartine (33% core to 15% rin) and minor pyrope (9Yo coreto 13Yo rim) and grossular (7Yo core
ro 5o/o rim). The XFe ranges between 0.83-0.85. In this rock the majorferro-magnesian phases are less
prevalent and garnet defines only about 8% of the rock, with staurolite comprising about 10o/o and biotite
about20Yo. Garnet has volurnetrically few inclusior s, and these are ubiquitously ilmenite which define
linear trails oblique to the matrix foliation. Staurolite occurs as coarse (-3 mm) euhedral to subhedral
grains which are comlronly twirrned and contain poikiloblastic cores rich with ilmenite and quartz inclusions.
It has an XFe of about 0.77 to 0.78. As observed in WKl82, garnet growth appears to begin early in the
crystallisation history while staurolite is observed both overprinting and being wrapped by the foliation.
Biotite is present as small laths throughout the matrix and as inclusions in staurolite, and as coarser (- 2-
3 nim) grains in contact with staurolite and garnet and disseminated throLrghout the matrix. There is no
apparent chemical distinction between biotite forms which have an XFe of about 0.38-0.40 and anAlvl
of about 0.34-0.37. Individual coarser biotite grains can contain tiny inclusions of allanite. Muscovite
has a paragonite content of about 0.28-0.30, and Alvl is 1.85-1.86. It dominates the matrix and along
with biotite defines the foliation, comprising about 50% of the total rock. Muscovite occurs rnainly as
fine grained laths in the matrix but in some isolated domains, as randomly oriented fine laths which form
part of a retrograde assemblage with magnetite and chlorite. Minor chlorite occurs as small laths in
conjunction with retrograde muscovite and has an XFe of about 0.34. It grows in conjLrnction with magnetite
attheexpenseofstaurolite. Quartzispresentasaminorphaseformingabout5%oftherockeitheras
void filling anhedral grains as part of the peak assemblage or as part of the retrograde assemblage domains
of dynarnically recrystallised quartz with numerous sub-grain boundaries approaching a granoblastic
texture. Ilmenite is present as inclusions in garnet and staurolite, and tlrroughout the rock as a minor matrix
phase.

A,1.2.2 Petrographic descriptions of calcic pelites from the Cadney Metamorphics

CM 19

In lrand specimen this rock has a gneissic appearance, with the fabric defined by 4-5 mm scale compositional
layerir-rg with quartzofeldspathic and biotite rich domains. However in section the fabric is seen to be
defrned strongly by the preferred orientation of biotite and fine grained to fibrolitic sillimanite. Garnet
accounts forabout 5%oof the rock and appears to be essentially syntectonic. Presentas 2-3mm euhedral
to subl-redral porphyroblasts, garnet contains numerous inclusions of quartz, kyanite, sillimanite ilmenite
and biotite. In most instances, kyanite is the predominant aluminosilicate inclusion in the garnet cores
and is generally randomly oriented along with arry other phases present, however the fabric defined by
fine grained sillirnanite and minor kyanite can be seeu extending directly from tl-re matrix into th outer
margins of the garnet. There is no apparent break in garnet growth between these sets of inclusions.
Gamet has some compositional zoning with rim compositions of almoopyl3spss20gr6 and core compositions
of almoopyzgspssl3grT, while XFe values of 0.82 at the rim decrease to 0.75 at the core. Biotite forms
about25%o of the rock and although concentrated in biotite rich layers, it is disseminated throughout the
rock as medium grained laths. This form of biotite is chemically lrornogeneous with an XFe of 0.42-0.44
and Alvr of 0.35:0.37. Very fine grained biotite is also preserrt growin[ in conjunction with fine grained
sillimanite in randomly oriented masses which may possibly represent pseudomorphs of an earlier phase
and is not observed in contact with garnet. Plagioclase is present as subhedral moderate to coarse (2-3mm)
grains generally concentrated in quartzofeldspathic rich layers. It is observed in contact with all other
phases and constitutes about 25%o of the rock. It commonly appears with fibrolitic sillimanite growing
òn its boundaries and/or reacting to form fibrolite plus very fine grained quartz and plagioclase which can
appear mynnekitic. Primary plagioclase core compositions are approximately ab5ganso but can have either
endmember greater by up to l%o. Plagioclase rims holvever are always more albitic at about ab52an49.
Kyanite (-10%) is present as fine grained poikiloblasts included in garnet and throughoutthe matrix. It
appears in contact with sillimanite and can often form part of the sillimanite rich domains, however it
tends to be most abundant in low strain domairs. Kyanite is interpreted as crystallising ealier
than sillimanite as it is more common as inclusions in the interior of garnets, however there is
no clear evidence of a hierarchy of growth. Sillmanite is more prevalent than kyanite (-I5%)
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present as fine grained prisms and fibrolite in sillima
rich domains. It is also observed as coarser pri
rock most abundantly in the quartzofeldspathic
throughout the matrix but can also be observe
plagioclase and sometimes fibrolite growing at the
is seen adjacent to garnet and ilmenite. It hãs Alvr
0.08-0.09.

cM 20

Cl\t120 is.a strongly foliated calcic metapelitic schist where biotite, as the domi¡ant mineral forming about
45%o of the rock, and fine grained to fibrolitic sillimanite (-10%)'defin" t¡" iðnirio.à ruUri". ln ttrïs io"[

rurs as coarse (up to l0mrn) sub
ough the foliation is perturbed b
ows of garnet, this fabric does
iotite inclusions are observed to

contemporaneously and are observed in contact, alt
than kyanite since sillimanite isn't observed as inclusio
observed growing in random orientations an

1^1.2.3. Petrographic descriptions of metapelites from pinacles Bore

PB 10

lras an XFe of aborft0.77-0.79, and has nulnerous in
amonnts of biotite and tourmaline. These observatio
h
c
I
b
basis of proximity to garnet and staurolite. Biotite w
at about 0.46-0.49, while those in contact with both
those in contact with neither have an XFe of 0.43.

ion haloes surrounding incl
ccurring as fine to medium
.83. Along with biotite ir d
o occur intergrown with chl

about23%o of the rock and is present rnainly as med
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the other phases. Quartz grains are generally deformed with serriate boundaries and well-developed sub-
grain boul-rdaries. They commonly contain lmrnerous inclusions of muscovite, biotite, apatite and tourmaline.
I-lmenite and magnetite are present as inclusions in garnet, staurolite, biotite, and quartz and throughout
the rock as minor matrix phases. Chlorite is present as a minor phase forming part of a retrograde
assemblage. It is usually observed filling voids between broken staurolite grains or individual staurolite
grains oibetween staurolite and garnet, suggesting its growing at the expense of these minerals.

PB 2I5

Together, muscovite (about 45Yo) and biotite (ab of this rock and thus this
lnetapelitic schist is more strongly foliated than more prevalent, at about
10% of the rock, occurring as medium grained (2 sts which are wrapped by
the fabric. The garnet is strongly zoned with 59%o ahnandine at the core increasing to 66Yo at the rim,
spessartine at22%o atthe core down to l0o/o at the rim, minor pyrope at6.9o/o core up to l6%o rim and
grossular To/o at the core to BYo at the rim. The XFe ranges between 0.SS at the core down to 0.S0 at the
rim. Garnet has very few inclusions, and these are ubiquitously fine grained ilmenite which occasionally
define linear trails slightly oblique to the matrix foliation. Staurolite occurs as coarse (-3 mm) euhedral
to subhedral prisrns which are often twinned and can contain ilmenite, magnetite, quarlz and rare biotite
inclusiolrs, often resulting in a poikiloblastic appearance. It has an XFe of about 0.79 to 0.80. As observed
in some of the Vy'innecke samples, in PB2l5 garnet growth appears to begin early in the crystallisation
history while staurolite is observed both overprinting and being wrapped by the foliation. Biotite is present
as small laths throughout the rnatrix, as rare inclusions in staurolite, and as coarser (- 2 mrn) grains
disseminated throughout the rock. There is no apparent chemical distinction between biotite fonns whicl-r
have an XFe however chemistry does vary depending on the adjacent minerals. As noted in P810, biotites
adjacent to garnet have slightly higher XFe values (0.42-0.44) than those adjacent to garnet and staurolite
(0.40-0.42) and those not in contact with either of these phases (XFe of 0.43). Biotite grains can contain
muscovite, magnetite and ilmenite inclusions and rare tiny inclusions of allanite. Muscovite occurs mainly
as fine grained laths in the matrix with a paragonite conterìt of about 0.19-0.21, and Alvl is I .80- I .83 but
in some isolated areas it is also present as randomly oriented fine laths which form part of a retrograde
assemblage with chlorite. Rare chlorite occurs as small laths in conjunction with retrograde muscovite and
has an XFe of about 0.40. It is usually seen growing atthe expense of staurolite. Quartz forms about
l0% of the rock either as void filling anhedral grains or as domains of quartz ribbons. It is cornmonly
deformed with serriate boundaries and extensive sub-grain boundary development. Ilmenite and magnetite
are present as inclusions, and throughout the rock as minor matrix phases.

A1.2.4 Petrographic descriptions of calcic metapelites from Pinnacles Bore

PB 11

Tl-ris calcium bearing pelitic rock was sampled from the same shear zone as sample PB 10, but by comparison
has a much more weakly developed fabric due to the lower proportion of plryllosilicate minerals. In this
rock the fabric is predominantly defined by the preferred orientation of elongate minerals such as biotite,
staurolite and kyanite and deformed elongate plagioclase and quartz, but also by - 5mm-lOmm scale
compositional layering of quartz and plagioclase rich domains compared with ferro-magnesian mineral
rich domains. Garnet forms about l5%o of this rock and is generally confined to thin layers which are also
rich in staurolite, kyanite and biotite. It occurs as moderate (-2mm) subhedral grains with occasional
inclusions of quartz and ilmenite and rare biotite. The relationship between garnet and fabric development
is not clear cut as the fabric is weak and does not conclusively wrap any of the coarser phases, however
evidence can be found for garnet perturbing the orientation of biotite in particular. Gamet is predominantly
almandine (7ÙYo rin Lo 68Yo core) with a significant pyrope component ( I 8% rirn to 22o/o core) and lesser
spessartine (7%orimto6%o core)andgrossular (6%orimto4%o core). Whilethereisnoconclusiveevidence
for two stage garnet growth such as highly included cores and clean rims or marked abrupt changes in the
chemistry across grains, some individuals do appear to have minor overgrowth rims. Kyanite forms about
l0% of the rock, occurring as coarse 2-4mn subhedral poikiloblastic blades commonly with quartz and
ilmenite inclusions. Blades of kyanite are often observed to be defonned and bent, however they can also
lie randomly oriented with respect to the fabric particularly in low strain areas. Staurolite constitutes about
7%o of the rock occurring as moderate to coarse (2-3rnm) anhedral to subhedral poikiloblasts with quartz
and ilmenite inclusions. It has a lower XFe at0.76 to 0.78, than garnet rims at 0.80 although garnet cores
can be as lorv as 0.76. Staurolite, kyanite and garnet are all seen in contact with each other and the matrix
phases of biotite, quarTz and plagioclase. 12% of
the rock, predominantly as medium graine parsely
through the quartzofeldspathic rich domair XFe of
0.35-0.37 and an Alvl of 0.37 to 0.39. Qua he bulk
of the rock. They are observed forming quartz-feldspar rich domains within the rock and as matrix phases

in the ferro-magnesian rich domains. Plagioclase is predominantly albitic (0.70 at cores to 0,80 at rims)
and occurs as medium to coarse grains, generally deformed with their elongate axis parallel to tlie foliation.

t47



Appendix I Petrography

However in low strain areas they are often coarser
boundaries. In the ferro-magnesian rich domains,
grain boundaries, and is generally fine to medium gr
it appears to have undergone some dynamic recrysta
coarse (-2mrn) anhedral grains with pronounced sub
can also be observed in this rock growing in

PB12

This calcic metapelite is similar to PB I I but has a slightly greater abundance of biotite imparting a.more
schistose a-ppearance due to q -nlor-e 

strongly defined foliation. Again the fabric is predominantly defined
by the preferred orietation of biotite and elongate plagioclase and quartz and to a lesser extent staurolite
and kyanite. of biotite however, relationships between fabric
developement kyanite and staurolite are often àmbiguous. Some
compositional lic rich versus ferro-magnesian minerafrich domains
on the - 5mm ^ s less well defined than that in PBl l and doesnt impart
a gneissic textttre. Garnet is prevalent forming about20Yo of the rock as subhedral to anhedral grâins
ranging up to about 2 mm in size. The 68%o rin To 7 lesser
pyrope (21Yo rim to l9o/o core), spessa ) and grossul . The
XFe of the garnets vary from 0.76 at re. The timi ent is
difficult to establish conclusively but phase. Inclu in the
garnet but examples of quartz, ilmenite and rare biotite are observed, and in areas of greater biotite
proportion, the.fabric. can be seen to deflect about garnet. Kyanite, present as 2-4mm long poikiloblastic
and occassionally ernbayed b.lades_, are often seen to_be bent and growing about garnet grainô. Quartz and
biotite occur as inclusions within kyanite but staLrrolite is never seen wiihin kyanite. S-taurolite-occurs as
coarse subhedralto anhedral poikiloblastic and embayr 3mm long with common inclusions
!! luartz and ilrnenite. relationsñip of staurolite growth to
fabric development.is u ite and garnet suggesting iidevelops
later in the crystallisati rate sizéd laths, óften r'7ith ilmeniie
inclusions, and defines iotite rim and core analyses are generally consistent
with XFe vplues of about 0.38-0.39, however oc
higher Fe3 ' values, and consequently lower XFe
with local garnet rims. Plagioclase is the only feld
0.62 cores) fonning moderate suhedral grains with th
abundant in the quartzofeldspathic domains. Quar
magnesian rich domains and as moderate sized de
rich domains. Occassionally coarser quartz grains
domains are annealing and which themselves are
Minor chlorite is present as retrograde mineral gr
grained. najor rock forming minerals all
app.ear I bservations made above suggest
a hierar of kyanite and then staurõiite.
Biotite,

PBS 3

PBS3 in its lack of staurolite and more felsic composition, and finer grainedappea Yo) and plagioclase (-15%) are the dominant minerals and thãfabric
is defi entation of biotit
layering, similar to that observed in the other calcic
68Yo core) with subordinate pyrope (18%o rim to 2
and grossular (10% rim to 3%o core), with an XFe of
l5%o ofthe rock, occuring as euhedral to subhedral gr
Kyanite is present as fine grained euhedral crystal

fonns about l0% ofthe rock and tends to be concen
layers. Biotite, forming l5%o of the rock, is the p
grained latlis with an XFe of 0.32-0.34. Although als
tl-rrough the rock than garnet and kyanite. Plagiocla
to lnoderate subhedral grains throughout the rock,
foliation. Quartz is observed as highly defonned fin
boundaries, It is present throughout the rock but o
in the quartzofeldspathic domains. All the minerals present are observed in intimate association and there
are no reaction textures or other disequilibrium features, suggesting these minerals constitute an equilibrium
assemblage.
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.{1.2.5. Petrographic descriptions of mafic schists from the Yambah Sch ist Zone

YS9

YS 9 is a mafic schist with the classic amphibolite assemblage of garnet-hornblende-plagioclase-quartz.
Garnet comprises about 10% of the rock, as smallto moderate euhedral grains up to 2mm in size. It is
often inclusion free but can contain significant quartz inclusions as well as lesser ilmenite and rare allanite.
Hornblende is present as subhedral elongate I -2mrn laths and is the main fabric defining phase, along with
well developed quartz ribbons. It forms abouf 40Yo of the rock proportionally, and commonly contains
qtartz and ilmenite and allanite inclusions which have radiation damage haloes. Although staurolite is
not observed in this sample, there are smalldomains of quartz and plagioclase which have inclusious ou
tiny hornblende scattered through thern. These may be equivalent to the corroded relic staurolite seen in
other sarnples such as YSl48. Plagioclase (20% of the rock) and quartz(25%) are fine to moderate grained
and generally have a granoblastic texture aside from those areas which host the relic honlblende, whiclr
tend to be anhedral.

YS 10

This coarse grained chlorite-biotite-garnet schist was sarnpled about 30 metres along strike from the garnet
bearing amphibolites, adjacent to a calc silicate unit. Its has an unusual mineralogy compared to all other
lithologies in the SchistZone and as its contacts with adjacent units are obscured such that in the field its
precursor is not obvious. Gamet in this rock occurs as large (to l2mm) euhedral porphyroblasts often with
perfect crystalfaces, forming about 30%o of the rock. It is dominantly ahnandine (70% rim to 67Yo core)
and pyrope (23%o rin to l8%o core) with m inor spess artine (l%o rim to 9o/o core) and grossular (5% rirn to
8% core) and an XFe of 0.75 at the rim to 0.79 in cor n the garnet are nul

the rock is derived

lii,åfl1",,'"ils'ii:
r growth of this phase. Chlorite is the dominant phase

in the rock, cornprising abott40Yo of the rock, and along with biotite, at about 25o/o of the rock, dèfines
the strong fabric. It is classified as repidolite with an XFe of 0.26 to 0.30. Chlorite and biotite are intimately
intergrown, occurring as medium to coarse grain:d laths. Biotite has an XFe of 0.21 To0.32 and an
octahedralAl value of 0.30-0.34. Quartz is a minor component of the rock at about 2o/0. IT occurs in the
matrix as medium to coarse subhedral grains with ilmenite, biotite and chlorite inclusions. Ihnenite is also
a minor mineral comprising to 3Yo of the rock, occurring as either mediurn subhedral equigranular grains
or fine needle-like grains throughout the matrix and as inclusions in garnet. As observed in the other mafic
rocks from Yarnbah allanite is an abundant accessory phase throughout the matrix, along with lesser
monazitelzircon?, zoisite and clinozoisite. The unique mineralogy and abundance of late monazite suggests
that this rock has experienced significant metasomatism.

YS 147

This mafrc amphibolite is texturally very different to YS9, YS148 and YSl49 being finer grained and
considerably more quartzofeldspathic in composition. Garnets (about 5%o of the rock) are small (to lrnm)
euhedral graitts r,vith very few quartz and ilmenite inclusio¡ls and often have perfect crystal faces. They
are chem ically zoned with rims of 67Yo almandine, 230/o pyrope, 20% spessartine and 7olo grossular with
anXFe of 0.74 tocores of 65%o almandine,22Yopyrope,3olospessartineandg0/ogrossulailvithXFeof
0.75. It is seen in contact with all other phases including staurolite (proportionally about 7%) which is
observed as fine (to lmm) euhedral to subhedral prisms, oriented parallel to the schistose fabric, with
minor quartz inclusions. Staurolite is chemically homogeneous with an XFe of 0.69-0.70. There is no
evidence of disequilibrium orthe reaction textures observed in other samples involving staurolite. The
fabric is defined by the preferred orientation of elongate fine grained hornblende (25%) and well cleveloped
quartz ribbons. Honrblende is classified as alumino-tschermakite according to Leake, (1978) with an Alvt
of 1.04- 1.07 and XMg of 0.60 to 0.62. The bulk of the rock is comprised of plagioclase (28%) and quarlz
(35%) which tend to form a fine grained equigranular matrix (apart from the qtartz ribbon domains), and
approach a granoblastic polygonal texture. Plagioclase is also chemically zoned ranging from anSs at the
rim to an90 in the core. Allanite inclusions in hornblende and is some staurolite are observed but this
mineral is less abundant in this rock than in most of the other Yambah samples.

YS 148

In this staurolite and garnet bearing mafic amphibolite, garnet forms about 15% of the rock, occuring as
coarse (to 4mm) subhedral grains rich with included quartz which can produce a poikiloblastic and
somewhat amoeboid appearance. Other included phase are ilmenite and rarer allanite. Garnet is chemically
zoned and predominantly almandine (68% rimto 66Yo core) with lesser pyrope (21% rirn to l8%o atthe
core) ancl minor spessartine (2%o rim to 3%o core) and grossular (9Yo rim to l2o/o core), the XFe ranges from
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0.77 to 0.79. Comprising about 30% of the rock, hornblende is observed as moderate to coarse subhedral
elongate grains defining the an_l,rgdqal grains extending along grain boundaries
between quartz and plagioclas poikiloblastic appearance. lt is hai ñumerous allanite
a1{ ggartl inclusions. The c ende classifies it as-àlumino-tschermakite, with an Alvr
of 1.10--1.15. and XMg of 0.54 tq 0.f 8. Staurolite is a minor component at about 10o2, occuring as anhedral
poikiloblastic grains up to 2mm in size, with numerous quaftz inclusions and lesser hornblendJand ilmenite
inclusions. It has a homogeneous cornposition with an XFe of 0.42 to 0.45. Although staurolite, homblende
and garnet are seen in contact without evidence of disequilibrium, there are areãs where reiic corroded
staurolite is separated from hornblende by dornain
appears to be growing at the expense of staurolite as ti
Inclusion-free plagioclase occurs throughout the rock
to equigranular grains. It fonns about 10% of the r
a granoblastic polygonal texture suggesting these
annealing. Plagioclase is also zoned ral

YS149

arnet porphyroblasts (about l5% ofthe rock)
appearance. It commonly has perfect crystal
to fabric development, as it can contain-rare

s to overpri nt 
;T"Hii:[xt #:iåxî] ;îi :?åïlJi

parallel to Garnet a_ry acrois the grains frõm alm67pyl9sp2grl0
with an X m65py2 XFe of 0.7j aTthe core. Ho.ñUlétiáe isïiðdominant 45%io o rock proportionally. It occurs as moderate to coarse
elongate g_r^air¡s which defined the well developed schisiosiiy. With an Alvl of 0.86-0.90 and an XMg of
0.58 to 0.60, it plots across the boundary of tschennakite to tshermakitic hornblende in the nomenclaiure
of Leake (1978). Hornblende is. commonly included-with quartz and ilmenite, and lesser apatite and allanite
which is often surrounded þV a halo frorn radiation da¡1ag.e. Quartz forr¡s about 35Yo of the rock occurring
as moderate void filling anhedral grains or,. in q:uarrz rich domains, as low strain equigranular and polygonai
grains suggesting some degree of recrystallisaion and annealing. No plagioclase ii oiserved in this säñple.
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MNERAL CHEMISTRY

ve les used in thermobarometricnal SX5l Electron furi".ãfioUã,_ä nalyses have been recalculated

A2.l Plagioclase-absent metapelitic schists from the Pinnacles Bore Shear Zone.

Sample

Mineral
b¡ bi must st st bi mu MU

PB2l5 core analyses

sio2
Tio2

4t203
Cr2O3

FeO

MnO

Mgo
CaO

Na2O

K20

36.25

0.17

19.75

0.02

25.70

10.97

1.87

3.48

0.02

0

36.66

0.08

20.63

0

27.43

9.37

2.27

3.21

0

0.01

36.8

0.06

20.51

0.0'l

30.63

5.41

3.32

2.88

0

0.01

27.42

0.54

51.88

0.04

14.33

0.26

2.2'l

0.01

0

0

27.39

0.49

51 .74

0.08

14.62

0.23

2.04

0

0

0.01

27.86

0.5

54.26

0.06

't2.17

0.25

1.77

0

0

0.03

36.46

1.12

18.08

0.05
'15.58

0.08

12.87

0.05

0.33

8.62

36.55

1.3

18.3

0.03
't6.7

o.o7

12.02

0.07

0.29

7.83

35.8

't.21

17.99

o.o2

15.46

o.07

12.48

0.06

0.39

8.66

48.09

o.42

34.74

o.o2

2.42

0.01

0.6'l

0.01

1.42

8.57

48.11

o.42

34.51

0.01

2.52

0.01

0.65

0.02

1.42

8.56

48.08

043
34.97

0.02

236
0

0.58

0.01

1.41

858

Totals 98.23 99.66 99.63 96.69 96.6 96.9 94.25 93.17 93.49 96.32 96.24 96.45

si
Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

7.75

0.1 04
'17.259

0.018

0

3.46

0.055

0.86

0

0

0.004

2.992

0.01 1

1.922

0.001

0.074

1.692

0.767

0.23

0.308

0.003

0

2.973

0.005

'l .972

0

0.073

1.779

0.644

0.274

o.279

0

0.001

2.967

0.004

1.95

0.001

0.125

1.927

0.37

0.399

0.249

0

0.001

7.74

0.115

17.266

0.009

0

3.383

0.062

0.93

0.003

0

0

7.742

0.1 04

17.775

0.013

0

2.828

0.059

0.733

0

0

0.01'l

2.745

0.063

1.605

0.003

0.09

0.944

0.005

1.444

0.004

0.048

0.829

2.772

0.o74

1.636

0.002

0.059

0.993

0.004

1.358

0.006

0.043

0.758

2,728

0.069

1.616

0.002

0.077

0.985

0.005

1.417

0.005

0.058

0.843

3.',t47

o.021

2.68

0.001

0.004

0.128

0.001

0.059

0.001

0.1 8

0.716

3.152

0.021

2.666

0.001

0.006

0.'132

0.001

0 063

0.001

0.18

o.716

3.141

0 021

2.693

0.001

0.002

0.127

0

0.056

0.001

c.179

0.7't6

12 11 11 't1 1',! 11 11
't2 12 46 46 46

Sum I 7.992 29.508 29.509 7.706 7.805 6.9388 29.265 7.781 6.939 6.937
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Sample

M¡neral

P8215 rim analyses
qgs st st st bi bi bi mu MU ilm

sio2
Tio2

At203

Cr203
FeO

MnO

Mgo
CaO

Na2O

K20

36.86

0.04

20.32

0

30.97

5.21

3.44

293
0

o.o2

36.62

0.05

20.77

0.02

31.53

4.52

3.37

2.85

0

0

36.96

0.03

20.86

0.01

30.1 I
5.01

3.54

3.04

0

0.01

27.66

o.44

52.69

0.04

13.75

0.27

1.94

0

0

0.01

28.13

0.48

52.86

0 0l
14.29

0.27

1.74

0

0

o.o2

27.84

0.51

54.05

0.05

12:.4

0.22

1.77

0.01

0

0.02

36.15

1.29

17.82

0.06

16.84

0.03

12.43

007
0.36

8.18

36.81
't.31

'18.27

o.02

16.03

0.07

11 .86

0.06

0.28

7.87

37.26

1.29
't 8.76

001
16.22

0.05

1'r.96

0.07

0.31

8.09

48.71

0.34

34.63

0.01

1.96

0.o2

0.74

o.o2

1.26

8.25

47.77

0.44

35.2',1

0.01

2.28

0

0.5

0.01

1.55

8.68

0.07

42.54

0.04

17.39

36.31

1.21

0.43

0.03

0

0

Totals 99.79 99.73 99.64 96.8 97.8 96.87 93.23 93.4 94.03 96.62 96.46 98.02

2.963

0.002

1.926

0

0.198

1.862

0.355

0.412

0.252

0

0.002

2.946

0.003

1.97

0.001

0.'13

1.991

0.308

0.404

0.246

0

0

7.83

0.1

17.347

0.002

0

3.327

0.064

0.722

0

0

0.007

7.747

0.1 07

17.732

0.011

0

2.886

0.052

0.734

0.003

0

0.007

2.744

0.o74

1.595

0.004

0. t1

0.966

0,002

1.406

0.006

0.053

0.793

2.785

0.075
't.63

0.001

0.051

1.009

0.004

1.338

0.005

0.041

0.761

2.795
0 073

1.659

0.001

0
'1.018

0.003

1.337

0.006

0.045

0.775

0.002

0.828

0.001

0.001

0.338

0.786

0.027

o.o17

0.001

0

0

Oxygens 12 12 12 46 46 46 1'.l, 1',! 11 1'l 11 3

si
T¡

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.968

0.002
'1.975

0.001

0.085

1.942

0.341

0.424

0.262

0

0.001

7.766

0.093

17.441

0.009

0

3.229

0.064

0.812

0

0

0.004

3.167

0.017

2.654

0.001

0.033

0.106

0.001

o.o72

0.001

0.159

0.685

3.124

0 022

2.715

0.001

0

o.'t25

0

0.049

0.001

0.197

0.725

Sum 7.973 8 8 29.418 29.399 29,278 7.751 7.7 7.712 6.895 6.957 2

Sample

Mineral

PBl0 rim analyses

sgs st st st bi bi bi MU MU mu

sio2
Tio2

At203

Cr203

FeO

MnO

Mgo
CaO

Na2O

K20

37.02

0.o2

20.74

0

31.8

4.91

3.35

2.15

0.02

0.01

36.91

0.02

20.94

0.01

29.98

4.68

J.J

3.53

0.07

0

36.89

0.05

20.74

0.02

29.97

5.91

3.25

3.15

0.02

0

27.82

0.58

52.68

0.03

13.4

0.31

2.12

0.01

0.01

0.01

28.15

0.65

53.22

0.05

13.24

0.31

2.O3

0.0'1

0.01

001

27.60

0.5

52.33

0.02

13.97

0.29

2.26

001
0.02

0.01

36.22

1.51

19.27

0.04

16.2

0.07

11.96

0.08

0.4

8.69

37.20

2.25

18.99

0.04

15.88

0.08

11 .88

0.03

o.41

8.66

36.59

1.8

18.94

0.03

16.24

0.09

11 .99

0.04

0.4

8.62

46.2

0.32

34.48

0.03

2.54

0.01

0.63

0.01

1.45

9.32

46.62

o.22

34.54

0.03

2.67

0.01

0.54

0.02

1.5

9.27

45.99

0.33

34.1 I
0.04

2.81

0.03

0.71

0.01

1.46

9.34

Totals 100.02 99.44 100.00 96.97 97.68 97.01 94.45 95.43 94.75 95 95.43 94.91

Oxygens

Si

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.974

0.001

1.964

0

0.09

2.047

0.334

0 401

0.185

0.003

0 001

2.959

0.003

1.962

0.001

0.115

1.895

o.402

0.389

0.271

0.003

0

7.786

0.122

't7.382

0.007

0

3.136

0.073

0.884

0.003

0.005

0.004

7.808

0.136

17.403

0.011

0

3.071

0.073

0.839

0.003

0.005

0.004

7.749

0.106

't7.32

0.004

0

3.28

0.069

0.946

0.003

0.0'11

0.004

2.757

0.125

1.659

0.002

0

0.984

0.005

1.3't2

0.002

0.059

0.82

2.739

0.101

1.672

0.002

0.0'l

1.006

0.006

1.338

0.003

0.058

0.824

3..t 06

0.011

2.713
0.002

0

0.149

0.001

0.054

0.001

0.194

0.789

3.089

0.017

2.706
0.002

0

0.158

0.002

0-071

0.001

0.19

0.801

12 12 't2 46 46 46 11 11 11 1'l 11 1'l

2.968

0.001

1.985

0.001

0.087

1.929

0.3'r 9

0.395

0.304

0.011

0

2.723

0.085

1.708

0.002

0.007

1.011

0.004

1.34

0.006

0.058

0.834

3.093

0.016

2.72'l

0.002

0

0.142

0.001

0.063

0.00r

0.188

0.797

Sum 8 I 8 29.402 29.353 29.49',t 7.78 7.726 7.759 7.023 7.017 7.036
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Appendix 2 Mineral Chemistry

Sample

Min

PB10 core analyses

b st st MU mu MUb¡ bi

sio2
Tio2

4t203
Cr2O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.06

0.06

19.81

0.03

29.13

7.O2

2.91

2.92

0.07

o02

37.03

0.07

20.68

0

29.32

7.47

2.87

3

0.07

0.01

36.48

1.5

18 83

0.04

16.74

0.05

12.23

0.06

0.34

861

36.89

1.39

19.37

003
15.58

0.05

12.65

0.03

0.44

8.74

36.55

1.54

18.75

0.03

15.99

0.07

12.36

0.04

0.4

8.42

27.63

0.49

52.57

0

14.',t3

0.39

2.23

0.01

0

0

28.15

0.46

53.23

0

13.5

0.31

2.11

0

0

0.o2

27.45

0.43

52.26

0.04

14.38

0.31

2.3

0.02

0.01

0.02

46.1 6

0.31

34.96

0.03

2.22

0

0.6

0.01

1.45

9.18

45.48

0.35

34.53

006
2.49

001
0.59

0

1.42

922

46.32

0.33

34.87

0.02

2.53

0.03

0.56

0.03

1.56

9.15

Totals 99.03 100.52 94.89 95.1 I 94.15 97 .45 97 .78 97 .22 94.93 94.16 95.41

Oxygens

S¡

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.964

0.004

1.951

0

o.124

1.838

0.506

0.342

0.257

0.011

0.001

2.733

0.085

1.663

0.002

0.016

1.03'l

0.003

1.366

0.005

0.049

0.824

2.739

0.078

1.696

0.002

0.005

0.962

0.003
't.4

0.002

0.063

0.829

2.744

0.087

1.659

0.002

0.o21

0.993

0.004

1.383

0.003

0.058

0.807

7.71

0.091

17.305

0.009

0

3.378

0.o74

0.963

0.006

0.005

0.007

3.083

0.016

2.753

0.002

0

0.124

0

0.06

0.001

0.1 88

0.783

3.072

0.018

2.75

0.003

0

0.141

0 001

0.059

0

0.186

0.795

3.085

0.017

2.738

0.001

0

0.141

0.002

0.056

0.002

0.201

o.778

12 't2 11 11 11 46 46 46 11 11 11

2.962

0.002

I .919

0

0.165

1.837

0.489

0.356

0.257

0.011

0.002

7.729

0.103

17.337

0

0

3.306

0.092

0.93

0.003

0

0

7.808

0.096

17.407

0

0

3.132

0.073

0.872

0

0

0.007

Sum I 8 7.778 7 .778 7.761 29.5 29.396 29.548 7.009 7 .024 7.019

A2.2 Plagioclase-bearing metapelitic schists from the Pinnacles Bore Shear Zone
Sample

Mineral

PB11 rim analyses

fs st st st bi bi bi ilhem

s¡o2
Tio2
4t203
C12O3

FeO

MnO

Mso
CaO

Na2O

K20

37.7

0

20.63

0.01

31.85

3.51

3.92

1.87

0.o2

0.04

37.52

0.02

20.96

0

32.86

3.t9
4.06

1.97

0.07

0.02

36.74

0.o2

21

0.01

32.24

3.46

4.17

1.56

0.03

0

64.38

0.01

23.07

0.04

0.19

o.o2

0

4.73

8.49

0.05

66.81

0

20.64

0

0.26

0

0.04

1.79

8.88

1.'t1

60.69

0.03

23.5

0.02

0.42

0

0.1'l

567
7.42

0.21

27.96

0.61

52.79

0.07

13.16

0.18

2.3

0.01

0.04

0.01

28.68

0.58

52.9

0.06

13.44

0.19

2.18

0

0.07

0.0't

28.23

0.63

52.69

0.08

12.88

0.18

2.42

0.02

0.01

0.01

37.11

1.41

18 42

0.05

13.54

o.o2

13.59

009
0.52

8.36

37.33

1.63

17.98

0.07

14.36

003
13.52

0.06

0.51

8.47

37.56

1.86

17.54

0.09

14.62

0.04

13.44

0.03

0.5

8.58

2.35

56.6

0.88

0

32 39

0.51

o.24

0.13

0.07

0.2

Totals 99.55 I 00.67 99.38 t 00.98 99.53 98.07 97.13 98.11 97.15 93.82 93.97 94.27 93.37

Oxygens

S¡

T¡

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.958

0 001

1.993

0.001

0.092

2.079

0.236

0.5

0.135

0.005

0

o

2.941

0

1.071

0

0.008

0

0

0.003

0.084

0.758

0.062

7.799

0.'t28

17.359

0.015

0

3.07

0.043

0.956

0.003

0.022

0.004

7.92

0.12

17.222

0.013

0

3.1 04

0.o44

0.897

0

0.037

0.004

7.858

0.132
'17.292

0.018

0

2.999

0.o42

1.004

0.006

0.005

0.004

2.77

0.079

1.621

0.003

0.049

0.834

0.001

't.512

0.007

0.075

o.797

2-788

0 092

1 583

0.004

0.025

0.869

0 002
'1.505

0.005

0.074

0.808

2.803

0.1 04
'1.543

0.005

0.009

0.903

0.003

1.495

0.002

0-072

0.818

312 12128 8 46 46 46 11 11 't'l

3.028

0

1.954

0.001

0

2.14

0.239

0.469

0.161

0.003

0.004

2.983

0.001

1.964

0

0.081

2.095

o.215

0.48'l

0.168

0,011

0.002

2.812

0

1 .'1 88

0 001

0.006

0

0.001

0

0.221

0.719

0.003

2.742

0.001

't.252

0.001

0

0

0.007

0.275

0.65

0.012

0 014

0.059

1.068

0.026

0

0

0.679

0.011

0.009

0.003

0.003

0.006

Sum 7.998 I 8 4.951 4.929 4.954 29.398 29.362 29.36 7.75 7.755 7.758 1.865

153



Appendix 2 Mineral Chemistry

Samples

Mineral

PB11 core analysis
qq b¡ bi bi st st st fsp fsp fsp

sio2
Tio2

4t203
C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.02

0.05

21.14

0.09

31.89

3.08

5.32

1.23

0.01

0.0'1

37.37

0.01

20.96

0.04

31.79

2.8'.1

5.26

1.66

0.03

0.02

38.01

0.02

21.00

0

30.9

2.66

5.18

2.18

0.03

025

3.001

0.001
'1.955

0

0.069

1.97'l

0.1 78

0.61

0.t85
0.004

0.025

37.34
'I .63

17.98

0.07

14.85

0.03

13.52

0.06

051
8.47

37.45

1.7 4

18.07

0.02

't3.74

0.04

13.55

0.05

0,58

9.O2

2.791

0.098

1.588

0 001

0

0.856

0.003

1.505

0.004

0.084

0.859

38.05

1.02
'f 8.08

0.11

'13:75

0.1

14.43

0

0.56

8.52

27.32

0.63

52.55

0.09

o.2

2.3

0

0

0.01

7.657

0.1 33

17.363

0.02

0

3.338

0.o47

0.961

0

0

0 004

27.52

0.59

52.7'l

0.05

14.17

o.21

2.37

0

0.02

0

7.683

0.'124

'17.348

0.011

0

3.308

0.05

0.986

0

0.011

0

28.67

0.71

52.78

0.13

12.51

0.16

2.46

0.01

0.01

0

60.39

0

24-O8

0

0.01

0.05

0

5.88

7.84

0.06

60.52

0

23.73

0

0.06

0.0.1

0

6.03

7.85

o.o2

I

60.44

0

23.9

0

0.06

0.01

0

6.O2

7.7

o.02

I

14 24

9984 9995 | .23 93.97 94.27 94.63 97.34 97.64 97.44 98.31 98.22 98.15

12 12 12 11 11 11 46 46 46 8

2.944

0.00s

1.982

0.006

0.122

1.999

0.207

0.63

0.1 05

0.002

0.001

2 973

0.001
't.966

0.003

0.091

2.006

0.189

o.624

0.142

0 005

0.002

2.789

0.092

1.583

0.004

0.02s

0.868

0.002

1.505

0.005

0.074

0.808

2.813

0.057

1.576

0.006

0

0.85

0.006

1.59

0

0.08

0.804

7.936

0.148

17.224

0.028

0

2.896

0.038

1 .015

0.003

0.005

0

2.724

0

1.28'l

0

0

0

0.002

0

o.284

0.686

0.003

2.733

0

1.263

0

0.002

0

0

0

0.292

0.687

0.001

2.73

0

1.272

0

0.002

0

0

0

0.291

0.674
0.001

Tolals

si
T¡

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

Sum

Sample

Mineral

PBl l interior analyses

s g q

sio2
Tio2

4t203
C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.87

0.01

21.O8

0.01

32.11

2.82

4.7

1.69

0

0.01

37.21

0.02

20.68

0.06

32.55

2.83

5.32

't.1

0

0

37.64

0.02

20.87

0.01

32.4

2.92

5.O2

1.38

0.01

0.01

Totals 100.44 99.97 100.41

Si

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

't2 12 12

3.003

0.001

1.97'l

0.001

0 023

2.113

0.1 89

0.555

0.144

0

0.001

2.966

0.001

1.943

0.004

0.12

2.05

0.191

0.632

0.094

0

0

2.986

0.001

1.952

0.001

0.075

2.075

0.196

0.594

o.117

0.002

0.001

Sum I 8 I

Sample

Mineral

PB12 core analyses
gsbi fso fsobi

sio2
rio2
4t203
C12O3

FeO

MnO

Mgo

CaO
Na2O

K20

37.6

0.04

21.22

0.04

32.20

2.84

5.34

1.27

0

0.01

37.61

0.02

20.98

0

32.30

3.1

4.89

1.36

0.o2

0.01

37.39

1.25

18.01

0.04

14.87

0.04

13.15

0.01

0.51

8.56

37.63

't.57

18.03

0.08

14.3

0.06

13.11

0.02

0.5

8.52

60.52

0

22.99

0

0.09

0.01

0

5.64

7.83

0.04

62.37

0.01

23.14

0.o2

0.21

0

0.01

4.94

8.39

0.05

Totals '100.57 100.29 93.83 97 .12 99.1 4

Si

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

I12 12

2.971

0.002

1.977

0.002

0.075

2.045

0.19

0.629

0.t08
0

0.001

2.988

0.001

1.965

0

0.062

2.077

0.209

0.579

0.116

0.003

0.00,|

2.806

0.071

1.593

0.002

0

0.933

0.003

1.471

0.001

0.o74

0.82

2.814

0.088

1.59

0.005

0

0.894

0.004

1.461

0.002

0.073

0.814

2.759

0

1.236

0

0.003

0

0

0

o.276

0.692

0.002

I

2.781

0

1.216

0.001

0.007

0

0

0.001

0.236

0.725

0.003

11 11

Sum 8 8 7 .773 7.744 4.969 4.97.1
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Appendix 2 Mineral Chemistry

Sample
Mineral

PB12 rim analyses

st st st bi bi bi

S¡02

rio2
4t203

C12O3

FeO

MnO

Mgo
CaOl
Na2O

K20

37.41

0

20.84

0

30.55

2.99

4.58

37.74

0.02

20.66

0

31.95

3.03

4.08
.t.83

0.07

0.18

37.71

0

20.88

0

31.64

3.19

4.33

1.99

0

0

28.07

0.59

53.03

0.03

13.7

0.19

2.35

0

0

0

28.08

0.55

53.1

0.04

't3.42

0.2

2,39

0.01

0.01

0.01

28.09

o.52

53.17

0.05

13.1 5

0.21

2.42

0.01

0.01

0.01

37.3

1.53

18.08

0.07

14.64

0.05

13.59

0.01

0.46

8.43

37.65

1.54

18.05

0.1

14.31

0.05

13.6

0

0.46

8.58

37.86

1.82

'17.70

0.09

14.93

0.07

13.77

0.o2

0.44

8.23

60.39

0.l l
21.40

0

1.91

0

1.2

3.81

7.3

0.9

61.36

001
23.75

0

0.28

o.02

0

5.4

8.04

0.04

6't.42

0

23.07

0.01

0.18

o.o2

0

5.46

7.87

0.12

0.04

0

Totals 98.29 99.56 100.19 97.96 97.8.1 .64 94.17 94.44 S4.94 97.02 98.9 98.15

12 12 12 46 46 46 11 11 11 I I I

3.02

0

1.984

0

0

2 063

o.204

0.551

0.1 63

0.006

0

3.026

0.001

1.953

0

0 022

2.1't8
0.206

0.488

0.157

0.011

0.018

3.004

0

1.961

0

0.03

2.105

o.2't5

0.5 t4
0.17

0

0

7.779

0123
17.329

0.007

0

3.176

0.045

0.972

0

0

0

7.785

0.t15
17.356

0.009

0

3.112

0.047

0.988

0.003

0.005

0.004

7.791

0.1 08

17.385

0.011

0

305
0.049

1

0.003

0.005

0.004

2.781

0.086

1.589

0.004

0.041

0.867

0.003

't.51

0.001

0.066

0.803

2.799

0.086

1.582

0 006

0.006

0.889

0.003
't.507

0

0.066

0.815

2.795

0.1 01

't.54

0.005

o.o72

0.841

0.004
't.515

0.002

0.063

o.776

2.755

0.004

117
0

0.067

0

0

0.083

0.1 89

0.657

0.053

2.747

0

1.254

0

0.009

0

0.001

0

0.259

0.698

0.002

2.769

0

1.226

0

0.006

0

0.001

0

0.264

0.688

0.007

Si

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

Sum

Sample

Mineral

P812
o

interior analyses

gs

sio2
Tio2

4r203

C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.46

0.01

20.92

0

31.53

2.72

5.29

1.2

o.02

0.03

37.74

0

20.88

0

31.7',1

2.74

5.09

1.48

0.01

0.01

37.21

0.01

20.78

005

32.54

2.81

4.92

1.65

0.02

0.01

Totals 99.17 99.66 100

Si

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

12 12 12

2.997

0.001

1.973

0

0.038

2.067

0.1 84

0.631

0.103

0.003

0.003

3.008

0

1.962

0

0.024

2.087

0.185

0.605

0.126

0.002

0.001

2.967

0.001

1.953

0.003

0.113

2.044

0.'19

0.585

0.'t4',1

0.003

0.001

Sum II I

Sample

Mineral

PBS3 interior analyses
gss

sio2
Ti02
4t203

C12O3

FeO

MnO

Mgo
CaO

Na2O
K20

37.32

0.01

20,95

0.01

31 .16

2.2

5.51

1.98

0.06

0

37.22

0

20.7

0

32.00

237
5.78

1.13

0

0

37.54

0.03

20.74

0

31.75

1.98

4.89

2.55

0

0.01

37.36

0.01

20.8

0

31.64

2.18

5.39

1.89

0.02

0

Tolals 99.2 99.2 99.47 99.29

Si

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

12 12 12 12

2.977

0.001

1.97

0

0.083

1.986

0.149

0.655

0.169

0.009

0

2.975

0

1,951

0

0.098

2.O3

0.16

0.688

0.097

0

0

2.997

0.002

1.952

0

0.05

2.064
0.134

0.581

0.2't8

0

0.001

2.983

0,001

1.958

0

0.077

2.027

0.148

0.642

0.161

0.003

0

Sum I 8 I I
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Appendix 2 Mineral Chemistry

Sample

Mineral

PBS3

s

rim analyses

s b¡ bi bi bi fsp fso fso

sio2
Tio2
At203

C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

38.05

0.02

21.32

0.03

31.7

2.15

4.57

2.61

0

0

37.91

o.o2

21.O9

0.04

32.',t5

2.O8

4.56

266
0

0

37.54

0.02

20.93

0.o2

31 .9

2.61

4.34

261
0

0.01

38.18

1.32

17.42

0

13.31

0.03

14.99

0.02

o.42

8.5

38.15

1.36

17.33

0

13.47

0.01

15.23

0.04

0.38

858

38.68

1.21

18.21

0

13.82

0.01

14.67

0.01

0.41

8.57

37.97

1.23

't7.25

0

13.99

0.04

15.1

0.03

o.42

8.72

60.94

0

22.7',!

0.02

0.67

0.04

0.02

5.55

7.99

0.06

60.63

0

24.55

0.01

0.13

0

0.02

6.85

7.36

0.05

60.38

0.01

23.66

0.o2

0.3'l

0.01

0.03

6.29

7.32

0.36

Totals 100.28 100.46 100.08 95.19 94.58 95.6 94.74 98.00 99.6 S8.38

si
Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.815

0.075

1.508

0

0.042

0.785

0.001

1.675

0.004

0.055

0.809

2.824

0.066

1.567

0

0

0 843

0.001

1.596

0.001

0.058

0.799

2.806

0.068

1.502

0

0.062

0.796

0.002

1.663

0.002

0.06

0.823

2.76

0

1.213

0.001

0.023

0

0.002

0.001

o27
o.702

0.004

12 12

3.005

0.001

't.971

0.002

0.013

2.103

0.1 39

0.539

o.226

0

0

3.007

0 001

1.987

0.002

0

2.096

0 144

0.539

0.221

0

0

2.993

0.001

1.967

0.001

0.025

2.106

0.176

0.515

0.223

0

0.001

2.805

0.073

1.509

0

0.075

0.796

0.002

1.641

0.002

0.059

0.797

I

2.704

0

1.29'l

0

0.004

0

0

0.002

0.327

0.637

0.003

2.728

0

1.26

0.001

0.01

0

0.001

0.002

0.305

0.641

o.02'l

12 1'l 1',l 11 1'l I I

Sum 8 7.997 8.009 7.758 7.767 7.755 7.784 4.974 4.968 4.967

Sample

Mineral

PBS3 core analyses

sgbi bi bi fsp fsp fsÞ fso

si02
Tioz
At203
C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.84

o.02

2't.23

0.03

31 .39

249
5.94
't.15

0

0

37.74

0.02

2't.17

0.01

32.09

2.41

5.9
't.3

0

0

38.78

1.15

't8.24

0.02

13.91

o.02

't5.11

0.01

0.45

8.4

38.21

1.32

't7.72

0.01

14.11

o.02

15.12

0.02

0.38

8.45

38.41

1.42

17.49

0

13.89

0.03

15.19

0.01

0.35

8.67

59.64

0.01

24.37

0

o.17

o.o2

0

6.97

7.22

0.18

59.75

0.02

24.5',1

0

0.28

0.01

0

6.95

7.23

0.03

59.99

o.02

24.14

0

0.11

0.05

0.01

6.98

7.32

0.48

59.1 I
0

24.47

0.01

0.11

0

0

6.98

7.1

0.03

Totals 100.09 100.64 96 09 95,36 95.46 98.59 98.77 99.09 97.89

si
Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.809

0.063
't.558

0.001

0.056

0.781

0.001

1.631

0.001

0.063

0.777

2.798

0.073

1.53

0.001

0.064

0.793

0.001
'1.65

0.002

0.054

0.79

2.693

0

1.297

0

0.006

0

0.001

0

0.337

0.632

0.01

I

2.988

0.001

1.977

0.002

0.042

2.027

0.167

0.699

0.097

0

0

2.97

0.001

1.964

0.001

0.093

2.009

0.161

0.692

0.11

0

0

2.811

0.078

1.509

0

0.051

0.793

0.002

1.656

0.001

0.05

0.8 t1

8

2.69

0.001

1.301

0

0.009

0

0

0

0.335

0.631

0.002

2.7

0.001

1.281

0

0.004

0

0.002

0

0.337

0.639

0.028

2.688

0

1.31

0

0.004

0

0

0

0.34

0.625

0.001

12 12 't1 11 11 I

Sum I 8 7.741 7.754 7.762 4.976 4.969 4.991 4.968

156



Appendix 2 Mineral Chemistry

42.3 lase-absent metapelitic schists from the Winnecke area.
Sample

Mineral

WK182 core analyses

sts s st bi b¡ bi mu MU

sio2
1io2
At203

C12O3

FeO

MnO

Mso
CaO
Na2O

K20

36.46

0.02

20.46

0.04

27.95

9.32

2.93

2.24

0.06

0

36.27

0.07

20.4'l

0

28.47

8.85

2.99

2.4

0

0

36.80

0.1

20.56

0.02

24.34

12.61

2.3

226
0.1

0

27.90

0.47

52.61

0.04

14.34

0.39

2.21

0

0.01

0.01

28.21

0.48

52.52

0.04

14.37

0.32

2.34

0

0

0.01

37.22

1.28

17.98

0

16.08

0.12

13.05

0.01

0.42

8.8

36.47

1.36

17.69

0

16.33

0.11

13.08

0

0.41

8.99

36.46

1.39

17.61

0
'15.91

0.15

12.93

0.02

0.37

8.92

48.21

0.29

35.29

0.02

2.36

0.01

0.59

0.01

1.97

7.83

47.13

0.29

35.14

0.o2

2.26

0.01

0.59

0

2.01

7.94

Totals 99.48 99.46 99.09 97.98 98.29 94.97 94.45 93.77 96.55 95.4

s¡

lj
AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.999

0.006
't.975

0.001

0.029

1.626

0.87

0.279

0 197

0.016

0

7.768

0.098

17.268

0.009

0

3.339

0.092

0.917

0

0.005

0.004

7.824

0.1

17.174

0.009

0

3.333

0.075

0.967

0

0

0.004

2.78

0.072

1.584

0

0.01

0.993

0.008

1.453

0.001

0.061

0.84

3.137

0.014

2.707

0.001

0.002

0.124

0.00't

0.057

0.001

0.249

0.651

2.953

0.001

1.953

0.003

0 145

1.748

0.639

0.354

0.194

0.009

0

2.939

0.004
't.95

0

0.1 63

1.766

0.607

0.361

0.209

0

0

2.75

o.077

1.572

0

0.049

0.975

0.007

1.47

0

0.06

0.866

2.766

0.079

1.575

0

0 013

0.995

0.01

'1.462

0.002

0.054

0.864

3.111

0.014

2.734

0.001

0

o.125

0.001

0.058

0

o.257

0.669

12 11 11 11 11 114612 12 46

Sun 6.97I I 8 29 5 29.486 7.801 7.825 7.82 6.943

Sample

Mineral

WK182 rim analyses

bist st st bi b¡ mu MU MU

sio2
rio2
4t203
C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.26

0.04

20.88

0

30.94

5.87

3.38

2.16

0.05

0

37.55

0.04

20.64

0.03

29.03

6.38

3.5

2.63

0.06

0.01

36.66

0.04

20.67

0

30.01

6.29

3.53

2.33

0.06

0.03

27.89

0.48

52 77

0.05

14.'.t8

0.36

2.21

0

0

0.01

28.23

0.53

52.77

0

14.16

0.35

2.28

0.01

0

0.01

28.17

0.51

52.74

0.02
'14.12

0.34

2.27

0.01

0

0.01

36.68

1.32

17 .71

0

15.42

0.09

13.O2

0

0.36

9.08

36.95

1.35

't7.85

0.o2

15.41

0.08

12.95

0.o2

0.35

8.58

36.90

1.37

17.91

0.02

15.3

0.1

13.12

0.03

0.33

8.52

47.17

0,26

35.55

0

1.99

0,03

0.56

0

2.09

7.96

48.52

0.29

35.13

0.o2

2.27

0.01

0.58

0

1.94

7.74

48.97

0.3

35.61

o.o2

2.32

o.02

0.61

0.01

1.97

7.81

Totals 100.58 99.87 99.62 97.95 98.34 98.1 9 93.69 93.57 93.61 95.62 96.51 97.65

S¡

ï
AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.791

0.o77

1.59

0.001

0

0.974

0.005

1.458

0.002

0.051

0.828

3.147

0.014

2.698

0.001

0

0.125

0.001

0.058

0.001

o.245

0.641

12 't2 12 46 11 11 11 11 11 1146 46

2.975
0.002

1.965

0

0.088

1.978

0.397

o.402

0.185

0.008

0

3 011

0.002

1.951

0.002

0.032

1.915

0.433

0.418

0.226

0.009

0.001

2.951

0.002

1.961

0

0.145

1.875

0.429

0.423

0.201

0.009

0.003

7.759

0.1

17.308

0.011

0

3.299

0.085

0.916

0

0

0.004

7.817

0.11

17.226

0

0

3.279

0.082

0.941

0.003

0

0.004

7.811

0.106

17.241

0.004

0

3.274

0.08

0.938

0.003

0

0.004

2.779

0.075

1.582

0

0

0.977

0.006

1.47

0

0.053

0.879

2.783

0.078

1.593

0.001

0.011

0.953

0.006

1.475

0.002

0.048

0.821

3.103

0.013

2.757

0

0

0.109

0.002

0.055

0

0.267

0.669

3.154

0.014

2.692

0.001

0

0.123

0.001

0.056

0

0.245

0.643

Sum I I 8 29.483 29.462 29.462 7.821 7.776 7.771 6.974 6.929 6.932

t57



Appendix 2 Mineral Chemistry

Sample

M nera

WK71

s

rim analyses

s s bi bi bi st st st mu mu mu

sio2
Tioz

4t203
C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.29

o.o2

20.76

0.01

28.04

7.34

334
2.28

0.01

0.01

37.21

001
20.73

0.01

29.55

615
342
1.95

0.01

0.01

37.15

o.o2

20 75

0.01

29.79

6.84

3.38

2.11

o.o2

0.01

36.61

1.46

18.14

o.02

15.52

0.08

12.84

0.08

0.35

8.1 5

93.25

37.15

1.45

19.24

0.06

14.94

0.05

12.84

0.04

0.4

8.08

37.32

1.45

19.07

0.04

14.89

0.06

12.85

0.05

0.39

8.38

94.5

27.96

0.51

52.6

0.1

'13.48

0.33

2.23

0.01

0

0.01

28.00

0.51

52.6

0.1

13.48

0.33

2.23

0.01

0

0

27.83

0.49

52.37

0.05

13.76

0.36

2.26

0.01

0

0

47.51

0.17

35.5

0.01

2.25

056
0

2.O5

7.75

47.66

o.23

35.6

0.04

2.48

0.01

0.61

0.02

2.08

7.83

47.5

0.29

35.35

0.02

2.25

0.02

0.6

0

1.99

7.7

Totals 99.10 99.05 100.08 93.26 94.26 94.51 97 .23 97 .26 97.13 95.81 95.72

si
Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

3.007

0.001

1.984

0 001

0.001

1.9

0.504

0.404

0.198

0

0

3.012

0.001

1.978

0.001

0.005

1.994

0.422

0.413

0 169

0.002

0.001

3.009

0.001

1.982

0.001

0.003

1.947

0.462

0.408

0.183

0

0

2.767

0.083

1 .616

0.001

0.043

0 933

0 005

1.446

0.006

0 051

0.787

2.764

0.081

1.688

0.004

0

0.93

0.003

1.424

0.003

0.058

0.768

2.773

0.081

1.671

0.002

0

0.925

0.004

't.423

0.004

0,056

0.795

7.808

0.107

17.31 I
0.022

0

3.148

0.078

0.928

0.003

0

0.004

46

7.816

0.107

17.31

o.022

0

3.147

0.078

0.928

0.003

0

0

7.794

0.103

17.29

0.011

0

3.223

0.085

0.943

0.003

0

0

3.116

0.008

2.745

0.001

0

0.1 23

0

0.055

0

0.261

0 649

3 107

0.011

2.736

0.002

0.011

0.123

0.001

0.059

0.001

0.263

0.652

3.117

0.014

2.735

0.001

0 003

0.119

0.001

0.059

0

0.253

0.645

12 12 12 11 11 11 46 46 11 11 1l

Sum 7.999 7.997 7.997 7.739 7.722 7.735 29.416 29 411 29.452 6.958 6.965 6.948

Sample

Min

WKT l core analyses

bi bi bi st st st mu MU MU

S¡O2

Ti02
4t203

C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

36.98

0.19

20.52

0.06

23.79

12.67

253
2.29

0.01

o.o2

36.56

0.45

20 45

007
23.27

14.35

232
236
0.01

0.01

36.77

o.42

20.48

0.06

23.08

13.51

2.37

2.32

0.01

0.01

36 82

1.38

18.23

0

15.45

0.1

13.29

0.02

0.42

8.68

37.33

1.43

18.89

0.04

15.1

0.03

12.79

0.07

0.35

835

36.61

1.46

18.14

0.o2

15.52

0.08

't2.84

0.08

0.35

8.15

27.68

0.48

52.25

0

14.03

0.43

2.28

0

0

0

27.94

0.49

52.84

0.1

13.49

0.36

2.24

0

0

0

27.70

0.48

52.15

0

14.03

0.38

2.29

0.01

0

0

47.42

0.3

35.4

0

2.36

0

0.59

0.01

1.98

7.77

47.47

0.35

35.8

0.04

2.38

0

0.58

0.01

2.13

7.82

47.46

o.27

35.79

0.08

2.49

0

0.48

0.01

2.26

7.76

Totals 99.06 99 99.03 94.39 94.39 93.25 97.15 97.46 97.04 95.84 96.58 96.61

Si

Ti

AI

Cr

Fe3

Fe2

Mn

M9

Ca

Na

K

't2 12

3.004

0.014

1.973

0.002

0.002

1.572

0.935

0.289

0.203

0.002

0,001

2.758

0.078

1.61

0

0.026

0.938

0.006

1.483

0.002

0.061

0.83

3.111

0.015

2.738

0

0.007

0.121

0

0.058

0.001

0.252

0.651

3.094

0.017

2.751

0.002

0.003

0.126

0

0.056

0.001

0.269

0.651

't2 11 't1 11 46 46 46 11 11 11

3.013

0.006

1.971

0.002

0

1.621

0.874

0.307

0.2

0

0.001

2 995

o.022
1.975

0.002

0.004
't.522

0.996

o.271

0.207

0.002

0.001

2.78

0.08

1.658

0.002

0

0.94

0.002
't.419

0.006

0.051

0.794

2.767

0.083

1.616

0.001

0.043

0.933

0.005

'1.446

0.006

0.051

0.787

7.765

0.101

17.28

0

0

3.292

0.102

0.954

0

0

0

7.784

0.103

17.356

0.022

0

3.143

0.085

0.931

0

0

0

7.778

0.1 01

17.263

0

0

3.295

0.09

0.958

0.003

0

0

3.095

0.013

2.752

0.004

0

0.1 36

0

0.047

0.001

0.286

0.646

Sum 7.995 7.995 7.995 7 .792 7 .732 7.739 29.494 29.424 29.489 6.953 6.971 6.98
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Appendix 2 Mineral Chemistry

A2.4 Plagioclase-bearing metapelitic schists from the Cadney Metamorphics

Sample
Mineral

CM19 rim analyses

oo q fsp fsp fsp fsp bi b¡ bi bi

si02
Tio2
At203
C12O3

FeO

MnO

Mgo
CaO

Na2O
K20

37.45

0

20.79

0

27.49

745
3.67

3.1

0

0

37.1 8

o.o2

20.81

0.0'1

27.61

7.06

3.63

295
0

0

37.67

0

20.92

0

27.86

7.13

3.78

3 13

0

0

37.48

0.04

20 95

0.01

26 74

8.89

3.31

291
0

0.01

55.74

0.06

27.24

0.01

017
0.07

0

10't2
5.55

0.04

56.79

o.2

26 18

0

o2
0

0

905
6.63

006

56.54

006
27 14

o02
o.22

o.o2

0.01

995
5.52

0.06

56.9

0.05

26.17

o.o2

o.14

0.03

0.01

9.16

6.06

0.06

36.36

194
18

005
16.03

o.12

11 .89

001
0.17

9.21

36 39

1.93

18.18

o.o2

15.95

0.14

11 .58

o.o2

0.18

9.1 6

36.76

2.O7

17.98

0.05

15.96

0.16

12 43

0.02

0.16

9.33

36 76

1.74

18.08

0.04

16.21

0.08

1233
o.o2

0.1 6

9.18

Tôtels 99.95 99 27 100 49 100 34 99.00 99.',11 99.54 98.6 93.79 93.56 94.93 94.61

si
Tl

AI

Cr

Fe3

Fe2
Mn

Mg

Ca

Na

K

12

2.994
0

1.96

0

0.051

1.787

0.505

o.437

0.266

0

0

2.993

0.001

1 97s

0 001

0.036

1.823

0.481

0 435

0.255

0

0

2 993

0.002

1.972

0 001

0.037

1 749
0.601

0.394

0.249

0

0.001

2.531

0

1.458

0

0.006

0

0.003

0

o.492
0.489

0.002

I

2.588

0

1.403

0

0.002

0

0

0 001

0.446

0.534

0.003

2.762
0.1 11

1.612

0 003

0

1 018

0 008

1.346

0.001

0 025

0.893

2 758
0.'t17

1.59

0.003

0

1 001

0.01

139

0.002

0.023

0 894

2.766

0 098

1.604

0.002

U

1.02

0 005

1.383

0.002

0.023

o 882

12 12 12 8 I 11 1'l 11 11

2.994

0
't.96

n

0 052

1.8

0.48

0.448

0 267

0

0

2.577

0

1.401

0

0.007

0

0

0

o.44

0.584

0.003

2.532

0.002

1.459

0

0.008

0

0.001

0 001

0.486

0.488

0 003

2.76A

0.11

1.63

0.001

0

I 015

0.009

1 313

0.002

0.027

0.89

Sun I I I 8 4.982 5.012 4.979 4 978 7.779 7.764 7.788 7.785

Sample

Mineral

CM19 core analyses
q 0 bi fsp mu ilhembi

sio2
Tio2
A1203

C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.31

0.06

20.44

0

26.62

5.84

5.01

3.s8

0

0

37.61

0.01

20.81

o.o2

28.12

5.28

5.24

235
0

001

36.08

2.13

17.79

0.06

15 75

0.14

12.O5

0

013
933

36.27

1.8

17.86

004

16.22

0.09

't226
0

019
9.27

55.61

007
27.22

0

0.09

0

0

10.24

5.36

0.06

45.32

0.36

32 85

0

356
0

0.89

0.03

0.57

9.83

o02
12.47

0't5
0.14

84.56

02
0.07

0.03

0

0

Totals 98.86 99.46 93.47 94.01 98.65 93 42 97 64

s¡

ï
AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

12

2.752

o.122

16
0 004

0

1.005

0.009

1.37

0

0.019

0.909

2.531

0.002

1.461

0

0.003

0

0

0

0.499

o.473

0.003

1112 11 11 I 3

2 989

0 004

1.931

0

0.083

1.691

0.396

0.598

0.308

0

0

2.996

0.001

1.954

0 00'l

0.052

1.816

0.356

0.622
o.201

0

0.001

2.754

0.103

I 598

0 002

0

1.03

0 006

1.387

0

0.028

0.899

3.098

0.019

2.648
0

0 081

0.114

0

0.091

0.002

0.076

0.858

0 001

0.252

0.005

0.003

1.488

o 244

0.005

0.003

0.001

0

0

Sum I 8 7.788 7.807 4 973 6.986 2
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Appendix 4 Mineral Chemistry

Sample
Mineral

CM20 core analyses

s bi bi bi fsp fsp fso ilhemo

sio2
Tio2
4t203
Cr2O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.77

0.09

20.97

0

25.04

7.93

4.89

2.72

0

0

36.8

1.02

17.89

0

16.77

0.01

12.72

0.03

0.2

8.88

36.79

't.77

17.68

0.02

15.38

0.08

12.85

0.02

0.22

9.03

36.74

1.59

17.68

0.o2

15 83

0.08

12.73

0.02

0.21

8.98

5ô.09

0

27.17

0.02

0.11

0.0.1

0.01

9.97

5.63

0.06

58.35

0.01

26.18

0

o.12

0

0

8.75

6.38

0.05

55.30

0

27.36

0.02

0.07

0

0

10.47

5.34

0.06

0.01

12.11

0.08

0.09

78.01

0.04

0.o2

0.o2

0

0.01

37.96
0

21.2

0

28.33

5.21

4.71

2.83

0

0.0'l

38.02

0.02

21.18

0

24.9

8.16

4.89

2.78

0

0

Totals 100.26 99.95 99.68 93.85 93.89 99.07 99.84 98.62 97.88

s¡

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

3.003

0.005

1.966

0

0.018

1.663

0.534

0.579

0 232

0

0

2.779

0.101

1.575

0.001

0

o.972

0.005

1.447

0.002

0,032

0.871

2.779

0.09

1.576

0.001

0.009

0.991

0.005

1.435

0.002

0.031

0.867

2.541

0

1.45'l

0.001

0.004

0

0

0.001

0.484

0.495

0.003

2.612

0

1.381

0

0 004

0

0

0

0.42

0.554

0.003

2.52'l

0

1.47

0.001

0.002

0

0

0

0.5.t 1

0.472

0.003

0

0.244

0.003

0.002

1.507

0.241

0.001

0.001

0.001

0

0

11 11 I I 812 12 12 11 3

3.004

0

1.978

0

0.016

1.857

0.349

0.555

o.24

0

0.001

3.011

0.001

1.977

0

0

1.649

o.547

o.577

0.236

0

0

2.773

0.058

1.589

0

0.067

0.982

0.001

1.428

0.002

0.029

0.854

Sum 8 7.999 8 7.784 7.784 7.787 4.98 4.974 4.981 2

Sample

Mineral

CM20 rim analyses

bi b¡ bi b¡ ilhem

sio2
Tio2

At203
C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.87

0

21.04

0.02

28.09

5.6

4.36

2.68

0

0.01

37.96

0

21.2

0

28.33

5.21

4.71

2.83

0

0.01

37.82

0

20.92

0.01

28.33

5.42

4.55

2.83

0

0.0't

38.02

0.08

20.96

0

27.71

5.34

5.07

3.11

0.01

0

37.82

1.39

18.14

0.01

15.84

0.09

13.22

0

o.22

8.97

36.69

1.4

17.67

0.01

16.30

0.08

12.61

0.02

0.21

8.92

36.98

1.51

17.91

0.01
'15.67

0.04

't2.81

0

0.19

9.05

37.18
't .61

17.87

0.03

15.1 8

011

12.95

0.04

0.21

9.04

56.05

0.03

27.26

0.04

0.01

0

0

10.07

5.66

0.09

55.74

0

27.24

0.01

0.17

0.07

0

10.'t2

5.55

0.04

56.58

0

26.6

0

0.26

0.03

0

9.59

588
0.04

0.01

't2.07

0.1

0.1 3

85.1

0.02

0.01

0.04

0

0

Totals 97.48.67 100.26 99.89 100.29 95.71 93.92 94.18 94.23 59.21 98.94

s¡

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

3.018

0

1 977

0.001

0

1.872

0.378

0.518

0.229

0

0.001

2.778

0.08

't.578

0.001

0.019

1.011

0.005

1.423

0.002

0.03'l

0.863

2.791

0.091

1.582

0.002

0

0.953

0.007
't.449

0.003

0.031

0.867

2.564

0

1.42',1

0

0.009

0

0.001

0

0.466

o.5't7

0.002

12 11 1112 12 't2 11 11 I I I 3

3.004

0

1.978

0

0.016

1.857

0.349

0.555

0.24

0

0.001

3.008

0

1.962

0.001

o.027

1.854

0.365

0.539

o.24'l

0

0.001

3.001

0.005

1.951

0

0.038

1.786

0.357

0.596

0.263

0.002

0

2.796

0.077

1.581

0 001

0

0.979

0.006

1.457

0

0.032

0.847

2.784

0.085

1.59

0.001

0

0.987

0.003

1.437

0

0.028

0.87

2.537

0.001

1.455

0.00'l

0

0

0

0

0.488

0.497

0.005

2.531

0

1.458

0

0.006

0

0.003

0

0.492

0.489

0.002

0

0.244

0.003

0.003

1.505

0.243

0

0

0.001

0

0

Sum 7.994 8 7.998 8 7.775 7.79 7.784 7.775 4.985 4.982 4.98 2
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Appendix 4 Mineral Chemistry

^2.4 
Metabasic schists from the Yambah Schist Zone.

Sample
Mineral

YS147 rim analyses
sg gs st st st sl hbl hbl hbl

S¡O2

rio2
At203

C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

38.00

0.02

21.27

0.01

30 97

1.33

6.17

2.82

0.04

0

37.94

0.02

2',t.28

0.09

30.66

1.34

6.05

2.65

0.02

0.01

37.89

0

21.19

0

30.96

1.36

5.92

2.75

0

0

38.36

0.03

21.25

0.01

30.35

1.28

5.95

2.68

0

0

27.53

0.61

51.78

0:08

14.56

0.06

3.35

0

0

0

27.56

0.61

51.67

0.13
't4.43

0.04

3.29

0

0

0.01

27.86

0.55

51.98

0.r 6
'13.94

006
3.38

0.01

0.04

0

27.61

0.66

52.14

0

13.94

0.14

3.47

0.01

0

0.01

42.35

0.4

16.62

0.1

16.62

0.18

10.09

10.19

1.57

o.21

42.39

0.4

16.42

0

16.42

0.08

't0.27

10.28

1.44

016

42.07

0.44

17.18

0.06

15.7

0.1'l

10.0 1

10.29

1.48

0.27

Totals 1 00.63 100.06 100.07 99.91 97 .97 97 .74 97.98 97.98 98.33 97.86 97.61

Si

T¡

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.981

0

1.965

0

0.073

1.964

0.091

0.694

o.232

0

0

7.746

0.115

17.037

0.035

0

3.24'.1

0.014

1.4

0.003

0.022

0

7.68

0.138
'17.097

0

0

3.243

0.033

1.438

0.003

0

0.004

6.207

0.044

2.872

0 012

0.488

1.373

0.022

2.204

1.6

0.446

0.039

6.217

0.044

2.839

0

0.515

1.358

0.0'1

2.245

1 .615

0.409

0.03

6.134

0.048

2.953

0.007

0.503

1.411

0.0'14

2.175

1.608

0.418

0.05

12 12 't2 12 46 2346 46 46 23 23

2.S68

0.001

1.959

0 001

0.108
't .915

0.088

0.718

0.236

0.006

0

2.982

0.00'1

1.972

0.006

0.061
'1 .954

0.089

0.709

0.223

0.003

0.001

3.008

0.002

1.965

0.001

0.015

2.004

0.085

0.695

0.225

0

0

7.681

0.128

17.033

0 018

0

3.398

0.014

1.394

0

0

0

7.703

0.128

17.026

0 029

0

3.373

0.009

1.37

0

0

0.004

Sum I I I 8 29.666 29.643 29.614 29.636 15.306 15.282 15.32',1

Sample

Mineral

YS147 rim analyses

hbl fsp fsp fsp fsp ilm

sio2
rio2
4t203
C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

41.58

0.46

16.59

0

15.13

0.17

9.72

10.5

1.57

0.26

46.04

0

34.45

0

0.28

0.01

0.07
'17.96

1.17

0.o2

46.76

0

33.71

0

0.'t2

0.03

0.o2

17.33

1.43

0.27

46.23

0

34. t6
0

0.08

0

0

'17.8

1.26

0

46.16

0.03

34.4

o.o2

0.09

0

0.01

17.92

1.19

o.o2

0.04

22.'12

0.t1

0.13

71.O9

o.23

0.23

0.01

0

0

Totals 95.98 100 99.67 99.53 99.84 93.96

S¡

Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

6.168

0.051

2.901

0

0.489

1.387

0.02'l

2.149

1.669

0.452

0.049

2.126

0.001

1.868

0.001

0.003

0

0

0.001

0.884

0.106

0.001

23 I I II 3

2.1',t9

0

1.869

0

0.0,|

0

0

0.005

0.886

0.104

0.001

2.157

0

1.833

0

0.004

0

0.001

0.001

0.856

0.128

0.016

2.135

0

1.86

0

0.003

0

0

0

0.881

0.113

0

0.001

0.433

0.003

0.003

1 ',t27

0.419

0.005

0.009

0

0

0

Sum 15.336 4.994 4.997 4.991 4.991 2

l6l



Appendix 4 Mineral Chemistry

Sample

Mineral

YS148 rim analyses

s g st st st st hbl hbl hbl

sio2
Tioz
A1203

C12O3

FeO

MnO

Mgo
CaO

Na2O

K20

37.67

0

21.03

0

32.19

0.67

5.5

2.74

0.03

0.01

37.62

o.02

21.14

0.07

31.32

0.87

5.43

3.5

0

0.02

37.50

0

21.18

0.06

31 .15

0.71

5.93

2.69

0.04

0

37.53

0.o2

20.99

0.05

31.91

0.76

5.49

2.95

0.04

0

27.13

0.75

52.20

0.13

14.57

0.04

244
0.02

0.03

0

27.29

0.61

51.64

0.03

14.06

0.02

3.1

0.01

0

0.0't

27.42

0.62

51.79

0.01

13.83

0.07

2.93

0

0

0

27.19

07
51.4

0.02

14.5

0.04

3.09

0

0

0.0'1

41.57

0.39

16.91

0

15.82

0.05

9.64

10 32

1.45

o.23

40.95

0.37

17.44

0

17.37

0.07

8.69

10.68

1.33

o.32

40.8'l

0.41

16.45

0.06

16.43

0.09

9.07

10.42

1.36

o.23

Totals 99.84 99.99 99.26 99.74 97.31 96.77 96.67 96.95 96.38 97.22 95.33

si
Ti

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

2.968

0.001

1.966

0.004

0.094

1.972

0.058

0.638

0.296

0

0.002

2.971

0
'1.978

0.004

0.081

1.983

0.048

o.7

0.228

0.006

0

7.621

0.158

17.287

0.029

0

3.423

0.01

1.021

0.006

0.016

0

7.689

0.129

17.153

0.007

0

3.313

0.005

1,302

0.003

0

0.004

7.667

0 148

17.088

0.004

0

3.42

0.01
'I 299

0

0

0.004

6.1 45

0.043

2.947

0

0.509

1.446

0 006

2.124

1.634

0.416

0.043

't2 12 2312 12 46 46 46 46 23 23

2.979

0
't .961

0

0.086

2.043

0.045

0.648

0.232

0 005

0.001

2.97

0.001
'1.958

0.003

o.'t02

2.011

0.051

0.648

0.25

0.006

0

7.721

0.1 31

17.192

0 002

0

3.257

0.0't7

1.231

0

0

0

6.047

0.041

3.036

0

0.585

1.56

0.009

1.912

1.69

0.381

0.06

6.123

0.046

2.91

0.007

0.583

1.479

0.011

2.028

1.675

0 396

o.o44

Sum o I I 8 29.57't 29 604 29.55'l 29.64 15.314 15.322 15.301

Sample

Mineral

YS148 rim analyses

hbl plaq plag plaS plaq ilm ilm

si02
rio2
4t203
C12O3

FeO

MnO

Mgo

CaO

Na2O

K20

40.02

o.44
't 7.03

0

16.91

o.02

8.71

9.86

1.41

0.39

46.34

0

34.03

0

0.04

0.01

0.o2

17.88

1.28

0.0'1

99.61

45.6

0

34.88

0.03

0.08

0.02

0.01

18.03

1.05

0.03

99.73

45.55

0.03

34.59

0.01

009
0.03

0

't 8.04

1.08

0.01

99.43

45.96

0

34.44

0.01

0.1'1

0

0.0'l
'17.44

1.3

0.01

99.28

0.77

48.97

0.36

0

38.86

2.02

0.17

0.15

0

0.01

91.31

0.36

47.06

0.09

0

40.84

o.2

0.36

0.t8
0

0.02

89.1 1

Totals 94.79 99.61 99.73 99.43 99.28 91 .31 89.11

Si

T¡

AI

Cr

Fe3

Fe2

Mn

Mg

Ca

Na

K

23 II I 3 3

6.062

0.05

3.041

0

0.516

1.626

0.003

1.966
't.6

0.414

0.075

2.139

0

1.851

0

0.002

0

0

0.001

0.884

0.1't 5

0.001

2.104

0

1.897

0.001

0.003

0

0.00'l

0.001

0.891

0.094

0.002

2.108

0.001

1-888

0

0.003

0

0.00'l

0

0.895

0.097

0.001

2.126

0

1.878

0

0.004

0

0

0.001

0.864

0.117

0.001

0.021

1

0.012

0

0

0.883

0.046

0.007

0.004

0

0

0.01

0.995

0.003

0

0

0.96

0.005

0.015

0.005

0

0.001

Sum 15.354 4.993 4.993 4.994 4.991 1.973 1.994
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Appendix 3

MINERAL RECALCULATION USNG AX AND
EXAMPLES OF THERMOCALC OUTPUTS

43.1. Activity models and recalculation schemes used in the computer program AX.

In order to perform thermobarometric calculations o
(Powell et al, 1998) requires mineral chernistry
of mineral end member activities. In this thesis,
weight percent to activities of mineral end members

1998). T
ch minera position models used to recalculate end
the ferric þropogating errors from the microfrobé
nal calcul ãnd eX ca-n be downloaded from Tim

Holland's web site at:

http://www.esc.cam.ac.uk/astaff/holland/index.htm I

The models used to recalculate the various minerals used in P-T catculations in this thesis are listed below.

Mineral

garnet

Ferric scheme

8 cations for 12 oxygens

Activity models

2 site mixing * regular solution.
Gammas: gr.py : 41.4 - 0.0188T, py.alm = 2.5,

py.andr :73, alm.andr : 60, spsi.ãndr : 60 (kJi

4 site ideal Fe-Mg mixing.

acroscopic
, rDpe= 10,

3:147-179.

Holland & Powell, (1998) model* non idealmu-cel-fcel
-pa interactions

Holland, Baker & Powell, (1998). European Journal of
Mineralogy, I 0: 395-406

|:tlqn9 & fgrle!, (1992). American Mineratogist, TT:
53-61. (model l,Il structure)

2 site ideal mixing

Non-ideal mixing model for Ca-arnphiboles. See
Holland & Blundy, (1994).

staurolite All ferrous

biotite MI+M2+M3*T= 6
I I oxygens, Max. F: 0.15

.9 for

"3a'¡p.2*

muscovite

chlorite

plagioclase All ferric

ilmenite
-haematite

Tet + oct cations : 6.05
for ll oxygens

l0 cations for l4 oxygens.
Max. Fe3+/Fe2+:0.3-0

2 cations for 3 oxygens

Average of max. & min.
constraints. See
Holland & Blundy, (1994).

hornblende
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Appendix 3 AX & THERMOCALC

43.2 Average P and Average PT calculations using THERMOCALC.

THERMOCALC v2.6, @ Roger Powell and Tim Holland (no copro version)
THERMOCALC v2.6, o Roger Powell and Tim Holland running aE :-2.40 on Morr 27
.A'ug,1999

Average P-T

calculation tlæe z

0 = table of thermodlmamic data of end-members
t = phase diagram calculations
2 = average pressure-temperature calculations
3 = calculations on all reactions between end-members

control code : 2
data filename : suffix to 'th d' : pbl-1-a
reading phase info from this fiLe
ph1 ann east mst fst gr py alm spss an ab
q ky H2o co2
output filename : suffix to 'th opblla' : (nothing input)
(thermodlmamic dataset produced at 16.38 on Sat 5 Nov, L996)

standard defaul-t uncertainties on activities ? yes

spss is unnecessary and so is excl-uded
ab is unnecessary and so is excluded
CO2 is unnecessary and so is excluded
type of rock calculation:

1 : average P
2 : average T
3 : average PT

code : 3

a
sd (a)

an
a 0.453

sd (a) 0.0407

east mst
0.0321 0.00296
0.0130 0.00209

ky
1.00

0

H20

ky
1.00

0

fst gr py
0.3460.0001-00 0. 00640

0.0692 8.18e-5 0.00382

phl
0.l.44

0.0333

ann
0.0387
0.0153

q
1.00

0

a1m
0.329

0.0493

these data ok ? yes
rock was fLuid-bearing ? yes
PT window within which average PT is expected to lie
T low,high ,P low,high : 200 800 2 I
fluid is just H2O ? yes

Reactions must be reasonably linear \^rithin the window;
aLl-owed angle change of reaction per kbar (try f) : 1
reactions l

I o I o lxxlxl oooo I oxl oooooooooooo- oooooooooooooo I ox

an independent set of reactions has been calcul-ated

print the independent set of reactions and their thermodlmamics ? yes

rock

a
sd (a) /a

a
sd (a) /a

phr
0.L44

0.23103

an
0.453

0.15000

q
1. 00

0

ann east mst
0.0387 0.0321 0.00296

o.39412 0.40426 0.70549 0

fst gr py alm
0.3460.000100 0.00640 0 .329
20000 0.81839 0.59683 0.15000

H20
1.00

reactions
1) 6mst + 23gr + 48q = 8py + 69an + r2H2O
2) Smst + 75an = 25gr + 8py + 96ky + L2H2O
3) 6'fsL + 23gr + 48q - 8a1m + 69an + L2H2O
4) 3ph]- + 4gr + L2ky = 3east + py + 1-2an
5) 2phl + ann + 4gr + a2ky = 3east + alm + 12an
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Appendix 3 AX & THERMOCALC

1
2
3
4
5

calculations
P (T)

lsq

(for x(H2O) = 1.0)
sd (P) a sd (a)
1.01 802.88 36.22
0.98-1,244.37 36.92
o.96 ]-467 .35 17.80
o .9'7 252 .83 I .1_7
o.97 20s.52 8.20

bc
-3.08585 L47 .442
3.60918 -l_63.339

-3.69154 ]-45.L96
-0.63080 27.947
-0.61684 27.660

l-n_K sd (]n_K)
t51.723 22.409

-L76 .34s 24.205
154.674 2L.548
t7 .78s 4.033
23.038 3.977

4.1
2.5
2.7
4.3
4.5

rock : average PT (for x(H2O) 1.0)

svdl svd2 svd3
Single end-member diagnostic information

avP, avT, sd's, cor, fit are reigl! of doubling the uncerÈainty on ln aa In a is suspect if any are v different from J-sq values
e* are In a residuals normal_ised to In a uncertainties :large absolute values, say >2.5, point to suspecÈ info.hat are the diagonal elements of the hat mat.rix :
Iarge values, sây >O.42, point t.o influential data.For 95? confidence, fit (= sd(fit)) < 1.61
however a larger val-ue may be oK - look at the diagnostics !

avP sd
s.8 2.5

sd cor fit
55 0.230 2.22

avT
651

phl
ann

east
mst
fst
gr
pv

an
q

ky
H20

alm

P
5.7s
5.7L
5.48
5.73
5 -76
7.00
5.80
5.90
6.18
5.79
5.79
5.79

phl
o.r44 0

0. 0333 0

sd (P)
2.38
2 .43
r_.88
2.3s
2 .64
4.L7
2 .38
2 .58
3.15
2 .5r
2 .5L
2 .5L

ann
0387
0l_ 53

sd (T)
53
55
4L
52
78
54
53
69
55
55
55
55

cor
0.218
o.24L
o.223
o.234
0.378
0.061
o.227
o.329
0.150
0.230
0.230
0.230

q
1_.00

0

T
657
644
654
644
648
649
6s6
657
6s0
651
651
651

ky
1.00

0

H20

fir
2.LL
2.1,5
t .66
2.08
2.22
2.1,7
2.LL
2.21
2.20
2.22
2.22
2.22

e*
.86
.81
.34
.12
.06
.47
.19
.25
.26

0
0
0

hat
0.03
0.0s
0.01
0.03
0.39
0.74
0.03
0.28
o.22

0
0
0

0
0

-2
l-

-0
-0
-1
-0

0

T
P

651¡C, sd = 55,
5.8 kbars, sd = 2.5, cor 0.230, f = 2.22

east mst
0.0321 0.00296
0.0130 0.00209 0

more calculations with this rock ? yes

**************************************

Average P

type of rock calculation:
1 : average p
2 : average T
3 : average PT

code : L

a
sd (a)

an
a 0.453

sd (a) o. 068o

fst gr
0.3460.000100 0
.0692 8.18e-5 0

py
00640
00382

aIm
0.329

0.0493

these data ok ? yes
rock was fluid-bearing ? yes
P window within which average p is expected to 1ie low, high :T range over which average p to be cal-culated low,high : 500T window : 500 <-> 680¡C :T interval z 20
fluid is just H2O ? yes

47
680
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Appendix 3 AX & THERMOCALC

Reactions must be reasonably linear wiÈhin the window,-
allowed angle change of reaction per kbar (try f) : 1
react,ions :

lololxoloololoooolooooooloooooooooooooooooooooooooooooo0looooooxxoooooo
00000000x0x

an independent set of
print the independenE,

rock

a
sd (a) /a

phl ann east mst
0.144 0.0387 0.0321 0.00296

0.23103 0.394L2 0.40426 0.70549 0

fst gr py
0.3460.000100 0.00640
20000 0.81_839 0.59683

reactions has been calculated

set of reactions and their thermodlmamics ? yes

al-m
0.329

0.15000

a
sd (a) /a

reactions

calcufations
P (T)

an
0.453

0.1_5000

q
1.00

0

ky
1.00

0

H20
1.00

1
2
3
4
5

6mst + 23gr + 48q = 8py + 69an + L2H2O
24east + 6fst + 171an = 16ph1 + Sann + STgr + L92ky + L2H2O
Sann + 6mst + 23gr + 48q = SphI + Salm + 69an + t2H2O
Seast + 6fsÈ + 57an = 8ann + 4mst + 19gr + 64ky + 4H2O
3ann + 4gr + 2py + Lzky = 3east + 3a1m + L2arL

1
z
3
4
5

5.2
5.3
5.2
6.1
5.8

at T = 590iC (for x(H2O)
sd (P) a sd (a)
1.11 789.32 36.22
L.03-2206 .11, 74.50
r.L2 41_5.37 36.54
1.07 -39.74 33.55
1.18 110.15 8.37

sd fÍt
2.27 2.20

1.0)
b c ln K sd(In K)

07 6t4 :-48 .44A lst .723 22 .409
89872 -384.2t9 -3s7 .702 54.343
96984 146 .l_31 193 . 753 22 .229
15422 -128.036 -]-45.287 18.566
5874L 26.995 33.546 4.296

-3
7

-2
2

-0

average pressures (for x(H2O) 1_.0)

avP
avP
avP
avP
avP
avP

lsq

500 ¡ C,
520iC,
540iC,
560¡C,
580 ¡ C,
600 i C,

av
5.32

at
at
at
at
at
at

diagnostics - svdl svd2

SingJ-e end-member diagnostic information

âv, gd, fit are result of doubting the uncertainty on In a
a Ln a is suspect if any are v different from lsq values.
e* are l-n a residuals normaLised to 1n a uncertainties :
large absolute values, say >2.5, point to suspect info.
hat are the diagonal elements of the hat matrix :
large val-ues, say >0.42, point to influent.ial data.
For 95? confidence, fit (= sd(fit) ) < I.54;
however a larger value may be OK - look at the diagnosticst

P
5.26
5.30
5.04
5.34
5.L2
6 .82
5.30
5.20
5.81
5.32

sd
2.24
2.L3
1.91
2 .09
2.13
3.79
2.23
2.22
2 .87
2.27

fir
2.L7
2 .07
1. 84
2 .03
2 .05
2.1,4
2.L7
2.L4
2.L8
2.20

hat
0.00
0.00
0.01
0.00
0.01
o.72
0.00
0.01
o.22

0

e*
phl
ann

east
mst
fst
gt
pv

alm
an

q

-0
-1

5
3
2
4
4
6
I
9
3
0

2
1
1
0
0
0
0
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ky
H20

2.27
2.27

2.20
2.20

32
32

5
5

0
0

0
0

av P at 62OiC,
av P at 640iC,
av P at 660¡C,
av P at 680¡C,

T¡C
avP
sd
f

3 3

more calculations with this rock ? no
more rock calculations ? no
all done ? yes

520
4.9
.31
3.6

540
5.0
.00
3.2

560
5.1

2.72
2.8

580
5.2

2 .47
2.5

680
5.9

2.26
2.0

620
5.5

2.13
2.O

500
4.8

3.64
4.0

600
5.3

2.27
2.2

640 560
5.6 5.8

2.09 2.L3
r_.9 1.9
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Appendix 4

THERMOBAROMETRY

TableA4.1. Results of g-bi thermometry calculations on sample PB2l5

XFe gnt

XFe bi

rim data

0.827

0.422

0.827

0.398

0.827

0.434

0.825

0.415
0.821

0.428

0.819

0.432
0.83'l

0.432

0.833

0.43

0.828

0.422

r cc)
H&S

P&L

r&M (b)

F&S

PD et al

K&R

557.9

553.5

548.7

554.9

561.7

559.1

536.7

54'1.8

545.9

535.7

539.4

548.5

573.1

566.5

564.2

570.2

576.9

567.7

559.5

555.3

565.4

557.8

565.2

561.6

588.4

570.'l

598.5

586,9

592.6

578.5

598.6
575.9

607

596.4

607.7

583.5

569

560.4

575

569

579.8

567.3

565

557.1

573.6

563

571.2

564.3

563.5

556.9

571

562

570

563.7

ave 556.0 541.3 569.8 560.8 585.8 594.9 570.1 565.7 564.5

XFe gnt

XFe bi

rim data

0.827

0.422

0.827

0.398

0.827

0.434
0.82'l

0.428
0.819

0.432
0.831

0.432
0.833

0.43

0.828

0.422

Pressure (kbar)

5.6

5.9

6.2

6.5

6.8

7.1

569

570

572

574

575

577

565

567

568

570

572

573

565

567

569

570

572

573

576

578

579

581

582

584

r ('c)
556

557

5s9

560

562

564

541

542

544

545

547

548

607

609

610

612
614

615

567

569

571

572

574

575

average

568

570

572

573

575

576

XFe gnt

XFe bi

core data

0.88 0.88

0.415 0A22
0.825

0.43 0.422

r fc)
H&S

P&L

r&M (b)

F&S

PD et al

K&R

450.9

484.7

467

445.4

451.7

492.5

458.3

489.4

474.2

453

459.6

497.7

492.8

513

504

488.9

485

508.2

497

481

52't 515.7

averaqe 465.4 472 502.7 495.9

core data

XFe bi 0.415
0.88

o.422

0.825

0.43

0.821

0.422

Pressure (kbar)

5.6

5.9

6.2

6.5

6.8

7.1

r cc)
426

427

429

430

431

432

480

481

482

484

485

487

473

475

476

477

479

480

434

435

437

438

439

440

everaqe 429.2 437 483.2 476J

169



Appendix 4 Thermobaromet ry Results

Table A4.2. Results of -bi thermometry calculations on sample P810.

TableA4.3. Results of g-bi thermometry calculations on sample wKTl

XFe gnt

XFe bi

rim data

0.823

0.43

core data

0.843 0.843

0.407 0.418

0.83

0.431

0.83

0.428
0.826 0.827

0.429 0.43
0.836

0.429
0.838

0.419

T ("C)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

588.2

569.4

594.2

587.1

594.1

576.1

573.1

560.8

579.2

571.3

578.3

558.1

574.8

559.4

570.1

575.5

572.6

567.5

578

564.4

563.7

575.6

572.7

567.5

577.7

563

578.4

576.6

578.7

570.1

5't5.8

528.4

521.8

512.5

520.7

535.1

527.9

535.6

531.3

524.7

52:9.2

541.2

546

551.7

516.7

543.3

540.5

549.3

539.5

542.4

543

536.2

540.8

548

ave 584.9 570.1 570.0 570.3 574.1 522.4 53't .7 541 .3 541.7

XFe gnt

XFe bi

rim data

0.823

0.43

core data

0.827 0.843 0.843
0.43 0.407 0.418

0.83

0.431

0.83

0.428
0.826

0.429
0.836

0.429
0.838

0.419

Pressure (kbarl

5.6

5.9

6.2

6.5

6.8

7.1

502

504

505

507

508

s10

536

538

539

541

542

544

550

551

553

554

556

557

522

523

524

526

527

529

582

584

585

587

588

590

578

579

581

582

584

586

586

588

590

59'1

593

594

587

588

590

592

593

595

573

574

576

578

579

581

T cc)

XFe g

XFe bi

rim data

0.825 0.828

0.3939 0.3944

core data

0.849 0.841

0.387 0.393

0.827

0.392
0.845

0.392

r fc)
H&S

P&L

r&M (b)

F&S

PD et al
K&R

529.5

541.3

521.4

523.3

531.7

541.4

519.1

537.2

504.6

513.5

513.7

533.5

521.4

537.6

511.7

515.6

520

536.1

476.1

508.2

473.9

464.4

468.6

504

496.4

52',1.3

490.4

485.8

489.8

5'.t7.7

488.7

516.4

483,2

477.5

48'.t.7

512.6

XFe g

XFe bi

rim data

0,825 0.828

0.3939 0.3944

core data

0.849 0.841

0.387 0.393

0.827

0.392
0.845

0.392

Pressure (kbarl

5.6

5.9

6.2

6.5

6.8

7.1

473

475

476

478

479

480

486

488

489

490

492

493

458

460

461

462

463

465

514

516

517

519

520

522

521

523

524

526

527

s29

fc)
519

520

522

523

525
s26

T

t70



Appendix 4 Thermobarometry Resuhs

Table A4.4. Results of g-bi thermometry calculations on sample V/Kl82.

XFe g

XFe bi

rim data

0.813 0.81 29

0.399 0.394

0.8131

0.401

0.8192

0.414

0.82

0.395

0.819

0.393

0.831

0.425
0.825
0.403

r cc)
H&S

P&L

r&M (b)

F&S

PD et al

K&R

558.5

558.1

555.3

552.3

557.2

558.5

551.2

553.9

548.2

545

550.9

554.2

560.'l

559

555.5

553.8

559.5

559.2

568.3

562.5

559.5

562.9

564.4

563.2

540.9

546.8

539.5

535.6

540.7

548.3

550.8

552.6
549,5

545.5

551.1

554.3

553.1

555.7

541.7

548.8

564.7

555.9

540

547

535.3

535.7

542.6

548.5

core data

0.833 0.832

0.399 0.394

0.832

0.4

0.83

0.405

0.831

0.393

0.83

0.401

XFe g

XFe bi

r cc)
H&S

P&L

r&M (b)

F&S

PD et al
K&R

521.5

536.5

519.1

513.6

515.6

534.3

515.4

532.9

512.8

507.5

513.2

531.7

523.5

537.7

519.4

515.6

521

536.4

533.3

542.4

532.4

526.2

528.9

542.3

518.6

533.7

5',t7.2

511.6

516.5

533.8

528

539.2

526.7

520.9

526.4

539.6

XFe g

XFe bi

rim data

0.81 3 0.8129

0.399 0.4

0.813

0.394

0.8131

0.401

0.8192

0.414
0.82

0.395

0.819

0.393

Pressure (kbaQ

5.6

5.9

6.2

6.5

6.8

7.1

560

562

563

565

566

568

548

549

551

552

554

555

579

581

582

584

585

587

578

579

581

582

584

586

569

570

572

573

575

576

574

576

578

579

581

582

r fc)
572

574

575

577

578

580

XFe gnt

XFe bi

core data

0.833 0.832

0.399 0.394

0.832 0.83

0.4 0.405
0.831

0.393
0.83

0.401

Pressure (kbar)

5.6

5.9

6.2

6.5

6.8

7.1

r cc)
524

525

527

528

s30

531

5't5

516

517

519

520

522

516

517

5r9
520

521

523

527

528
530

531

533

534

538

539

54'.!

542

544
545

522

524

525

527

528
530

t7t



Appendix 4 Thermo b aro me I ry Res til ts

'l.able 44.5. Results ot g-br thermometry, GASP ancl g-plag-br-q barometry on sample PB 11

XFe gnt

XFe bi

rim data

0 82 0.8202

0.356 0 366

0.808

o.377

0.8076

0.366

0.813

0.376

0.8134

0.367

r cc)
H&S

P&L

r&M (b)

F&S

PD et al

K&R

488.4

519 4

475.8

484.4

489.8

517.5

500.5

526.7

483.4

496.4

495.5

522-3

537.5

548.1

516 2

532.9

530.5

544.5

524.5

540.5

508.5

519.9

519

537.2

527

541.8

506 3

522 9
520.6

538.4

514.4

534.3

498.9

510.3

509.4

531.1

ave 495.9 504.1 535 0 524.9 526.2 516.4

XFe gnt

XFe bi

interior data

0.792 0.791

0.356 0.3661

0.764

0.377

0.765

0.366

o.777

0.376

0.778

0.366

T ("c)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

536.4

549.2

519.6

528 7

534.5

544.4

550 I
557.2

528 4

542.4

541 .4

551 .1

611 .2

594.6

571 .1

595.7

593.1

581.5

595.5

586.1

561 .6

580.2

579.2

573.7

588.6

580.7

554.6

576 I
574.3

570.7

573 7

572.5

545.7

562.2

561 2

563 1

ave 563 1535.5 545.1 591.2 579.4 574 3

XFe gnt

XFe bi

core data

0.763 0 762

0 355 0.366
0.76

0.356
0.761

0.365

0.762

0.355

0,7627 0.763
0.365 0 377

0.764

0.366

r fc)
H&S

P&L

r&M (b)

F&S

PD et al

K&R

584.8

579.5

558.5

570.3

576.5

568.3

600.4

588

568.7

585.6

584.6

576.9

589

581 .7

563

574.2

580 4

570.5

604.7

590.3

573.2

589.7

588 7

579.3

589.4

579 3

571.5

578

584.2

572.6

605

587.8

581.8

593.4

592.4

581.5

624.9

595.4

605.8

616.6

614

593 6

609
586.8

595.7

600.9

599.9

586

ave 573.0 584.0 576.5 587.7 579.2 590 3 608.4 596 4

XFe gnt

XFe bi

rim data

0.82 0.8202
0.356 0.366

0.808

0.377

0.8076

0.366

0.813

0.376

0.8134
0.367

Pressure (kbar) rcc)
492

493

495

496

497

499

5.6
Ão

6.2

65
68
7.1

478

479

481

482

484

485

538

539

541

542

544

545

517

519

520
522

523

524

528

530

531

533

534

536

508

510

5'11

513

514

515
sdT 86 89 98 94 96 92

v2.6

XFe gnt

XFe bi

interior data

0.792 0.791

0.356 0.3661

o.764

o.377

0.765

0.366

0 777

0.376

o.778

0 366

Pressure (kbar) TfC)
5.6

5.9

6.2

6.5

6.8

7.1

530

532

533

535

536

538

546

548

549

55'1

552

554

628

630

631

633

635

636

602

604

605

607

609

610

597

598

600

60'1

603

605

573

574

576

577

579

580
sdT 96 99 116 111 109 104

core data

XFe gnt

XFe bi

0.763

0.355

0.762

0.366

0.76

0 s56
0.761

0.36s
0.762

0.355

0.7627 0.763
0.365 0.377

0.764

0.366

Pressure (kbar) T("C)

610

612

613

615

617

618

5.6

5.9

6.2

6.5

6.8

7.1

592

593

595

597

598

600

600

601

603

604

606

608

618

620

622

623

625

627

594

596

597

599

601

602

613

614

616

618

6'19

621

646

648

650

651

653

655

619

621

623

624
ôzô

628
sdT 108 112 110 1't4 109 113 121 115

112



Appendix 4 Thermobarometry Results

Table 44.5. (continued.)

Table A4.6. Results of g-bi thermometry, GASP and g-plag-bi-q barometry on sample PBl2.

rim data interior data

5364.1 6511.5 5020.4 3643.9 4372.7

5146.2 6152 4803.'1 3438.1 4160.8

4964.1 604'1.4 4755.4 3414.7 4091.6

5557.4 6506 5288.2 4044.6 4691.8

Hoisch

Pressure (bars)

Ho¡sch (a)

rim data

4746.8 6215j 6023.3

5459.5 664't.7 6550.3

interior data

4696.3 4745.5 3678.7 3450.7 4320 4131.2

5339.8 5140.9 3676.6 3586.9 4421 .5 4331.4

H & C (1s85)

& s (1s84)

Pressure (bars)

N & H (1s81)

H & S (1s82)

core data

4013.9 4089.8 511't.2 6091.1

3808.8 3887 4900.9 5873.6

3828.6 39223 50473 6132.7

4370.1 4427.5 5375.6 6319

Hoisch

Pressure (bars)

Hoisch (a) 3925.6 4001 50862 6311.6 3875.8 3951.2 5073.9 6118..1

4057.1 4105.9 5172.7 6181.3 3939 3990.7 5053.4 60E9.1

XFe gnt

XFe bi

rim data

0.789 0.813

0.365 0.404
0.8037 0.804

0.365 0.357

0.8127

0.3647

0.813

0.371

0.804

0.371

r fc)
H&S

P&L

r&M (b)

F&S

PD et al

K&R

556

559.1

537.5

549

568.4

561.4

562.6

551.6

556.8

588.9

561

512.3

534

496.8

507.7

510.6

530.9

519.9

538.5

503.8

515.3

518.8

535.6

537.9

548.3

523.8

532.8

536.4

546.1

530.1

543.7

516,5

525

527.9

541.3

520.5

538

501.6

515.4

513,1

533.8555

ave 554.3 563.7 515.4 522.0 537.6 530.8 520.4

XFe gnt

XFe bi

interior data

0.766 4.775

0.365 0.404

0.7774 0.778

0.365 0.357

0.7752

0.364

0,776

0.371

0.777

0.37

T ("C)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

591.3

583.2

577.1

597.6

569.5

555.8

635.4

605.3

623.7

659

590.6

561

577

573.7

565.9

569.1

565.6

530.9

586

578.7

574.8

578.7

570.5

535.6

583.9

576.3

574.2

578.1

570.1

546.1

575.1

571.4

565.4

568.6

565.3

541 .3

564.3

565.4

554.7

552.3

558

533.8

ave 579.1 612.5 563.7 570.7 571.5 564.5 554.8

l'73



Appendix 4 Ther mo b arome try Res u I ts

Table ,4.4.6.(continued.)

q-bi

XFe gnt

XFe bi

core data

0 764 0.765

0.404 0.365

0.7647

0.371

0.782

0.371

0.781

0.365

0 783

0.357

T ("C)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

655.7

617

633.1

640,9

677.1

597.6

594.6

584.6

566.4

580.6

583.8

573.9

57'1 .9

571.5

545.8

560 7

564.6

562.5

603.9

589.7

575

589.8

593.8

578.8

563.3

566.7

537.8

552.2

555.3

557.6

552 7

560.7

521 .8

541 .7

539.3

550 2

ave 636.9 580.7 s88.5 562 8 555.5 544.4

XFe gnt

XFe bi

rim data

0.789 0.8't3
0.365 0.404

0 8127

0 371

0.804

0.371

0.8037
0.364

0.804

o.357

Pressure (kbar) rcc)
558

560

561

563

564

566

56
5.9

ô.¿

6.5

6.8

7.1

562

563

565

566

568

569

518

519

521

522

524

525

532

534

535

537

538

540

524
ÊaE

527

528

530

531

516

518

520

521

523

524
sdT 86 89 98 94 96 92

THERMOCALC V2.6

XFe gnt

XFe bi

interior data

0.766 0.775

0.365 0.404

o 7749

0.3647

0 776

0.371

0.777

0 371

0.778

0.365

Pressure (kbar) rfc)
640

641

643

645

647

648

56
59
6.2

6.5

68
7.1

598

601

603

604

606

608

581

583

585

586

588

589

591

593

594

596

597

599

590

592

594

595

597

598

581

582

584

586

587

589

sdT 86 89 98 94 96 92

core data

XFe gnt

XFe bi

0.764 0.765 0.7647 0.782 0.781 0.783

0.404 0.365 0.371 0.371 0 365 0.357

Pressure (kbar) rfc)
603

605

607

608

610

612

5.6

5.9

6,2

65
6.8

7.1

665

667

669

670

672

674

613

615

617

618

620

622

575

577

578

580

582
583

566

568

569

571

572

574

557
ÃÃo

560

561

563

564
sdT 124 1't1 112 104 103 102

GASP Calibrations

Pressure (bars)

N A H (1s81)

H & S (1e82)

G & S (1984)

H&C(1s85)

rim data

5841 .5 6725.1 5852.1

5588.1 6264.8 5606.6

5596 I 6232.8 5553.7

5997.8 6608 3 6009.6

interior data

4642.5 44852 5161.2

4332.8 4280.7 4936

4308.6 4270.8 4953.6

4879.3 4815.9 5406

Pressure (bars)

Hoisch (a)

Hoisch (b)

rim data

6069.7 6816.2 6376.2 6462.6

6233 5 6928 I 6892.8 6922.6

5622.8 5536 5420.2

5989 5 5959.5 5914.4

g-pl-bia

Pressure (bars)

Hoisch (a)

Hoisch (b)

interior data

5053.6 4835.4 4399.3 4485 5163 5076.9 4962.1

5039 4599 7 4563.9 4593.5 5269.2 5239.5 5194.7

GASP CalibratÌons

Pressure (bars)

N & H (1e81)

H & S (1s82)

G A S (1e84)

H & C (1985)

core data

4018.3 4443.4

3818.8 4222 5

3823.8 4110 4

4388.3 4731 .5

g-pl-bi-q

Pressure (bars)

Hoisch (a)

Hoisch (b)

4420 4336.5 3985.6 4070.9 4251 4137j
4099.7 4523.8 4064 4927.8 4494.3 4449.9

114



Appendix 4 Thermobarometry Resuhs

Table 44.7 . Results of g-bi thermometry, GASP and g-plag-bi-q barometry on sample pBS3

PBS3

XFe gnt

XFe bi

rim data

0.795 0.796

0.319 0.346

0.819

0.324
0.804

o.327

¡nter¡or data

0.747 0.752

0 324 0.323
0.78

0.299

0.759

0 325

r cc)
H&S

P&L

r&M (b)

F&S

PD et al

K&R

495

518.9

497.8

492.5

495

520.7

527.'.|

537.8

532.6

525

533.4

542.9

462.3

498.2

468.7

462

465

500.3

492.7

5 16.4

499.1

493.7

496

521 .2

565.2

569.2

541 .1

548.8

566.1

564.3

562.8

556'l
564.2

561.7

494 2

518 6

502.9

489.9

491.5

518 2

553.5

557.8

545.3

543.8

547.2

553.7

550 7

556 5

ave 503.3 533.1 476.1 503 2 555.3 562.5 502.6 550.2

THERMOCALC V2,6

XFe gnt

XFe bi

rim data

0.795 0.796

0.319 0 346

0.819

0 324

0.804

0.327

0.747

0 324
0.752

0 323

0.78

0.299

0.759

0.325

Pressure (kbar) rcc)
521

522

524

525

527

528

5.6

5.9

6.2

6.5

6.8

7,1

479

480

482

483

484

486

447

448

450

451

452

454

479

480

482

483

484

486

565 5s9
567 561

569 562
570 564

572 566

573 567

474

475

476

478

479
480

547

549

550

552

553

555
sdT 84 92 79 85 100 100 83 97

q-bi qqs3 THERMOCALC V2.6
core data

XFe gnt

XFe bi

0.744 0.7436 0.7437 0.7438
0.324 0.325 0.3237 0.3246

Pressure (kbar)

5.6

5.9

o.¿

6.5

6.8

7.1

447

448

450

451

452

454

rcc)
521

522

524

525

527

528

479

480

482

483

484

486

479

480

482

483

484

486
sdT 84 92 79 85

PBS3 Geothermometry

XFe gnt

XFe bi

core data

0.744 0.7436 0.7437 0.7438
0.324 0.325 03237 0.3246

r ("c)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

570.7

572 3

546.3

553.7

555.6

559.5

571.9

573

549.6

554.9

558.4

560.6

572.1

572.1

556

556.4

564.7

56 t.9

573.3

572.7

554

557.6

561 .1

562.2

ave 559 7 561.4 563.9 563.5

Pressure (bars)

N & H (1981)

H & S (1s82)

G & S (1e84)

H & C (1985)

rim data

6758 6087

6501 5870

6700 6106

7004 6425

6095

5875

6111

6412

6206

5969

627'l

6826

3207

301 0

3145

3681

interior data

51 00

4888

5215

5430

6028

581 7

61 70

6346

4947

4739

5008

5291

Pressure (bars)

Hoisch (a)

Hoisch (b)

rim data

6559 6078

7209 6512

551 5

6443

6270

6961

3099

3352

51 t1

5324

5622

6307

4865

51 58

n5



Appendix 4 T her nto b arom etry Res ul ts

Table '4.4.7.(continued.)
GASP Calibrations

Pressure (bars)

N & H (1s81)

H & S (1s82)

G&S(r984)
H & C (1s85)

core data

3205.5 3602.2

3009.9 3399.8

3164.3 3598

3674.2 4035.6

g-pl-bi-q

Pressure (bars)

Hoisch (a)

Hoisch (b)

3',t10.2 3562

3332 3766.4

3130 5 3610.6

3346.4 3809.8

Table 44.8. Results of g-bi thermometry, GASP and g-plag-bi-q barometry on sample CM20

XFe gnt

XFe bi

rim data

0.769

0 397

0.778

0.412

0.783

0.415

0.786

0.426

0.775

0 4154

0.776

0 4153

0.786

0.408

0.783

0.407

0 775

0 415

T ("C)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

650

605.1

647.8

642.9

645.2

608 2

655.9

608 4

655.7

649.3

649.3

614 3

649 1

605.1

651.6

642.6

646.5

609.9

661

611.5

659.5

654 4

656

616.4

667.9

614.4

671.8

661

665

620

665.1

612.9

668 9

658.2

662',!

618.4

632.'l

596 4

643.9

625.5

634.9

602

636.5

598 4

640.2

630

634.8

603

667.3

614.9

668.6

657.4

661.4

6'17.9

ave 633.2 638.8 634.1 643 1 650.0 647.6 622.5 623.8 647 .9

XFe gnt

XFe bi

core data

0.77 0.7699

0.402 0.408

0.778

0.423
0.742

0 4075

0.742

o.412

0.741

0.409

T ("C)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

658

609.2

651.6

650.8

649.4

612.8

668.6

614.7

667.7

66.1 .5

662.9

619.4

673

617.2

679.6

666.3

672.5

623

657.4

610.9

665.2

646.9

656.7

613 4

662.6

613.6

659.2

652

656.6

614.2

659

611 .8

65'1 .3

648.5

649.9

612.2

ave 638.6 649.1 655.3 641.8 643.0 638.8

CM2O THERMOCALC V2.6
core data

XFe gnt

XFe bi

0.741

0.418

0 741

0.409

o.742

0.408

0.7417

0.411

0.74

0.409

Pressure (kbar) T("C)

786

788

790

792

794

796

5.6

59
6.2

6.5

6.8

7.1

764

¡/Þb

768

770

773

775

776

778

780

782

784

786

786

788

790

792

794

796

784

786

788

790

792

794
sdT 158 164 162 164 164

XFe gnt

XFe bi

rim data

0.827

0.422

0.769

0.397

0.783

0 407

0.77

0.402
0.785

0.426

0.783

0.4'15

0.78

0.407

0.78

041
0.778

0.412

0.786

0.408

Pressure (kbar) TfC)
5.6

5.9

6.2

6.5

6.8

7.1

674

675

677

679

681

683

684

685

687

689

691

693

669

671

673

674

676

678

666

667

669

671

673

675

662

663

665

bb/

669

671

686 648 690 675 660

687 650 692 677 662
689 652 694 679 663

691 654 696 680 665

693 655 698 682 667

695 657 700 684 669
sdT 130 128 129 127 122 135 125 135 131 't28

n6



Appendix 4 Ther m oba rometry Res ults

Table 44.8.(continued.)

Table A4.9. Results of g-bi thermometry, GASP and g-plag-bi-q barometry on sample CM19

XFe gnt

XFe bi

rim data

o.827 0.804

0.423 0.425

0.828

0.441

0.807

0.435

0.801

0.423

0.813

0.431

0.818

o.427

0.817

0.431

0.805

0.436

r ("c)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

620.2

588.6

618.7

613.8

612.1

593.3

622.3

588.6

e'22.8

616.3

616.7

593.4

588.6

570.8

574.4

582.5

575.2

572.3

627

591

621.8

621.3

620

594.7

609.3

582.1

601.6

603.2

600.8

584.9

596.7

575.3

588.7

590.3

588

577.6

633.9

595.2

625.9

628.4

627.7

597.8

626.6

59't .6

613.5

621.1

6'15.9

594.2

591 .7

572.5

584.4

585.3

581 .7

575.1

ave 607.8 610.0 577.3 610.5 612.6 597.0 581.8 586.1 618 2

GASP Calibrations cM20 with sillìmanite
Pressure (bars)

N & H (1981)

H & S (1982)

G&S(1984)
H & C (1985)

rim data

5495 5230

5100 4838

5615 5230

5723 5458

5433

451 6

5442

5273

5167

4733

51 40

5353

5703

51 96

5932

5933

51 97

4642

5174

5280

5330

4867

5374

551 3

5321

4859

5359

551 0

5204

4739

5',l81

5372

5276

4860

5282

5487

GASP Galibrations with kyanite
Pressure (bars)

N & H (1e81)

H & S (1s82)

G & S (1984)

H & C (1985)

rim data

5544 5327

5222 5007

5642 5327

5900 5681

5493

4743

5500

5532

57'14

5299

5901

6075

5300

4847

5282

5535

5276

4921

5254

5594

5409

5031

5445

5727

5402

5024

5432

5724

5306

4926

5288

561 0

5365

5025

5370

5705

GASP Calibrations
Pressure (bars)

N & H (1981)

H & S (1e82)

G & S (1e84)

H & C (1985)

core data

5495 4385

5100 3638

5615 4154

5723 4338

4903

4323

4959

5115

5544

5222

5642

5900

4633

4021

4443

4753

5056

4579

5102

5398

Pressure (bars)

Hoisch (a)

Hoisch (b)

rim data

5907 5555

5652 5384

6202

5628

6452

5872
551 I
5258

5337

5208

5763

5433

5746

5430

5555

5323

5564

5395

Pressure (bars)

Hoisch (a)

Hoisch (b)

rim data (cont)

6158 6408 5646

5628 5873 5218
5575

5283

Pressure (bars)

Hoisch (a)

Hoisch (b)

core data

5942 4729

5646 4488

5673

5092

5677

5049

5945

5603

5663

531 0

4848

4568

4859

4593

171



Appendix 4 Thermo barome try Resul ts

Table 44.9. (continued.)

rim data

0.769

0.422 0.397

0.78

0.41

0.783

0.407

o.77

0.402

XFe gnt

XFe bi

0.778

0.412
0.786

0 408

0.785

0.426

5.6

5.9

ô.2

6.5

6.8

7.1

598

600

601

603

605

606

cc)
642

644

645

647

649

651

597 645

599 647

600 648

602 650

604 652

605 654

640

641

643

645

647

648

620

622

623

625

627

629

601

603

605

606

608

610

647

649

650

652

654

656

Pressure (kbar) T

sdT 117 126 118 't28 126 123 118 129

CM19 Geothermometry

XFe gnt

XFe bi

core data

0.739 0.7388

0.426 0.423

0.767

0.45'1

T ("C)

H&S

P&L

r&M (b)

F&S

PD et al

K&R

781 .8

665.6

791

774.6

772 4

677.5

797.2

672.7

796.6

790 1

782.4

684

744 6

654.7

723.7

734.4

739.4

647.2

ave 743 8 753.8 707 3

CM19 THERMOCALC

XFe gnt

XFe bi

rim data

0.422

0.769

0.397

0.78

0.41

Pressure (kbar) rfc)
851 837

54 839

856 842
858 844

860 846

863 848

5.6

5.9

6.2

6.5

6.8

7.1

780

782

784

786

789

791
sdT 183 180 163

Pressure (bars)

N & H (1981)

H & S (1e82)

G & S (1s84)

H&C

data

5060

461 5

4922

5470

5234

4568

5098

5450

5423

5053

5389

5873

5293

4637

5'1 85

5509

51 98

4563

5058

5412

51 45

4586

5001

5451

5047

4470

4858

5342

5278

4737

51 90

5583

5067

4512

4894

5385

Pressure (bars)

N & H (1s81)

H & S (1s82)

G & S (1s84)

H&C

data

51 85

481 9

5071

5693

5238

4781

5216

5678

5484

51 80

5456

6024

5377

4838

5288

5727

5299

4778

51 84

5646

5255

4795

5137

5678

5174

4699

501 I
5588

5365

4921

5292

5786

51 91

4734

5048

5623

GASP Calíbration

Pressure (bars)

N & H (1981)

H & S (1e82)

G & S (1984)

H & C (1985)

ore data

6058 6058

5338 5338

6319 63'19

6329 6329

4449

3669

4248

4261

6005

5414

621 9

6401

6005

5414

6219

6401

4690

4054

4526

4688

Pressure (bars)

Hoisch (a)

Hoisch (b)

5629

5525
5781

5651

5708

5575

5596

5356

5433

5406

5237

5314

5672

5507

5278

5325

Pressure (bars)

Hoisch (a)

Hoisch (b)

ore data

7142 7258
6244 6289

5082

4441

t78



Appendix 4 Ther m o b aro me try Res ul ts

Table A4.10. Results of THERMOCALC Average P and PT calculations on sample p8215.

Table 44.11. Results of THERMOCALC Average P and PT calculations on sample p810.

mineral

assemb

rim data

g-st-bi-mu-q-fluid
Temperature range 550-630 "C

o fit m

lst sq P (kbar)

sd (P)

o fit

/.bð

2.14

o.77

1.54

7.93

2.1

0.95

1.54

8.04

2.1

0.78

1.54

809
2.04

0.88

1.54

809
204
0.88

1.54

6.93

2.16

0.91

1.54

7.98

2.22

0.84

1.54

665
2.14

1,02

1.54

7.45

2.2

1.04

1.54

6.42

2.18

1.11

1.42

Average P calculations
core data Temperatu re range 450-550.C

g-bi-mu-q-fluidmineral

assemblage

lst sq P (kbar)

sd (P)

o fit

o fit (max)

5.61

2.3',1

0.53

1.73

5.56

2.37

0.48
1.73

5.57

2.16

0.28

1.73

5.75

21
0.28
1.73

5.99

2.37

0.23

1.73

PB21 5 PÌ calculations
core data

mineral
assemblage

g-bi-mu-q-fluid

r ("c)

sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

434

79

5.5

2.2

o.27

1.96

436

80

5.4

2.2

0.1

1.96

472

83

5.7

2.1

0.26

1.96

471

85

59
23

0.11

1.96

rim data

g-st-bi-mu-q-fluidmineral

assemb

o fit

r fc)
sd (T)

P (kbar)

sd (P)

o fit

601

54

7.9

2.2

0.98

1.61

622

66

7.5

2.7

1 ',t5

1.61

630

58

7.6

2.3

0.9

1.61

618

60

7.9

2.3

1.07

1.61

618

60

7.9

2.3

1.07

1.61

604

58

7.1

2.6

1.08

1.61

617

56

7.7

2.4

098
1.61

607

69

6.5

3

1.27

1,61

620

72

7.1

3

1.28

1.61

618

60

7.9

2.3

1.07
'1 .61

615

63

7.2

2.6

1.11

1.61

mineral
rim data

g-st-bi-mu-q-fluid
Temperature range SS0-650'C

ofit

lst sq P (kbar)

sd (P)

o fìt

7.66

2.19

1.04

1.54

7.4

2.2

1.06

1.54

805
2.37

1.12

'l .54

8.75

2.51

1.2

1.54

8.43

2.49
'1.17

'1.54

7.9

2.47

1.14

1.54

7.77

2.47

115
1.54

7.05

2.61

1.24

1.54

7.69

2.42
't.14

1.54

core data Temp. range 500-600"C

g-st-bi-mu-q-fluidmineral

assemblage

lst sq P (kbar)

sd (P)

o fit

o fit (max)

6.85

2.22

0.34

1.73

6.39

2.23

0.38
't.73

634
2.23

0.4

1.73

b.Jb

2.23

0.37

1.73

mineral

assemblag
"l

core data

g-bi-mu-q-fluid

T ("C)

sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

543

94

6.8

2.2

0.51

1.96

494

84

6.3

2.1

0.33

1.96

510

88

6.3

21
0.4

1.96

534

93

6.3

2.2

0.59

1.96

522

91

6.3

2.2

0.48

1.96

t79



Appendix 4 Thermobarometry Results

Table A4.ll. (continued).

Table 44.11. Results of THERMOCALC Average P and PT calculations on sample WK71

Table A4.12. Results of THERMOCALC Average P and PT calculations on sample V/Kl82.

mineral I

assemblagel

rim data

g-st-bi-mu-q-fluid

r cc)
sd (T)

P (kbar)

sd (P)

o fit
o fit (max)

639

70

7.3

2.8

1.23

1.61

628

73

7

3

1.3

1.61

646

79

7.6

3.1

1.33

1.61

640

80

7.5

3.2

1.37

1.61

639

79

7.3

3.1
't.36

1.6'l

647

76

7.6

3

1.29

1.61

657

85

8.1

3.3
'l.4

1.61

653

82

7.9

3.2

1.36

1.6'l

mineral

assemblage

core data range 450-550"C
g-bi-mu-q-fluid

rim data

g-shbi-mu-q-fluid

range 520-650oC

8.13

2.7

1.27
'l .54

7.72

2.5

1.17

1.54

8.52

2.65

1.23

1.54

8.12
2.56

1.2

't.54

5.1

2.98

1.44

1.54

5.9

2.78

1.32

1.54

5.52

2.89

1.37

1.54

mineral I

assembtagel

rim data

g-st-bi-mu-q-fluid

r cc)
sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

1a rim

628

85

7.8

3.5

1.49

1.61

lb rim
621

77

7.4

3.2

1.4

1.61

1d rim

645

82

I
3.3

1.59

1.61

1f rim

632

79

7.7

3.3

1.39

1.61

mineral

assemblage

core data

g-bi-mu-q-fluid

r cc)
sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

448

78

5

2

0.22

1.96

474

83

5.5

2.1

0.31

1.96

463

91

5.3

2.1

0.25

1.96

Temperature range 540-630"C
mineral

assemblage

rim data

g-st-bi-mu-q-fluid

lst sq P (kbar)

sd (P)

o fit

o fit (max)

7.'t5
2.21

l.0l
1.54

7.12

2.29

1.05

1.54

6.68

2.55
't.'t I
1.54

6.67

2.61

1.21

1.54

6.95

2.35

1.',t4

't.54

6.88

2.18

1.04

1.54

7.68
2.16
't.05

1.54

7.06

2.65

1.23

1.54

7.04

2.29

1.08

1.54

7.72

2.68

1.26

1.54

7.62

2.44

1 .15

'1.54

Temperature range 450-550oC

g-bi-mu-q-fluidmineral

assemblage

core data

lst sq P (kbar)

sd (P)

o fit

o fit (max)

5.84

2.25

0.51

1.73

5.94

2.26

0.59

1.73

6.'l

2.24

0.52

1.73

5.9

2.14

o.47

1.73

5.98

2.26

0.61

1.73

5.94

2.23

0.48

1.73

180



Appendix 4 Ther mobarometry Results

Table 44.12.(continued.)

Table 44.13. Results of THERMOCALC Average PT calculations on sample PB l l .

mineral

rim data

g-st-bi-mu-q-fluid

T ("C)

sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

605

66

7.1

2.9

1.26

1.61

609

69

7.1

3

1.3

607

87

7.4

3.7

1.6

1.6'l

605
69

6.8

3

1.31

1.61

627

67

7.3

2.8
'1.25

1.61

599

76

7.4

3.2

1.44

1.61

603

81

7.3

3.4

1.52
't.61

601

65

7.2

2.8

1.25

1.61

600
83

7.8

3.6

1.58

1.61

615
77

7.5

3.2

1.4'l

1.61

605
71

7.1

3.1

1.34

1.611 1

mineral

assemblage

core data

g-bi-mu-q-fluid

r cc)
sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

503

86

5.8

2.1

0.59

1.96

491

83

5.9

2.1

0.68

1.96

498

85

5.9

2.1

0.7

1.96

515

88

5.9

2.2

0.64

1.96

498

85

6

2.'l

0.54

1.96

502

85

5.9

2.2

0.72

1.96

minerel

assemblage

rim dâte

g-ky-bi-st-pl-q-fluid
¡nterior data

r(€)
sd (Ð

P (kbar)

sd (P)

oft
o fl (max)

631

26

6.3

1.1

0.96
'1.61

638

27

6.5

1.1

1

1.61

652

30

5

1.3

1.11

l .6l

646

28

4.9

1.2

1.O4

1.61

638

27

7.3

1.'l

0.9

1.61

632

26

7.1

't.1

0.83

1.61

645

27

4.8

1.2

0.91

l.6l

639

26

4.5

't.2

o.78

1.61

649

27

5.4

1.2

0.89

1.ô1

642

26

5.3

't.1

o.78

1.61

mineral

assemblage

core data

g-ky-bi-pl-q-fluid

r(@)
sd (Ð

P (kbar)

sd (P)

o fit

o fit (max)

632

25

4.8

1.1

0.59

1.61

640

26

5.0

1.1

o.72

1.61

629

25

48
1.'.|

0.57

1.61

636

26

5.0

1.',|

o.7

t.6f

625

25

5.7

1.0

0.47
'1.6 

1

633

26

5.9

't.0

0.6

1.6'l

628

26

6.6

1.0

o.7

1.61

621

25

6.5

1.0

0.51

1.61

l8l



Appendix 4 Ther mo b arom elry Res ults

Table A4.14. Results of THERMOCALC Average PT calculations on sample PB12

m¡neral

assemblage

r¡m data

g-ky-bi-st-pl-q-flu id

r(cC)

sd (T)

P (kbar)

sd (P)

ofit
o fìt (max)

630

¿o

6.7

11

098

1.61

642

35

49
1.6

134

161

641

JJ

49
16

1.35

161

644

39

5

1.8

146

161

637

34

68
15

127

161

634

30

6,7

13

1.15

1.6'l

636

32

6.7

14

121

1.61

PB1 2

mineral

assemblage

interior data

g-ky-bi-st-pl-q-fluid

r (6)
sd (T)

P (kbar)

sd (P)

o flt

o ft (max)

642

26

56

12

091

161

645

31

44
14

1 .14

161

643

29

4.3

13

107

1.6'l

646

Q)

44
15

1.21

161

635

28

5.9

1.3

11

1 .61

632

Ãô

12

096

161

632

26

59
1.2

0.96

1 6.1

Table 44.15. Results of THERMOCALC Average P and PT calculations on sample PBS3

PBS3

mineral

assemblage

rim data interior data

g-ky-bi-pl-q-fluid

r (a)
sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

476

118

21

o4
1.96

484

121

4.6

2

041

196

471

130

4.5

22
004

1.96

505

91

2.4

1.4

526

100

43
17

048

1.96

483

109

44
1.8

024

196

513

100

4

16

045

196

084

196

mineral

assemblage

core data

g-ky-bi-pl-q-flu id

r(a)
sd (T)

P (kbar)

sd (P)

o fìt

o fit (max)

515

90

2.7

1.4

0.85

1.96

516

91

2.7

1.4

0.7

1.96

522

92

2.9

15

0.7
't.96

522

92

3

1.5

0.69

1.96

Table 
^4.16. 

Results of THERMOCALC Average PT calculations on sample CM20

PT

m¡neral I

assemblasel

rim data

g-ky-b i-sill-q-fluid

r cc)
sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

620

88

5.9

1.9

1.01

1.73

609

88

5.7

1.9
't.03

1.73

609

82

5.7

1.8

1

1.73

609

94

5.7

2.1

0.97

1.73

6'13

96

5.8

2.1

1.01

1.73

624

105

6

23
1.17

1.73

620
.103

5.9

2.3

1.16

1.73

637

108

6.3

2.3

1.16

1.73

632

106

6.2

2.3

1.16

1.73

614

105

5.8

2.3

1.26
'1.73

608

94

5.7

2.1

1.',t4

1.73

PB12 Averaga PTcalcl.rlations THERMOCALC V2.6

m¡neral

assemblage

core data

g-ky-bi-st-pl-q-fluid

T (cc)

sd (T)

P (kbar)

sd (P)

o fit

o ft (max)

643

27

51

1.3

105

161

641

28

38
13

105

1.61

644

32

39
1.5

1 '19

161

643

31

55
1.4

1 18

1.61

641

27

54
1.3

105

161

643

29

5.4

13

109

1 .61

182



Thermobarometry Results

Table A4.16. (continued).

Table A4.17. Results of THERMOCALC Average PT ealculations on sample CM19.

core data

g-ky-bi-sill-q-fluid

T ("C)

sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

595

106

5.4

2.3

1.18

1.73

593

114

5.3

2.5

1.28

1.73

rim data

g-ky-bi-sill-q-fluid

r fc)
sd (T)

P (kbar)

sd (P)

o fit

o fit (max)

630

23

6.1

0.5

0.94

1.4

assemblage

mineral

T ("C)

sd (r)
P (kbaQ

sd (P)

o fit

o fit (max)

651

32

6.6

0.7

0.89

1.49

183





Appendix 5

COMPOSITIONAL VARIABLES FOR MNERAL
SOLID SOLUTIONS IJSED IN THERMOCALC

This appendix provides a list of the mineral formula

staurolite (st) NaCaKFMASH, NaKFMASH, CaKFMASH and KFMASH

variable: x..: Fe
(P" * Vrg)

end members : Mg-staurolite (mst) MgaAllgSiT.sO¿sH+

dmst: (l-x)+

: Fe-staurolite (fst) FeaAl¡ sSiT.sO+eH+

4f.t: X4

chlorite (chl) NaGaKFMASH, NaKFMASH, CaKFMASH and KFMASH

variable: Xchl = +: = and ycht: X¡1,¡ulz
(Fe + tr4g¡

end members : clinoclore (clin) Mga[MgAl]Si2[AlSi]Ol0(OH)8

actjn = I 6(l-x)s1 t -y¡ztz

: daphnite (daph) Fea [FeAt] S i2IAlSi]O I 6(OH)e

adaph: l6xs0-y)2y2

: amesite (ames) Mga[Al2]Si2[Al2]Otg(OH)s

4ames: Q-{aYaz
biotite (bi) NaCaKFMASH, NaKFMASH, CaKFMASH and KFMASH

variable: x6¡: Fe
(Fe + Mg)

and ybi: XRt,t¿Z

end members : phlogopite (pht) KMgtMg2lSi2[AlSi]Ol0(OH)2

arht: 0.25( I -x)l1z-y)2( I -y¡ t +y¡

: annite (ann) KFe[Fe2] Si2[AlSi]O I 0(OH)2

a a(tn = 0.25 x3 (2-y)2( t -y¡1 t +y¡

: eastonite (east) KMg[MgAl]Si2[Al2]Ot0(OH)2

deast = 0.25(l-gzy(l -y)(l +y)
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Appendix 5 C o mp o s i t ional Var ia b I es

garnet (g) NaCaKIMASH and CaKFMASH

variable: xr: Fe and zo

end members

(Fe + Mg+ Ca)

pyrope (py) Mg3Al2Si3os
ideal

aor: (l-x-z)5

RT lnYor,r: rrl¡ar,çu (x+z)

almandine (alm) Fe3Al2Si308
ideal

aalm: xJ

RT lnyu1n.,,r: ú)Mg,Ca Q-x-z)(-z)

grossular (gr) Ca3Al2Si308
ideal

agr:

RT lnyrrr: oMg,ca (l-x-z)(1-z)

Ymu: Xat,vz

muscovite (mu) K_[Al2]Si2[AlSi]O r o(OH)z

dmu: yzqz-zy¡tçzy-t¡

Ca
(Fe + Mffi)-

23

NaKFMASH and KFMASH

variable: FeXÛ
Þ

muscovite (mu) NaCaKFMASH and NaKFMASH

variable: Xmu =

end members

CaKFMASH and KFMASH

(Fe + Mg)

end members : pyrope (py) Mg3Al2Si3OB

øor: (l-x)3

variable: Xmu = Fe and
(Fe + Mg)

almandine (alm) Fe3Al2Si3Os

4alm = X3

.- F"- 
- 

--åru: 

X4¡,¡42 and k-u : K
(Fe + t14g¡ (K+Na)

: muscovite (mu) K_[A12]Si2[AlSi]O ro(OH)z

dmu = yzçl-zy¡tçzy-t¡u

: celadonite (cel) K_[MgAl] Si2[S i2]O r o(OH)z

a..¡ : ( I -x)( I -y)y(3 -2)zk

: Fe-celadonite (fcel) K_[FeAl]Si2[Si2]Ol0(OH)2

afcet : x( I -y)y(3-2y)2k

: paragonite (pa) Na_[Al2]Si2[SiAl]Oro(OH)z
ideal
apa: y¿(3-2y)(2y- 1)( I -k)

RT lnyou,¡1u= Ipu,rnu
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Appendix 5 Compos it io nal Var iables

: celadonite (cel) K_[MgAl]Si2[Si2]Oro(OH)z

a..¡ : ( I -x)( I -y)y(3 -2y)2

: Fe-celadonite (fcel) K_[FeAl]Si2[Si2]Ol0(OH)2

dfcet: x(l-y)y(3-2y)2

plagioclase (plag)

C I region

Il region

NaCaKFMASH

variable: an^: Ca
(Na + Ca)

end members : albite (ab) Na[AlSi3]Og
ideal I

aab,Ct:7( I -anX I +an)(3-an)

RT lnyu6,ç1= rDç¡an2

: anorthite (an) Ca[Al2Si2]OB
ideal I

; i",à : Tõ an( I *a n)2 (3 -an)2

RT lnyun,ç 1: roç1 (1 +an)2+Iun

variable: an¡: Ca
(Na + Ca)

end members albite (ab) Na[AlSi3]os
ideal

aab,lt = (l -an)

RT lnyu6,¡¡: oIt an2+Iab

anorthite (an) Ca[A12Si2]08
ideal

Aun¡1 : ãÍl

RT lnyun,11: rrl¡1 (l -an)2

187





Appendix 6

WHOLE ROCK GEOCHEMISTRY
AND CORRELATION DIAGRAMS

This appendix lists the details of whole rock geochemistry, isocon diagrams and bivariate plots discussed
in Chapter 7. Datatabulated as 'average granulite' are compilations of geochemical data fiom the AGSO
database which can not be reproduced in entirety due to confidentiality agreements, and therefore has been
presented only in its compiled form.

46.1 Whole rock geochemistry

.4.6.1.1. Geochemistry of metabasic rocks
from the Winnecke arêa.

Data Source AGSO This Study

Sample No ave. mafic

granulite n=22

WK55

amphibolite

WK56

amphiboliteLithology

s¡02

Tio,

Al2o3

Fer03

MnO

Mgo

CaO

Naro

KrO

Prou

LOt

50.38

1.25

14.45

13.95

0.19

7.4',1

11.07

1.66

0.24

0.09

0.29

51.01

0.84

2't.02

11.43

0.15

3.80

0.84

1.38

6.29

0.08

2.06

45.81

0.93

24.5',1

11 .40

0.10

3.91

0.05

0.74

7.46

0.06

3.76

Total 100.98 98.90 98.73

Ba

Cr

Cu

Ni

Rb

Sr

Zr

Nb

U

Th

Ga

Sc

Co

Ce

Nd

La

87

224

44

bb

2285

160

6

72

171

88

137

15.1

18.2

1.3

26.9

31.5

22.8

35

134

165

47

62

301 5

180

4

74

218

90

129

10.5

14.6

0.7

23.2

39.4

20

36

153

116

105

171

6

99

83

46.1.2. Geochemistry of felsic rocks
from the Winnecke area.

Data Source AGSO This Study

Sample No,

Litholoqy

ave. felsic

granulite n=4(

WK62

q-fsp schist

WK61

q-fsp schist

sio2

Tio2

Al2o3

FerO.

MnO

Mgo

CaO

Na2O

Kro

PzOt

LOt

75.63

0.67

11 .34

4.29

0.03

0.91

1.98

3.52

1.41

0.09

0.25

77.56

0.32

7.61

6.78

0.05

2.46

1.51

1.03

1.78

0.05

o.42

75.85

0.40

10.96

2.56

0.03

2.97

0.48

0.23

3.79

0.34

1.57

Total 100.11 99.57 99.18

Ba

Cr

Cu

Ni

Rb

Sr

Zr

Nb

U

Th

Ga

Sc

Co

Ce

Nd

La

729.4

4.2

7.7

6.6

35.7

97.5

25.3

465.8

755.0

54.0

12.0

20.o

11'1.7

57.2

41 .O

86.3

6.5

20.3

1.4

't0.2

11 .0

5.1

34.0

62.0

25.0

34.0

1060.0

140

3.0

5.0

127.5

19.1

10.0

272.1

14.3

59.0

2.3

35.7

13.5

6.9

28.0

830

26.0

24.0

189



Appendix 6 Geoc hemistry & Correlat ion Diagrams

46.1.3. Geochemistry of metapelitic rocks from the Winnecke area.

Data Source AGSO This Study

Sample No. ave. Mg-rich

m/pelite qran.

ave. g-sill rich

m/pelite qran.

ave. cd-rich

m/pelite gran.

WK57 WK58 WK59

m/pelite schis

WK59A WK6O

m/peliteL¡tholoqv

S¡O,

Tio,

A1203

Fe:O¡

MnO

Mgo

CaO

Na20

KrO

PrOt

LOt

56.26

o.23

7.49

12.87

0.76

't 7.65

4.46

0.80

0.41

0.06

0.35

78.17

0.36

11 .30

4.14

0.03

3.20

0.33

1.30

0.76

0.02

0.55

77.84

0.39

11.35

3.28

0.02

3.09

0.59

1.73

1 .15

0.02

0.53

48.92

0.98

24.68

14.93

0.10

3.86

0.08

0.31

3.16

0.05

2.06

33.16

1.70

25.66

24.82

0.38

4.44

0.10

0.83

4.80

0.09

3.07

56.28

0.63

17.74

8.41

o.23

2.55

6.99

0.18

3.93

0.t0

2.21

55.36

072

16.1 5

9.95

0.25

2.49

6.23

0.22

5.33

0.18

2.15

55.58

0.65

14.69

8.64

0.20

2.87

15.70

0.17

0.05

o.14

1.48

Total 't 0.1 .31 '100.14 99.98 99.12 99.05 99.25 99.06 100.17

Ba

Cr

Cu

N¡

Rb

Sr

ZR

Nb

U

Th

Ga

Sc

Co

Ce

Nd

La

115

22

170

9

11

16

85

't4

509

24

5

6

20

25

431

15

533

5

6

4

31

36

479

10

1 266

189

10

93

169

38

148

141

14.6

13.7

2.5

25.9

38.3

21.6

44.0

106.0

37.0

47.0

2027

188

7

l't 3

240

51

163

205

27

16

0.9

27.4

62.0

34.4

50.0

182.0

49.0

65.0

2480

114

2

52

231

125

122

79

12.0

21.2

1.3

13.2

23.0

13.5

47.0

'r 16.0

31.0

36.0

2819

113

10

50

212

205

146

78

14.6

34.6

0.4

6.1

21.5

12.9

46.0

97.0

44.O

58.0

80

97

3

36

2

838

160

65

13.6

33.2

2.2

'to.4

19.1

15.7

53.0

85.0

36.0

41.O

190



Appendix 6 Geochemistry & Correlation Diagrams

A6.1.4. Geochemistry of felsic rocks from the Yambah Schist Zone

Data Source AGSO lyer ('1974) Traverse I lyer (1 974) Traverse 2 lyer (1 974) This study

Sample No. ave. felsic

oranulite

491

felsic qran

493

q-bi schist

¡'129

felsic gran

A.128

q-b¡ schist

A1 M2 A1 07

sch¡st

Y86 YB8

Litholoqy

si02

ïo,
Alro.

FerO.

MnO

Mso

CaO

Na2O

tço
Pzos

LOt

73.91

0.49

11 .83

4.81

0.11

1.66

1.33

1.83

3.58

o.12

0.58

73.78

0.10

11.03

5.25

0.03

1.42

1.54

2.99

2.76

0.07

o.75

73.96

0.51

1't.34

4.10

0.02

2.02

1.33

2.16

3.61

0.11

0.96

76.86

0.81

11.29

5.65

0.25

0.96

1.88

0.62

1.80

0.30

730.00

76.45

0.81

11.29

5.52

0.00

't.11

1.98

0.58

1.81

0.44

909.00

73.84

0.71

10.99

4.97

0.06

0.75

1.48

2.69

3.12

0.1'l

1.22

61 .91

0.61

17.63

8.67

0.45

't.95

4.10

1.92

2.11

0.06

0.90

73.51

o.25

13.85

3.95

0.05

0.80

1.83

't.73

2.80

0.09

1.62

78.80

0.32

10.37

2.50

0.03

1.50

1.63

1.72

1.71

0.09

0.92

73.95

0-32

7.85

6.12

0.09

5.81

0.10

0.15

3.76

0.05

0.84

Total 99.86 99.72 100.12 830í2 14.00 99.94 100.31 100.48 99.59 99.03

Ba

Cr

Cu

Ni

Pb

Rb

Sr

Zn

Zr

Nb

U

Th

Ga

Sc

Co

Ce

Nd

La

765

18

10

1'l

16

124

63

65

370

1304 1707 14 8 718

2

15

I
27

82

63

87

537

640

86

15

31

30

100

239

119

115

750

27

10

12

2

89

69

66

172

297

48

6

16

6

88

130

15

176

3.2

15.1

't.1

12.4

11.6

6.2

52

29

50

16

20

733

73

J

30

2

177

4

47

119

13.1

64.7

1.9

23.2

't2.1

3.7

60

39

91

54

71

15

I
24

81

27

78

15

I
28

82

82

88

I
10

41

89

63

40

I
88

75

58

439

l9l



Appendix 6 Geoc hem is t ry & C orrelat ion D iagr ams

,4.6.1.5. Geochemistry of metapelitic rocks from the Yambah Schist Zone.

Data Source AGSO lyer (1974) This Study

Sample No ave. m/pelitic

granulite

418 443 499 YB19 YB3O YB31

Lithology

si02

Tio2

4t203

Fe2O3

MnO

Mgo

CaO

Na2O

K20

P205

LOt

Total

Ba

Cr

Cu

Ni

Pb

Rb

Sr

Zn

Zr

Nb

U

Th

Ga

Sc

Co

Ce

Nd

La

60.27

0.84

17.27

9.40

0.07

5.26

2.89

1.50

2.02

0.07

0.92

100.50

383

83

15

50

't1

87

124

86

118

167

59.52

0.68

23.59

8.40

0.22

2.94

0.83

0.84

2.13

0.03

1.61

100.79

707

111

30

29

5

66

61

70

90

57.58

0.76

22.94

9.21

0.08

3.89

0.44

0.56

J.Jb

0.11

1.52

100.45

1 070

138

4

47

7

133

57

'114

101

54.28

0.80

22.80

12.80

0.10

2.42

1.31

1.01

3.54

0.07

'1.42

100.55

1 385

178

7

64

5

144

87

100

260

53.93

0.72

24.20

9,33

0.05

3.00

0.14

0.43

5.1 I
0.09

2.29

99.36

984

156

5

64

5

203

73

58

86

't22

11

13.3

0.8

21 .1

33.8

18.9

38

'190

36

40

52.75

0.53

29.76

8.02

0.11

4.53

0.09

0.17

243

0.05

0.94

99.38

403

169

1

46

4

118

3

108

121

89

8.1

8.7

0.'l

14.9

38.7

11 .1

53

55

19

24

42.17

1.63

27.40

19.34

0.20

3.98

0.06

0.29

3.22

0.03

1.08

99.40

777

213

I
97

6

166

22

264

'154

141

18.5

12.9

0.6

7.4

70

3.6

66

65

9

27

192



Appendix 6 Geochemis try & Correlation Diagrams

46.1.6. Geochemistry of metabasic rocks from the Winnecke area.

avê mafic 492 489 A4 416 433 ¡.44 YB2 YB32 YSIO YS148 YS,I49 Yg22

Data Source AGSO lyef (1974) Traverse llyer (1974) Th¡s Study

Sample no.

Litholoqv

sio,

Tio,

Alro3

Fe2O.

MnO

Mgo

caO

Na,O

K,O

Prot

LOt

49 88

128

13.96

16 21

o26

686

10 25

140

0 3.t

019

o57

45.14

143

13 t8

't5 97

0.30

7.18

920

202

o47

o24

'1.14

46 67

o92

14 19

14 73

o29

803

11 62

142

o74

0'11

179

52A3

183

13 63

'1o232

o12

8.09

11 89

069

007

o26
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Appendix 6 Geoc hemistry & Correlation Diagrams

A6.I.7 . Geochemistry of granulite-facies rocks from the Yambah Schist Zone and Winnecke area.
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Appendix 6 Geoc hem istry & Correlat ion Diagrams

A6.2Isocon Diagrams

Isocon diagrams are plots which compare the elemental abundances in an unaltered known precursor rock
with those of an altered resultant rock. Major elements are in weight o/o oxides and trace elements are in
ppm, however abundances are scaled by random factors in order to fit them into a convenient range of
values which will spread the data across a plot. For example a value of 2wto/o Na would be multiþlied
by a factor of 10, while 200 ppm Zr would be divided by l0 in order plot them over an equivalent nurnèrical
range. Reference lines of constant mass (solid line) and constant volume (broken line) have been added.

A6.2.l.Isocon diagrams of felsic rocks from the Yambah Schist Zone.
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Appendix 6 Geochemistry & Conelation Diagrams

A6.2.1. (continued)
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Appendix 6 Geochemistry & Correlation Diagrams

A 6.2.3.Isocon diagrams of 'metabasic rocks from the yambah schist Zone
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Appendix 6 Geochemis try & Correlation Diagrams

A6.2.4.Isocon diagrams of felsic rocks from the Vy'innecke area.
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Appendix 6 Geoc hem is try & C oruela t ion D iagrams

A 6.3. Bivariate plots.

Bivariate plots of potential immobile elements in granulite-facies country rocks and shear zone rocks from
the Yambah Schist Zone and 'Winnecke area are presented in this section. If the ratios of any two elements
are consistentthen they will defrne alineartrend through the origin, suggestiing those elements have
remaiined immobile. Linear trends which intersect along an axis indicate thãt one élement has been more
conserved than the other. Data points from granulites are denoted by a filled diamond, data from shear
zone rocks are denoted by an unfilled circle. No well-defined linear trends through the origin are indicated
in these plots, thus there is no conclusive evidence to identify élementil immobility.

A 6.3.1. Bivaliate plots of felsic rocks from the Yambah Schist Zone.
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Appendix 6 Geoc hem istry & Correlation D iagrams
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A 6.3.1. (continued)
800

600

E
o-
o-

N

200

0

150

100

20

0

10
Al2O3 (wt%)

0.5 1

TiO2 (wt%)

Zn (ppm)

200 300
Zn (ppm)

50
Zn (ppm)

200 400
Zr (ppm)

30 40

30 40

100 150

1.5

1

004
s
=NI o.sF

00

0205 15 10

10

20
Ni(ppm)

E
o-
o-
L
N

E
o-
o_

c50
N

1.5

50

800

600

400

200

0

80

2

1.2

â 0.8
o\

ãou
c{otr 0.4

0.2

20
Ni(ppm)

0

00
40

30

20

10

E
o-o
L

N
E
o-
o-

2

00

00

0

5

0

5

0

s
è

(f,

o
N

0

0t
tt

0

0

0

0

t
o f t
', i'þ

ul li'
t

0
I 0

t

b
to

0
0

t
0

I

ml
tor

tt

t
ror

l¡

'Sl'
I

0 0lol
t0

t t
0

o¡t

'll
0

0

0 I 0

0

0
I 0t

rl

0

0E

ol I
0

t

{0
t

00

tt
t1

202

100 400 500 0 600 800



Appendix 6 Geochemistry & Coruelation Diagrams

A 6.3.1. (continued)

0 0.2

A6.3.2. Bivariate plots of metabasic rocks from the Yambah Schist Zone.
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Appendix 6 Geochemistry & Correlat ion Diagrams
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Appendix 6 Geochemistry & Correlation Diagrams

^6.3.2. 
(continued)

0

0 100

A 6.3.3. Bivariate plots of metape litic rocks from the Yambah Schist Zone
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Appendix 6 Geochemistry & Correlation Diagrams
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A 6.3.3. (continued)
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Appendix 6 Geoc hemis try & Correlation Diagrams

A 6.3.3. (continued). 120

80

40

0

A 6.3.4. Bivariate plots of mafic rocks from the rùy'innecke area.
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A 6.3.6. (continued).
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