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Introduction to thesis

This research work is focused on the Balcooma Metphic Group in north-
eastern Queensland, Australia, which consists dfiphu deformed Cambro-Ordovician
metasedimentary and felsic metavolcanic rocks. Badleooma Metamorphic Group crops
out as the very northernmost portion of the ThomiSold Belt in the Greenvale Province.
The Balcooma copper, lead and zinc massive sulpthig@sit lies within these multiply
deformed rocks. The sequential growth of metamarpimdex minerals (chlorite,
muscovite, biotite, garnet, staurolite, plagioclasganite, andalusite, cordierite and
fibrolitic sillimanite) indicates prograde metambrgm well into the amphibolite facies in
the region. Five deformation events can observiaenmatrix (Q-Ds, Huston, 1990; Van
Der Hor, 1990; Withnall et al., 1991; Ali, 2009 A).

Multiply deformed rocks generally contain schistpsparallel to bedding or
compositional layering and locally an oblique cration cleavage and/or some
crenulations (Bell et al., 2003, 2004; Ham & B2M04; Aerden, 2004). This parallelism of
compositional layering and schistosity is predomthaa function of reactivation of the
bedding during younger deformation events. Reatmtimadestroys developing foliations
and rotates pre-existing ones into parallelism v@gh(Bell, 2009). Reliance on matrix
foliations alone can lead to incorrect geologiggkipretations, lack of precision and a
degree of uncertainty. Unravelling a much more deteptectono-metamorphic history of
multiply deformed rocks requires a very thorougidgt of the microstructures preserved
within porphyroblasts because they preserve eddrened foliations from the effects of
reactivation due to continuing or younger deformatvithin the matrix. The measurement
of Foliation Intersection Axes preserved within goyroblasts (FIAS) provides a robust
tool that allows the elucidation of a much moreeesive history of deformation and

metamorphism. Prior to the development of this vative technique, this history that
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predates schistosity parallel to compositional fengecould not be distinguished (e.g., Bell
& Newman, 2006). A FIA forms perpendicular to bglkortening direction (Cihan 2004).
Therefore, the preservation of FIAs in P-T sensitiminerals such as garnet, staurolite,
kyanite, andalusite and cordierite can effectiviey used to constrain compression and
decompression directions during orogenesis. Thasareh work combines all applications
of the FIA technique used so far to elucidate thetano-metamorphic history of the
multiply deformed Balcooma Metamorphic Group.

The thesis divided into four sections. Each sedbas been written in paper format.
The papers presented here encompass a rangeatfisttumetamorphic, geochronological
and tectonic topics.
Section A
Porphyroblast growth in metapelitic rocks is gefigreonsidered to be controlled by the
bulk composition and P-T conditions (Spear, 1988l et al. (1986, 2004) and Williams
et al. (2001) suggested that once these first 8litons have been met, a fourth control
exists on whether a porphyroblast starts or stopwigg. They argued that growth begins
when deformation partitions through an outcrop sttt crenulations form at the scale of
a porphyroblast and ceases when a differentiateavalje begins to develop against its
margins (Bell & Bruce, 2006, 2007). If this the eathen mineral phases expected to result
from one specific reaction for a particular bulkrgmosition on any particular prograde P-T
path, could grow several times rather than juseoitis section of the thesis documents
the role and importance of deformation partitionishgring porphyroblast growth apart
from appropriate bulk composition and P-T.
Section B
Monazite dating has proved a useful geochronolbdgezdnique for determining absolute

timing of deformation and metamorphism across dadgaan orogenic belt (Williams &
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Jercinovic, 2002; Forbes et al., 2007). Monazitng can best be used an effective tool
for determining absolute timing of tectonic pro@ssswvhen they are overgrown by
porphyroblasts and are thus protected from youdgfrmation within the matrix ( Bell &
Welch, 2002). A succession of 5 FIA sets presemvedarnet, staurolite, plagioclase,
kyanite and andalusite porphyroblasts is descriimedhe Section A. This succession
records 5 changes in the direction of bulk shongracross the Balcooma Metamorphic
Group. The FIAs hosted by these porphyroblasts pasially defined by monazite
inclusions that can be dated on an electron miotmpto provide a minimum age estimate
of the time over which they grew. This allows tledative succession of ages determined
using core, median, rim relationships in porphyasts to be tested against the absolute
ages determined by electron microprobe dating. heuamore it allows the timing of
deformation and metamorphic events that affectedpibrtion of the Thomson Fold Belt to
be determined and compared with ages determined/e¢se.

Section C

Amphibolite facies metamorphism in the Greenvalevifice potentially began in an
extensional backarc tectonic environment that vedlevwed by compression in the Early
Silurian with exhumation in the Early Devonian (@sson et al., 2007). Whether such a
path occurred can potentially be resolved by catou the P-T-t-D path using the
appearance and disappearance of pressure and &unpesensitive index minerals (e.g.,
garnet, staurolite, kyanite, andalusite and cornéier This section uses porphyroblast
growth along the P-T-t-D path, microtextures, Fl&snventional geothermobarometry,
garnet isopleth intersections foryX Xre and Xca on P-T pseudosections, and phase
equilibria modelling using P-T pseudosections tdude a tectonic history and P-T-t-D

path for this portion of the Greenvale Province.
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Section D

The N-S trending Tasman Orogen is generally reghate forming by a succession of

periods of orogenesis that migrated from west & abong the active Pacific-margin of

East Gondwanaland after the break-up of Rodiniaindludes the Early Palaeozoic

Delamerian, the Early and Middle Palaeozoic Thonmawh Lachlan Fold Belts, the Middle

and Late Palaeozoic Hodgkinson-Broken River Foltl 8ed the Late Palaeozoic to Early

Mesozoic New England Fold Belt. The Northern Thoms$wld Belt is an anomalous

portion of this orogenic zone because it contaied weserved W-E trending batholiths

and foliations. These W-E trends potentially connedth those dominating central

Australia but are poorly understood because theyavered by the younger sediments of

the Eromanga Basin. This section examines the feignce of W-E magnetic and age

trends in the Northern Thomson Fold Belt using Fl&a from the Balcooma region,

Greenvale Province. This region would have laintlom northern side of the Northern

Thomson Fold Belt as currently exposed prior todffects of the younger W-E directed

crustal shortening that is typically associatechwtite Tasman Orogenic Zone. This data

suggests a new tectonic interpretation can be gexpdhat may aid explorers after

Balcooma and Charters Towers style mineralizatmmnetatives.
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Abstract

An identical succession of five foliation intergedtinflection axes preserved in
porphyroblasts (FIAs) in a small scale mining pgaaand the large scale Balcooma region
shows that there were five changes in the directboulk shortening during tectonism
between ~476+5 and 408.8+£8.9 Ma. The E-W trenditfg $et 1 in garnet porphyroblasts
indicates N-S shortening. The NNW-SSE trending B&A 2 in staurolite suggests rotation of
the direction of shortening to ENE -WSW. The NNE¥$&ending FIA set 3 in staurolite,
plagioclase and kyanite porphyroblasts suggests® ¥8@ation of the bulk shortening
direction to ESE-WNW between 443.2+3.8 Ma and 425.4 Ma. The E-W trending FIA
set 4 in staurolite porphyroblasts indicates furtisgation to N-S by 408.8+8.9 Ma. The NE-
SW trending FIA set 5 in andalusite suggests sules#qgrotation of the bulk shortening
direction to NW-SE. Structural and metamorphic d&tem porphyroblasts reveal a
continuous history of tectonism that is partitioredween samples in the mining pit as well
as regionally. The succession of FIA sets and retanotural relationships between garnet,
staurolite, plagioclase, kyanite, andalusite, cawth and fibrolitic sillimanite reveal a
regionally consistent pattern of growth during thregression of changes in the direction of
bulk shortening. The local coexistence of kyaraiedalusite and sillimanite and a consistent
succession in the timing of growth of the differgoirphyroblastic phases resulted from the
effects of deformation partitioning relative to butomposition and P-T path. Similarly
distributed FIA sets 1, 2 and 3 across the pit @ & in the Balcooma region suggest that
the partitioning of deformation was relatively paswe at all scales across the Balcooma
Metamorphic Group from ~476%5 to 425.4+3.7 Ma. Pheferential development of FIA set
4 in the northern half of the region reveals maealized deformation partitioning effects

during this period of bulk shortening.
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Keywords:

Deformation partitioning; episodic porphyroblasbwth; FIAs; tectonics

1. Introduction

Structural geologists routinely map the dominam&fmns seen in rocks and correlate them
from outcrop to outcrop. Regionally metamorphoserppyroblastic rocks generally contain
schistosity parallel to bedding or compositionalelang and locally an oblique crenulation
cleavage and/or some crenulations without well tbgpexl axial plane structures. Recent
research involving the quantitative measurementnolusion trail orientations preserved
within porphyroblasts has shown that porphyrobtasticks generally contain a lengthy
history of deformation and metamorphism that preslathe schistosity parallel to
compositional layering. The latter schistosity regominantly a function of reactivation of
the bedding during younger events, which destrag#elbping foliations and rotates pre-
existing ones into parallelism withy $Bell et al., 2003, 2004; Ham & Bell, 2004; Aerden
2004; Cihan & Parsons, 2005; Sayab, 2005; Bell,9200he measurement of foliation
inflection/intersection axes within porphyroblagf$As) have revealed that many periods of
growth of the one mineral phase can be preservadhwprior to the development of this
technique could not be distinguished (e.g., BelN&vman, 2006; Yeh, 2007). This is not
necessarily a problem for garnet growth as thisemaihcan grow at various times during a
lengthy deformation history by multiple reactiomsrbcks with suitable bulk composition.
However, it could cause problems if it occurredmother mineral phases, such as staurolite
and andalusite, as the reactions from which thesghgroblasts are produced are generally

expected to go to completion once they have comete(epear, 1993).



Section-A A. Ali

It has recently been suggested that a primaryraordn where and when a
porphyroblast grows, apart from suitable bulk chstrgj temperature and pressure, is
whether or not deformation partitions through atcmp at the scale of a porphyroblast (Bell
et al., 2004; Bell, 2009). If this is the case,ntmineral phases such as staurolite, which are
commonly produced from one specific reaction fopaaticular bulk composition on any
particular prograde P-T path, could grow severaks rather than just once. Indeed, if this
occurred, the case for the control of deformati@mtiponing over porphyroblast growth
would be immeasurably strengthened. This paper mdenots an example of this where
staurolite grew over 3 separate periods, each vimglmultiple deformations. Garnet grew
before every other porphyroblastic phase. Staerajiew next and during a subsequent
period was accompanied by kyanite porphyroblastwiiro Andalusite and cordierite

porphyroblasts formed after garnet, staurolite lyahite growth ceased.

2. Geological setting

The Balcooma Metamorphic Group of north-easterne@skand, Australia, contains multiply
deformed Cambro-Ordovician metavolcanics and mdiamntary rocks. This is exposed
along a 33 km long and 8 km wide (Withnall, 1989ttvall et al., 1991) zone on the north-
western margin of the Palaeozoic Tasman Fold hetheé Greenvale Province. These rocks
affected by five deformation eventsDs) and contain five cleavages (Huston, 1990; Van
Der Hor, 1990; Rea & Close, 1998). The pervasiyvel&vage is commonly crenulated by
Ss, which has NNE strike and a subvertical dip (Wéthn1982). D locally produced an
easterly tending Sleavage, which crenulates both&hd $ was recognized in the area by
Huston (1990). The regional scale structures weaely developed during the and B

deformation events (Huston & Taylor, 1990; Van Bler, 1990; Rea & Close 1998). The D
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folding event is penetrative in the Greenvale Rrogi Relics of §presevered in garnet
porphyroblasts were recognized in thin section gtiin (1990) and Van der Hor (1990).
The Balcooma copper, lead and zinc deposit liesiwithese multiply deformed metapelitic
rocks. The Balcooma Metamorphic Group was intrudgdhe Ordovician Ringwood Park
Microgranite and the Early Silurian Dido Tonalitéuston, 1990; Withnall et al., 1991). Both
intrusive bodies were affected by the Beformation event (Benambran Orogenic event
(440-420 Ma); c.f. Fergusson et al., 2007). Theonmigj of porphyroblast growth in the
region was reported as having taken place duringlamement of the Dido Tonalite
(Withnall et al., 1991). The Balcooma Metamorphico® is bound on the east by this
Tonalite and on the west by the Dry River Volcan{¢sg. 1). The Ringwood Park
Microgranite bounds the ore body in the east. ThdoDronalite and Ringwood Park
Microgranite have intrusive contacts with both msetliments and metavolcanics. The
metapelites are characterized by chlorite, musepwuiiotite, garnet, staurolite, kyanite,
plagioclase, andalusite, cordierite and fibrolisdlimanite. The porphyroblasts contain
abundant inclusion trails, metamorphic texturalatiehships providing an excellent
opportunity for studying all stages of porphyroblamicleation, growth and structural
development, which have been destroyed by lateoradtions in the matrix due to
reactivation process (see for more detail Bell, 800

3. Sample description

79 oriented samples were collected around the Baleocopper, lead and zinc deposit. 34 of
these consisted of surface samples and 45 of ederdre samples (at an average depth of
200 meters). The core samples were collected froh lay 0.5 km area covering the
Balcooma North and South Pits; called the pit drean now on. The remainder were

collected from the surrounding region (Balcoomaioep to compare the effects of
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deformation partitioning heterogeneity on porphyasb growth at different scales. 700
vertical thin sections with different strikes wenade from these samples in order to be able
to measure within them the foliation intersectiofiéction axes preserved within
porphyroblasts (FIAs) as well as all other defoliorat partitioning supporting
microstructures during the microstructural investign. Microstructural data were mainly
collected from garnet, staurolite, plagioclase aaddalusite porphyroblasts. Biotite,
muscovite and chlorite were not used for microstnad analysis because they are less

competent and tend to deform along (001).
4. FIA measurement, trends, succession and inter pretation

4. 1. Theasymmetry technique

A FIA, the axis about which the asymmetry flips afe foliation overprinting another
(Hayward, 1990; Bell et al., 1998), can be deteedifrom a series of vertically oriented thin
sections with different strike viewed in the oneedtion around the compass (Fig. 2). Six
vertical thin sections were cut 38part (i.e. trending 00°, 30°, 60°, 90°, 120° 460°) from

a horizontal oriented block. An additional two veat sections were cut 1@partbetween
the two sections where the switch in inclusionl teesymmetry was observed, in order to
locate the FIA within a 10° range. For each extva fleund within a sample another two thin
sections 10° apart were cut. The FIA was takennaglfoetween the additionally cut vertical

thin sections.

4. 2. FIA trends

A total of 92 FIAs preserved in garnet, staurolgggioclase and andalusite porphyroblasts

were determined from forty-five spatially orientea@mples in the Pit area (Table 1). A total
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of 51 FIAs preserved in garnet, staurolite, plagise and andalusite porphyroblasts were
determined from thirty-four spatially oriented sdegin the Balcooma region (Table 1). The
sample locations are shown in (Fig. 1). 16 and 8sFivere measured from garnet
porphyroblasts in the Pit area and Balcooma regespectively. 56 and 39 FIAs were
measured from samples containing staurolite in Bie area and Balcooma region
respectively. Garnet is included within biotitequstolite, plagioclase, kyanite, andalusite and
cordierite porphyroblasts in both regions suggestimt it grew before the latter phases.
Respectively, 8 and 11 versus 1 and 3 FIAs weresured from plagioclase and andalusite
bearing samples in the Pit area and Balcooma refigare 3a shows a rose plot of total FIA
trends measured from all samples in the Pit ardalaBalcooma region. Figures 3b and 3c
show rose diagrams of FIA plots in the Balcoomaaegnd Pit area respectively. Both

regions contain four FIA peaks with E-W, NNW-SSEYESSW and NE-SW trends.

4. 3. FI A succession deter mination

Different phases of porphyroblast at the time @irtigrowth protect multiple portions of the
early deformation, metamorphic history and struggun the rock from progressive younger
deformation in the matrix. This episodic growth yad®s quantitative relative timing of a
succession of different FIA sets (Bell et al., 1p¥8ve FIA sets have been established in the
Balcooma Metamorphic Group in both the Pit area Baltooma regions (Table 1) on the
basis of

1. Core versus rim criteria, where core of the porphiast must be older than the rim

(Fig. 4a),
2. The prograde metamorphic mineral succession whegdoyet is preserved as

inclusions within staurolite, plagioclase, kyaniémdalusite and cordierite. Staurolite
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and kyanite are replaced by andalusite and andalissreplaced by cordierite (Fig.
4b, c),
3. Truncated inclusion trails versus those that areticoous with the matrix (e.g.
Adshead- Bell & Bell, 1999; Sayab, 2005; Cihan,£08g. 4d, e).
4. Monazite grains preserved as inclusions within pgrpblasts containing this
succession of FIAs have been dated by Ali (20098) monazite grains were found
within porphyroblasts defining FIA 1 but matrix ag@ such rocks reach back to 454
+12 Ma (Table 2d) and zircon rims produced during &mphibolite facies
metamorphism have been dated at 476+5-486+5-477a®yWWithnall et al. (1991)
and Fergusson et al. (2007) in the Greenvale PeeviRIAs 2, 3 and 4 are dated at
443.2+3.8 Ma, 425.4+3.7 Ma and 408.8+8.9 Ma respelgt (Table 2a, b, c; Ali,
2009B).
For both the Pit area and Balcooma region the peaks in the rose diagram (Fig. 3a)
and multiple generations of porphyroblast growthirty episodic deformations consist of a
succession of five FIA sets. The earliest FIA sewlhich has E-W, orientation is preserved
by garnet. The inclusion trails in garnet are tatad by the matrix foliation (Fig.5). In all
samples, garnet porphyroblasts only contain FI&IA 1 was never observed in staurolite,
plagioclase, kyanite, andalusite and cordierit& Eformed with a NNW-SSE trend and was
only observed in staurolite porphyroblasts. Thelusion trails defining this FIA are
truncated by the matrix foliation (Fig. 4d). FIA &hich is preserved by staurolite and
plagioclase, has a NNE-SSW trend. Kyanite generadly no inclusion trails and is not
present around the compass; one sample (AH71) wkymeite is present around the

compass contains well developed inclusion traifsndey FIA 3 at 10. The inclusion trails

defining FIA 3 are continuous with (Fig. 4e) or atlg truncated by a well developed
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horizontal foliation in the matrix. FIA 4 trends - and was observed in staurolite
porphyroblasts; this relative timing was distingnéd using samples where FIAs trending
NNW-SSE and NNE-SSW lay within the core of staueofiorphyroblasts that contain the E-
W FIA in their rims (Fig. 4a). The continuity oféhnclusion trails defining FIA 4 with those

in the matrix and its preservation in a completdifferent porphyroblastic phase enabled
samples containing this FIA to be distinguishedrfrthose containing FIA 1, even though
they have the same trend. FIA set 5 trending NEiS@Weserved by andalusite that overgrew
the matrix very late in the deformation historygF). The total succession of FIAs is shown

in Table 1.

4.4. FIA distribution

FIA 1 in the Balcooma region versus the pit areeelatively evenly distributed relative to
sample locations (Fig. 7a poor outcrop preventegpéag in the Balcooma region). FIA 2 is
potentially evenly distributed regionally as itw#thin the pit area (Fig. 7b). FIA 3 appears to
be relatively evenly distributed at both map scdkg. 7c). FIA 4 is coarsely partitioned
both regionally and within the pit area (Fig. 7d)he number of samples containing FIA 5 is

limited suggesting it may be coarsely partitioneds distribution (Fig. 7e).

6. Inter pretation and discussion

Samples were deliberately collected using two aggves. Firstly, they were gathered across
a large region where the outcrop was relativelyspand weathered. Secondly, they were
collected in similar total numbers over a smallioagwith dimensions 1 x 0.5kms where a

large amount of oriented drill core was availaltaf very fresh rock. These two regions are

called the Balcooma region and the Pit area resjedet This was done so that the local
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versus regional heterogeneity of porphyroblast ¢incawnd the FIA trends preserved could be

examined and any the role for deformation partitigrdetermined (e.g., Bell et al., 2004).

6. 1. Lack of porphyraoblast rotation

Many structural geologists have inferred that pgrphlasts rotate (e.g. Rosenfeld, 1968;
Passchier et al., 1992; Williams & Jiang, 1999)eyimferred rotation from the geometry of
the inclusion trails, such as spiral shapes, withoentioning the actual reference frame
within which the rotation occurred. They probabsgsamed that it was the matrix schistosity
and felt that it was not necessary to state whetieporphyroblasts rotated with respect to a
foliation, with respect to the bedding, or with pest to the earth’s surface (Passchier &
Trouw, 2005). A well-defined reference frame is dex to quantitatively test all aspects of
rotation and non-rotation models for porphyroblastaviour in multiply deformed rocks. To
evaluate the rotation of porphyroblasts, geograploith and the vertical can be used as a
reference frame (Hayward, 1990; Bell et al., 1958y et al., 2008, 2009). A FIA is measured
for a sample, independent of assumptions concethimggming of inclusion trails relative to
matrix structures and whether or not the porphywsibhave rotated. The preservation of a
consistent and non-random succession of five FI& beth regionally and locally suggests
that the porphyroblasts did not rotate as they &fnif the rotation of the porphyroblasts
hosting FIAs 1 through 5 had occurred, a randorriligion of FIA trends would have been
produced. For example if FIA 1 was rotated up td &ifher way about FIA sets 2, 3, 4 and 5,
a spread of FIA 1 around the stereonet would haveldped (Fig. 8a, b, c, d) but this did not
occur. The consistency in the trends of the suamessf FIA sets in the different mineral

phases indicates that the porphyroblasts did rtataaelative to each other during different
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progressive deformation events in the matrix (ddm & Bell, 2004; Sayab, 2005; Bell &

Newman, 2006).

6. 2. FIA Succession in the Pit area versusthe Balcooma region

The region is very poorly exposed due to extreropital weathering. However, sampling
from the pit area was unaffected by this becausenwiing related exposure plus the
availability of oriented drill core. Therefore, tltstribution of FIA sets in the pit is not
affected by outcrop bias whereas that of the re@o@®f course, coarse scale partitioning of
deformation could impact on the pit area becauses amall size (1 km long). However, the
succession of five FIAs in the Pit area is identw#h that in the Balcooma region even
though their distribution on rose diagrams is défé (Fig. 3b, ¢). The E-W trending FIA set
1 in garnet porphyroblasts indicates N-S shortenifiie NNW-SSE trending FIA set 2 in
staurolite indicates rotation of the direction dibgening to WSW-ENE. The NNE -SSW
trending FIA set 3 in staurolite, kyanite and ptad@se porphyroblasts indicates a ~30°
rotation of the shortening direction to ESE-WNWheTE -W trending FIA set 4 in staurolite
porphyroblasts indicates a further rotation in gng to N-S. NE-SW trending FIA 5

indicates rotation of the bulk horizontal shortendirection to NW-SE.

6. 3. FIA distribution and defor mation partitioning

6. 3. 1. Theeffect of granite plutons

The Ringwood Park Microgranite was emplaced betwet6 and 475 Ma (Withnall et al.,
1991), possibly around the time of developmenthef E-W trending FIA set 1, and Fig. 3
and 7 suggests that it had no impact whatsoevénesubsequent development of FIA sets.

There is no sign of any greater development ofarthe FIA sets close to the appropriately

11
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oriented margins (allowing for the affect of thgimnally very poor outcrop) which suggests
that its fine grain size meant that it did not asta competent body. This is supported by its
shape which follows that of the regional grain. Thielo Tonalite was emplaced around
425Ma around the time of development of FIA se#d35(4+3.7 Ma). This coarser grained
Tonalite, which crops out in the NE and SE portimisthe map, has no affect on the
distribution of FIA set 3. However, it does appaahave affected the distribution of FIA set
4 which predominantly lies in between these twdaesg although 4 samples protected by

the scalloped southern boundary of the NE portrewgorphyroblasts at this time (Fig. 7d).

6. 3. 2. Other effects

Bell (2009) and subsequent workers (Bell et al86tBell & Hayward, 1991; Williams,
1994; Williams et al., 2001; Bell et al., 2004; B&l Bruce, 2006) demonstrated that the
partitioning of deformation into zones of progressshearing and coaxial shortening can
control the sites of development of crenulatioracige versus porphyroblast nucleation and
growth, respectively (Fig. 9). They argued thatimyiprogressive shortening porphyroblast
growth occurs primarily in coaxially deforming création hinges where as platy and fibrous
minerals arrange in a way to develop differentiateghulation cleavages due progressive
shearing. The partitioning of deformation into zer® progressive shortening (essentially
coaxial strain) and progressive shearing (ess@ntmn-coaxial strain) potentially can be
important on one scale (porphyroblast scale) butomoanother (Bell et al., 2004). This is
particularly significant for porphyroblast growtlkedause deformation needs to partition at the
scale of a porphyroblast for nucleation to occui€Ss & Bell, 1996; Bell & Bruce, 2006).
FIA set 3 dominates the Pit area (Fig. 3c) andde dominant across the region (Fig. 3b)

suggesting that deformation at this time was péveasegionally (Fig. 7c). FIA set 2 is

12
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preserved in relatively more samples regionally dedrease in a similar manner relative to
those in the pit relative to the dominant FIA sefcBmpare Fig. 7b with 7c). These data
suggests that the deformation partitioned relagiveérvasively at all scales across the
Balcooma Metamorphic Group during the developmdnthese three FIA sets. Bell and
Hayward (1991) and Spiess and Bell (1996) have shbwat the partitioning of deformation
at the scale of a porphyroblast is necessary fir grow. If their arguments are correct then
the crude similarity in the proportion of the toteimber of samples containing each FIA set
in both regions (allowing for the poor outcrop kewlly) requires that the scale of
partitioning of deformation in each was similar fach period of porphyroblast growth for
each FIA set. Porphyroblasts containing FIA setand 5 are more unevenly distributed
across both regions (Fig. 7d, e) suggesting theallp partitioned deformation occurred
during these two periods of bulk shortening acrtes Balcooma Metamorphic Group

possibly due to emplacement of the Dido Tonalitetio@ed above.

6. 4. Porphyroblast phase distributions and defor mation partitioning

The large spectrum of metamorphic index mineraldofde, muscovite, biotite, garnet,
staurolite, plagioclase, kyanite andalusite, carieand fibrolitic sillimanite) in the same
sample at the thin sections scale (e.g. AH 119)wsheither that metamorphic mineral
equilibrium was not established, or that some factther than, or addition to, temperature
and pressure was responsible for the developmetitese minerals. Furthermore, zones of
such index minerals are said to represent diffeeno temperature, pressure and mineral
reactions across a regionally metamorphosed terg@nelling, 1994). However, Bell and
Bruce (2006) have shown that at appropriate P-Tditions and specific bulk composition

porphyroblasts start nucleation during coaxial srong in zones of negligible strain (hinges
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or Q-domain) that produced from strain partitioniaiga scale of porphyroblast and stop
growth once a progressive shearing is establistedites of differentiated crenulation

cleavage (limbs or M-domain; Fig. 9). During porptiylast nucleation or regrowth in these
zones, the presence of a pre-existing foliationdyat a high angle to a newly developing
cleavage is vital (Bell et al., 2003, Bell & Bru@06). The Balcooma Metamorphic Group
provides a remarkable example of this phenomenamp&s containing garnet, staurolite,
plagioclase, kyanite, andalusite cordierite antinginite are relatively common in some
locations in the Balcooma region. Significantlyerd is a FIA set control on the distribution
of such samples (Table 1). This indicates thabmbedtion partitioning was the extra factor
that controlled porphyroblast growth once P-T wagprapriate and suitable bulk

compositions were available. Indeed, the FIA se¢sent within the different porphyroblast
phases indicate that the growth of some of theseenmais occurred at different times (see
below).

Prior to the development of a technique for meaguRIAs, distinguishing or even
recognizing the presence of different times of glofor the same or different phases of
porphyroblasts was very complicated and confusisgeeially for porphyroblasts with
truncated inclusion trails. Furthermore, the pregnee development of deformation
partitioning in multiply deformed rocks was nottdiguishable apart from for much younger
events that affected the matrix (Bell et al., 20Bdll & Newman, 2006). The measurement
of FIAs in many orogenic belts over the past 18rydaas revealed that porphyroblasts
provide the best evidence for the role of partitignin deformation history because they
preserve the included microstructures from obliteraas the deformation intensifies (c.f.

Bell & Bruce, 2006; Ali, 2009B).
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6. 5. Defor mation partitioning and timing of multiple por phyraoblastic phases

The presence of garnet, staurolite, plagioclasgalasite, cordierite and sillimanite in sample
AAOQG6, garnet, staurolite, plagioclase, kyanite, auosite, cordierite and sillimanite in sample
AH 119, garnet, staurolite, plagioclase and corgien samples AH 105, AH 113, AH 143,
AH 142 and AH 132, garnet, staurolite, plagioclas®l kyanite in sample AH 146 and
staurolite, kyanite, sillimanite and andalusitesamples AH 071, AH 074 and AH 116, AH
122 provide striking examples of the effects ofadefation partitioning on the timing of
different porphyroblastic phases. These samplesiti@n the 0.5 square km pit area (Fig. 1)
and, therefore, followed the same P-T-t path asthee no prominent faults or younger shear
zones nearby.

Textural and relative deformation constraints frothis study suggest the
crystallization sequence chlorite, muscovite, bégtgarnet, staurolite, plagioclase, kyanite,
andalusite, cordierite and fibrolitic sillimanit€hese minerals are of considerable importance
in metamorphic studies, as they provide quick im@ation about pressure-temperature (P-T)
conditions and P-T paths. The coexistence of kganéndalusite and sillimanite is
uncommon. The presence of all threeS\NDs polymorphs in regionally metamorphosed
rocks indicates very complex tectonothermal his(iPattison, 2001; Tinkhan et al., 2001;
Whitney, 2002). Kyanite, andalusite and sillimarate present in samples AH 071, AHO74,
AH 091, AH 116, AH 119 and AH 122 at the thin sentiscale. Kyanite is replaced by
andalusite and andalusite is replaced by sillineatiig. 10a, b). Differences in the nature
and degree of deformation of the polymorphs confinl sequence of crystallization rather
than simultaneous crystallization at the triplenpoi

Variation in the timing of growth of different pdrproblastic phases in different

samples results from the effects of deformationifp@ming relative to their bulk composition
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and P-T path and readily resolves conflicts inghesence of extra phases. In the 0.5 square
kilometre pit area, kyanite grew during the devetept of FIA 3 in the range of 6-8kbar,
617-637°C at 425.4+3.7 Ma (Ali, 2009C) and was finst Al,SiOs polymorph to form.
Andalusite, which grew during the development oA B, was the second aluminosilicate
phase to develop from the break down of biotiteysilite and kyanite during decompression
across the Greenvale Province (Fig. 11, 4c, 10g;2AD9C). Sillimanite, which nucleated
within biotite, is projecting into adjacent andatasand kyanite porphyroblasts. It locally

cross cuts the matrix indicating that it was tret J,SiOs polymorph to form (Fig. 12).
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Abstract

Electron microprobe monazite dating of a successmn 5 FIA sets (foliation
inflection/intersection axes preserved in porphiasts) from the Balcooma Metamorphic
Group, NE Australia reveals that these Palaeozooks to the east of the Precambrian
Georgetown Province have been affected by 5 orogewcles of different intensities.
Electron microprobe dating of monazite preservethiwiporphyroblasts containing FIAs 2
through 4 indicates that the Delamerian, Kanimidad Hunter Bowen Orogenies did not
affect this region. The earliest 443.2+3.8 Ma phafsmonazite growth within the Balcooma
Metavolcanic Group is preserved in porphyroblastst@ining FIA 2 whereas 425.4+3.7 Ma
and 408.8+ 8.9 Ma ages are preserved in thoseinomgaFIAs 3 and 4 respectively. This
indicates that this region was initially affectegdn Early Ordovician Orogeny but was later
overprinted by the Benambran (440-420 Ma) and Tihileeran (410-370 Ma) Orogenies.
The lack of younger monazite ages shows that deftoom during the Kanimblan Orogeny
(360-320 Ma) partitioned such that it did not affeocks adjacent to the Georgetown
Province when it impacted on the Broken River, Hodgpn and Charters Towers Provinces
to the east, northeast and southeast respecti®liphide inclusions in porphyroblasts
containing FIAs 2, 3, 4, 5 but not in those coritagnFIA 1 requires that disruption of any
primary volcanogenic massive sulphide body tookcelaafter FIA 1, or that the
mineralization is metamorphogenic.

Keywords: Monazite ages; FIAs; Orogenies; Tectonics; Sukpimineralization
1. Introduction

FIAs and electron microprobe dating of monazitdusions preserved within porphyroblasts
(Bell & Welch, 2002; Cihan & Parsons, 2005; Cihamle 2006) are being used to assess the

combined effects of deformation, orogenesis andametphism in complexly tectonized
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terranes. The discovery of regionally consistemiceasions of FIAs has enabled extended
histories of deformation and metamorphism to bentifled that predate they®S; matrix
foliation that is always present in regionally nmtaphosed porphyroblastic rocks (Bell &
Newman, 2006, Bell, 2009 and references thereirgnadite dating has proved a useful
geochronological tool for determining absolute tighiof deformation and metamorphism
across and along an orogen (William & Jercinovie02, Forbes et al., 2007). However,
dating monazite grains without care can lead toint@gpretations because monazite is
always susceptible to the affects of hydrothernhaid$, which dissolve or lose Pb and
disrupt the Th-U-Pb system (Braun et al., 1998).nkMote grains can best be used an
effective tool for determining absolute timing ettonic processes when they are overgrown
by porphyroblasts and are thus armored from youdgtarmation within the matrix (Bell &
Welch, 2002).

Disturbance of the U-Th-Pb system may occur wigponphyroblasts that host monazite
grains if they are fractured or altered (Forbesl ¢2007). Such situations may yield younger
ages due to ongoing deformation and metamorphisentgvin the matrix. Similarly,
analytical problems associated with electron mimbp analysis cannot be ignored
(Williams et al., 2006) and differentiation betweametamorphic and detrital monazite grains
Is important. Therefore, relying on monazite dataigne can lead to incorrect geological
interpretations, lack of precision and a degree unfcertainty. Inclusion trails in
porphyroblasts that predate the visible matrixafidin, protecting early-formed foliations
and associated FIAs from obliteration due to ladeformation and metamorphism, are
common in regionally metamorphosed rocks (Bell & ltMe 2002; Bell et al.,, 2004).
Determining FIA successions and dating them witmazdate inclusions can provide vital

information on the timing of deformation, orogenaisd metamorphic processes. These two
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approaches have been applied to the rocks frorBalmoma Metamorphic Group, which lie
on the northern boundary of the Thomson Fold Bedtastern Australia (Fig. 1).

The Thomson Fold Belt has been affected by 3 watldhented orogenies (see
below; Braun & Shaw, 2001; Nishiya et al., 2003rgusson et al., 2007a, b). Measurement
of FIAs in the Balcooma Metamorphic Group indicat@smore complex history of
deformation, metamorphism and associated bulk shioig directions than previously
reported. A succession of FIAs sets records 5 adwingthe direction of bulk shortening has
affected the Greenvale Province (Ali, 2009D). Sl and microstructural relationships
between biotite, garnet, staurolite, kyanite, pdatise andalusite, cordierite and fibrolitic
sillimanite show a regionally consistent patterrpodgressive metamorphism and tectonism.
The hosting of FIAs by these porphyroblasts, andsequent shielding of monazite
inclusions from dissolution and fluid access eBeof later deformations, can be used to
determine the absolute timing of deformation, metgrhism and bulk shortening directions
affected the region. This paper develops a clodedetween FIAs and electron microprobe
results from the dating of monazite. FIAs enabléaitkesd and quantitative correlation of
porphyroblast growth from outcrop to outcrop. Tha be confirmed by monazite dating,
enabling which tectonic events have affected #gsan to be determined. This will constrain
the combined effects of deformation, orogenesis maiamorphism within the northern

portion of the Thomson Fold Belt in the Greenvalevihce.
2. Regional geological framework

The Thomson Fold Belt of eastern Australia is ledatorth of the Delamerian and Lachlan
Fold Belts and west of the New England Fold Beltidil of the Thomson Fold Belt is poorly
exposed, being concealed under the Mesozoic setinoérthe Eromanga Basin (Fig. 1).

Deformation/metamorphism in the Thomson Fold Bettwsred during the Delamerian (515-
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500 Ma), Benambran (440-420 Ma), Tabberaberan &1D-Ma) plus an unnamed
continental-wide Ordovician Orogeny (475-450 Maalr & Shaw, 2001; Nishiya et al.,
2003; Fergusson et al., 2007a, b). However, th@seg parts of the Thomson Fold Belt in
the Greenvale, Charters Towers and Anakie Provimegs not uniformly affected by these
orogenic events (Fergusson et al., 2007a, b). hpesof the Thomson Fold Belt has been
regarded mainly as a product of the Benambran @iogwent (c.f. Fergusson et al., 2007b).
This work is focused on the Balcooma Metamorphioup, which is exposed in the
western part of the Greenvale Province northerne@siand. This is dominated by strongly
deformed interbedded metagreywackes, metapelitdsfelaic metavolcanics (rhyolitic to
dacitic in composition; Huston, 1990; Withnall &t 4991 Van der Hor, 1990). The main
porphyroblastic phases in the Balcooma MetamorpBioup are biotite, staurolite,
andalusite, garnet, plagioclase, kyanite and cotdiéHuston 1990; Ali 2009b). They are
considered equivalent to the Cambro- OrdovicianeSgv Mile Range in the Charters
Towers Province on the basis of similar lithologiggochronology (Henderson, 1986;
Withnall et al., 1991; Fergusson et al., 2007aploks the fact that they both host massive
sulphide deposits containing Cu, Zn and Pb (FigTBg Seventy Mile Range is located 200
km southeast of the Balcooma Metamorphic Group. Thenection between the two
Provinces is disrupted by Cenozoic sediments, theroSDevonian Lolworth Igneous
complex and the Broken River Province (Withnalakt 1991). The Balcooma Metamorphic
Group is intruded by the late Ordovician RingwoaikPMicrogranite and Early Silurian (U-
Pb Zircon age 431+7 Ma) Dido Tonalite (Fig. 3; Wil et al., 1991; Bain et al., 1997). The
Balcooma Massive sulphide mineralization is bouadiite east by the Ringwood Park
Microgranite and to the west by the quartz-feldspamphyry of the Dry River Volcanics.
Previous workers (Huston & Taylor, 1990; Rea & @l0%998) reported five deformation

events in these rocks. Early $oliation and compositional layering are subpalalio
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bedding. The effects of this deformation were disgd by the effects of IFergusson et al.,
2007b), which along with §) are the dominant events. PervasiyesScrenulated by NNE
trending $ and both were crenulated during,. 5, cleavage is locally developed and
overprinted by $(Huston, 1990). All NE-trending faults have beeteipreted to be due to
Ds (Huston & Taylor, 1990; Rea & Close, 1998). Howevemsian age (400-392 MA)
marine rocks of the Conjuboy Formation are genihpithg, unstrained and unconformable
on Early Paleozoic metasediments and metavolcéidieston 1990; Withnall et al. 1991).
Textural and relative deformation and metamorpleigtires among porphyroblasts
present in these rocks suggest the crystalliza@muence biotite, garnet, staurolite, kyanite,
plagioclase, andalusite, cordierite, and sillimanit Microstructurally, the three
aluminosillicate polymorphs formed in the sequekganite — andalusite— sillimanite
(Van der Hor, 1990, Ali, 2009C). All porphyroblastsntain well-developed inclusion trails.
Consequently, these rocks provide a key locationtdsting the connection between FIA
succession and electron microprobe monazite dating.
3. Tectonic eventsin eastern Australia reported by previousworkers
The present day eastern Australia was shaped bjollogving orogenic events along this
margin of Gondwana
3.1.Ross - Delamerian Orogeny
The Ross - Delamerian Fold Belt (length of 4000 kwihich evolved in the Middle to Late
Cambrian (520-500 Ma) after Rodinia breakup (600M38), included portions of
Antarctica, Australia and Tasmania. It was produbgdE-W directed convergent margin
tectonism along the eastern margin of Gondwana €B&g Miller, 2004; Federico et al.,
2006). U-Pb dating of intrusives and volcanics asrine Delamerian Fold Belt shows a shift

from passive margin sedimentation to convergenggmasrogenesis (Boger & Miller, 2004).
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Out crops are exposed in South Australia, Victofiasmania and Queensland. Those in
Queensland include the Anakie Inlier and Halls Rewsletamorphics of the Greenvale
Province (Figs. 1 and 2; Withnall et al., 1996; lya et al., 2003). However, the Late
Cambrian-Early Ordovician Seventy Mile Range arel fthliated granitoid intrusions in the
Argentine Metamorphics and Cape River Metamorplncthe Charters Towers Province

show no effects of the Delamerian Orogeny (Hender$886; Fergusson et al., 2007¢).
3.2. Ordovician orogeny across Australia

An Early Ordovician (475-450 Ma) orogeny has aféelcthe Harts Range of central Australia
and the Greenvale and Charters Towers Provinceastern Australia (Withnall et al., 1991,
Hand et al.,, 1999, Fergusson et al., 2007a,b,g; Z09D). This orogeny resulted in
initiation of amphibolite facies metamorphism iret®reenvale Province. During this time
the Argentine Metamorphics and the Cape River Metalrics were intruded by granitoids

in the Charters Towers Province (Fergusson e2@07c).
3.3. Benambran Orogeny

The E —W compressional Benambran Orogeny occuticatyahe eastern sea-board in the
Early Silurian (440-420 Ma; Braun & Shaw, 2001; dtegson et al., 2007b). This orogeny
caused regional metamorphism, deformation and lg8id development in the Thomson
Fold Belt (Braun & Shaw, 2001; Fergusson et alQ720 b). It affected the Late Ordovician
Ringwood Park Microgranite and the Early Silurial@Tonalite of the Greenvale Province
and induced multiple deformational fabrics acrdss Thomson Fold Belt (Withnall, 1989;

Fergusson et al., 2007b). Fergusson et al., (20athuted the steepening of foliations and
reactivation of domain-bounding faults in the Gneda Province to this orogeny. Similarly,

an “°Ar *°Ar 440Ma age on hornblende from amphibolite in theeftipe Metamorphics
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reflects E-W contraction during the Benambran Onggm the Charters Towers Province

(c.f. Fergusson et al., 2007a).
3.4. Tabberabberan Orogeny

Compressional deformation related to the Tabberabb®rogeny (410-370 Ma) is more
wide spread in south-eastern Australia than noaitezn Australia (Powell et al., 1990).
Accretion of the eastern Lachlan Fold Belt and exo@ment of Early Devonian granites took
place during this orogeny (Braun & Shaw, 2001). 8aaffects of this orogeny have been
reported in the Hodgkinson/Broken River Fold Belted Drummond Basin in north and

central Queensland respectively (Henderson, 198aderson, pers comm. 2009).
3.5. Kanimblan Orogeny

The Early Carboniferous (360-320 Ma) Kanimblan @myg affected much of south-eastern
Australia. The Central Victorian Magmatic complexeshich consist of widespread
intrusions of granite and associated felsic volcgndeveloped at this time (VandenBerg et
al., 2000). This produced the last regional defaionain the Lachlan Fold Belt. The impact
of this orogeny on the rocks of north-eastern Aalstrwas not very significant although it

did generate folds in the Late Devonian and EadgbGniferous rocks (Henderson, 1987).
3.6. Hunter-Bowen Orogeny

The presence of little disturbed Permian rockshie Burdekin Subprovince indicates that
tectonism related to the Hunter-Bowen Orogeny hti@ leffect in this portion of north
Queensland (Henderson, 2007).

4. Sample description

4.1. Samplesused for FIA measurements

700 vertical thin sections with different strikegne cut from 79 spatially oriented samples

for FIAs determination. These samples (Fig. 3) waakected around the Balcooma copper,
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lead and zinc deposit in the Greenvale ProvincearAfrom FIA measurements, these
samples were also used for petrographic, texturdl metamorphic observations. Detailed
petrography revealed that different episodes ofj@nesis and accompanying metamorphism
produced a complete sequence of prograde metansoirdex minerals across the region.
The metapelites are characterized by growth ofitbjoigarnet, staurolite, plagioclase,
kyanite, andalusite cordierite and fibrolitic silanite. FIA measurements from these
porphyroblasts confirm the crystallization sequergaanet, staurolite, plagioclase and
andalusite. Inclusion trails in these porphyroldaste mostly sigmoidal. Older foliations are
overgrown and shielded by these porphyroblasts frobiiteration during younger

deformations in the matrix.
4.2. Samples used for monazite dating

20 samples were selected to constrain the absttiieg of deformation and metamorphic

processes related to the tectonic evolution ofGheenvale Province. The sample locations
are shown in (Fig. 3). At least 4 polished thintsets were prepared per sample for each
FIA set from 4 of the differently striking vertichlocks used for FIA measurement. Care was
taken to avoid pits and scratches during the pioligsprocess. The surfaces of polished thin
sections were made electrically conductive witlna toat of carbon. Half of these polished
thin sections had adequate monazite inclusiongl&bing. These lay in porphyroblasts, in

fractures in porphyroblasts and in the matrix. Moteagrains were analyzed according to
their position in these thin sections. This wasealtm develop the relative timing between
monazite grains defining inclusion trails relatit®@ those present in younger fractures
through the porphyroblasts and the matrix. Inchasioof all opaque minerals in

porphyroblasts were probed to determine whetheisatphides were present.
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5. Succession of FIA sets

Five FIA sets were distinguished from 142 FIAs nueed in garnet, staurolite, plagioclase
and andalusite porphyroblasts (Table 1) presemet®ispatially oriented samples. The FIA
trend was determined for each sample by locatimg akis about which the asymmetry
switches of inclusion trails preserved in porphyasts (see for detail Hayward, 1990; Sayab,
2008; Yeh, 2007 and the references therein). Tiparflasymmetry was initially observed in
a series of six vertical thin sections cut fromaaizontal block at 3Dinterval around the
compass (Fig. 4). Two more vertical thin sectiomsercut 10 apart where this flip occurred.
For each extra FIA found within a sample anothey thin sections 10apart were cut. The
FIA was taken halfway between the two thin sectibesveen which the asymmetry flipped
except where both asymmetries (clockwise and awchelise) were equally present in a
single thin section. In the latter case the FlAdeoincided with that section orientation.
The Balcooma Metamorphic Group preserves a spdatacprogression of
metamorphic mineral phases that reveal a lengtstpityi of deformation and metamorphism
(Van der Hor, 1990; Ali, 2009C). Two of the FIA setre defined by inclusion trails that are
always truncated by the matrix foliation (Fig. Stje third and fourth are locally truncated
whereas the fifth is always continuous with the nrafFig. 5b), indicating that the former
formed earlier than the latter. All garnet porplblests contain inclusion trails truncated by
the matrix foliation and define a single FIA setar@et porphyroblasts are commonly
preserved as inclusions within biotite, muscovétaurolite, kyanite, plagioclase, andalusite
and cordierite porphyroblasts. The latter FIA treisdonly preserved within staurolite
porphyroblasts. These 2 FIAs are designated FIA $eaind 2. FIA set 3 is preserved in
staurolite and plagioclase porphyroblasts. FIA4ewhich is very locally developed in the
northern portion of the Balcooma Metamorphic Groigppredominantly preserved in the

rims of FIAs 2 and 3 staurolites. FIA 4 appearh@we resulted from the overprinting of a
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well developed horizontal foliation (Figs. 6 and FJA set 5 is preserved in andalusite
porphyroblasts that commonly also incorporate t@ptjarnet, staurolite, plagioclase, kyanite
and little disturbed matrix and was thus the fiRB\ set to form (FIA 5; Vander Hor, 1990).
These five FIA sets and their four dominant peakd W-E, NNW-SSE, NNE - SSW and

NE-SW are shown in (Fig. 8).
6. Sulphide inclusionswithin por phyroblasts

At least 6 different sulphide ore minerals haverbeleserved in the matrix and as inclusions
within porphyroblasts in oriented polished thintgats using reflected light microscopy and
the electron microprobe. The sulphide minerals isbr pyrite, pyrrhotite, chalcopyrite,
sphalerite, galena and Cd-sulphide (Hawleyite, &jgPyrite, pyrrhotite and chalcopyrite are
the most abundant, with sphalerite and galena nesshcommon, both in the matrix and as
inclusions within porphyroblasts of different gea@ons. Porphyroblasts containing FIAs 2,
3, 4 and 5 have inclusions of sulphide ore mine(klg. 10). However, porphyroblasts
containing FIA 1, which consist of garnet, do noht@in sulphide inclusions. The only
opaque incorporated as inclusions in porphyroblestgaining FIA 1 is ilmenite. Only two
examples of sulphides were found in a porphyrobleshtaining FIA 1 and both of them lay

on younger fractures (Fig. 11).
7. Micro-geochronology via monazite dating
7.1. Analytical proceduresfor Th-U-Pb monazite dating

Monazite ages were determined using a JEOL JXA-&le@tron Probe Micro Analyser
(EPMA) at the Advanced Analytical Centre, James COaiversity. The analytical set up
for monazite identification is given in Table 2. Aatcelerating voltage of 15kV, beam
current 200nA and a spot size of 1 micron were udedlyses were made in step traverses

across polished monazite grains. Matrix correctese undertaken using the PAP method
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(Pouchou & Pichoir, 1984, 1985). Interference attroms for Th and Y on Pb and Th on U
were used as in Pyle et al., (2002). Monazite fidemangotry, Madagascar (545+2Ma,;
Paquette et al., 1984) was used as an internattagdard calibration, five times before and
after each analytical sitting. The X-ray lines ®re used for Th and Pb,gNbr U and L for

Y. Weighted means and probability plots were oladinising Isoplot/Ex (Ludwig, 2001).
Ages calculated for monazite grains in each thatige have been reported in Table 3 and 4
at the @ level of confidence, while adopting the statidticeethod of Montel et al., (1996).
Electron microprobe chemical analyses and caladila¢es for each spot on a monazite grain

are shown in the appendix-B (Section-B).
7.2. ldentification of structural domainsfor monazite grain correlation and results

A total of 320 spots on 55 monazite grains werdysed and (Table 3 and 4). Separation of
different generations of monazite grains in a rgekvides important insights into the
tectonic, structural and metamorphic interpretaig¢william & Jercinovic 2002). In this
study all the monazite grains were analysed adiiemtifying them within a particular FIA set.
The succession of FIA sets provides an efficieat tor choosing structural domains for age
analysis using monazite grains, which formed olaergame period of time. The probability
density plots and histograms for each FIA set &@wvs in Figure 12. The locations for
monazite grain analyses relative to inclusion draissociated with FIA sets, fractures and
matrix were specified on a petrographic microscape then examined using backscattered
electron microscopy. U-Th-Pb concentration measargsm were made in detailed step
traverses across in-situ polished monazite graingdiculate an average age for each
monazite grain and to locate different age and asiipnal domains. Most grains preserved

in porphyroblasts appeared homogeneous as shokigure 13.
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Samples AA7 and AA23 contain FIAs 1 and 2 in gaaret staurolite porphyroblasts
respectively. Inclusion trails preserved in bothrghyroblasts are truncated by the matrix.
Garnet is commonly included in staurolite in thesenples. Analyses of 90 spots on 24
monazite grains from staurolite containing FIA Z/éa weighted mean age 443.2+3.8 Ma.
Monazite grains from the matrix in sample AA7 hawe&ighted mean ages of 419 + 17, 444+
15 and 426+10 Ma (Table 4). Matrix monazite gramsample AA23 have weighted mean
ages of 425+ 11, 424+18 and 427+14 Ma (Table 4).

Samples AA6, AH46, AH 77 and AH120 contain FIA 1 garnet and FIA 3 in
staurolite. In addition to FIA 1 and FIA3, sampl&® contains FIA 5 in andalusite and
sample AH 120 contains FIA 4 in the rim of staumliAnalyses of 110 spots on 15 monazite
grains within the staurolite have a weighted megm @ 425.4+3.7 Ma. One monazite grain
was found inside garnet on a fracture (Fig. 14)algses of 9 spots from this grain have a
weighted mean age of 406 + 12 Ma. Monazite matnaing from sample AA6 have
weighted mean ages of 418+13 and 431+7 Ma (Tahlé&=K 4 in the rim of staurolite
porphyroblasts in sample AH120 have a weighted naggnof 408.8+ 8.9 Ma from 14 spot
analyses on 2 monazite grains. Monazite matrixngrdrom sample AH120 yielded a
weighted mean age of 415+15 Ma.

No Monazite grain was found in porphyroblasts ohpkes AH 145, AH 137 and AH
143. However, monazite in the matrix of sample AblMelded weighted mean ages of
419412, 424+19 and 426+10 Ma (Table 4). Monazitargy in the matrix of sample AH137
have a weighted mean age of 423+ 10 Ma. Sample ABH dnd AH 137 staurolite
porphyroblasts contain FIA 3. Sample AH 143 corgaitA 1 and FIA3. Analyses of 11
spots on 1 monazite grain in the matrix of this genyielded a weighted mean age of 454 +
12 Ma (Table 4). Where andalusite is present, wiscthe mineral phase containing the

youngest FIA, it always overgrows the matrix.
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8. Interpretation and discussion
8.1. The FIA age succession

FIA 1 could not be dated. The age of monazitesgovesl in porphyroblasts containing FIAs
2, 3 and 4, at 443.2+3.8 Ma, 425.4+3.7 Ma and&08.9 Ma respectively Table 3, reveal

that deformation was episodic in the Greenvale iRoav
8.2. Defor mation and metamor phism across the Greenvale Province

The Greenvale Province is comprised of Early Palaeometamorphics (Withnall et al.,
1991; Fergusson et al., 2007b). The Lynd Mylonibe& separates Greenvale Province rocks
from the Georgetown Province. The Halls Reward Mhetghics form an eastern bounding
strip to the Province (Fig. 2). Fergusson et aDO@b) divided the Early Palaeozoic
Greenvale Province from west to east into the LyBalcooma, Lucky Creek, Paddys Creek
and the Halls Reward metamorphic domains accorttinghostratigraphy, geochronology,
structure and deformation history across a W-Estanthrough the region (Fig. 15). Each of
these domains experienced up to 4 deformation phdd®e reactivation and rotation of
foliations to a steeper orientation has been aiiedh to the Early Silurian Benambran
Orogeny (Fergusson et al., 2005, Fergusson €07b). A steeply dipping intense foliation
(S) in the Oasis Metamorphics, Balcooma Metamorpimd aucky Creek Metamorphic
Groups has been correlated with a low to sub-hot&ofoliation in the Paddys Creek
domain (Fig. 15, Fergusson et al., 2007b).

The succession of 5 FIA trends in the Balcooma domalicates changes in the
direction of bulk shortening from N-S to ENE-WSWES&E-WNW to N-S to NW-SE during
5 main periods of tectonism. The E-W FIA set 1 NNMW-SSE FIA set 2 predates the
overall NNE trending tectonic grain of the Greemv@tovince. However, ENE-WSW crustal

shorting during the Benambran Orogeny from 440-¥20formed the regional NNE fabric
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in the Oasis and Balcooma Metamorphic Group ameserved in staurolite and plagioclase
as FIA 3. This is consistent with the monazite slassociated with FIA set 3 (425.4+3.7
Ma). N-S shortening occurred before 443.2+3.8 Ma.

Partitioning of deformation across an orogen cedueterogeneously at all scales
during orogenesis and the timing of metamorphisih tve P-T-t-D paths of the rocks can
differ from place to place (Bell & Mares, 1999; Bet al., 2004; Bell, 2009). For example,
FIA 4, which formed during N-S shortening, is unelyedistributed and was observed only
in the northern portion of the Balcooma MetamorpBioup (Fig. 16a). FIA 5 appears to
have a very heterogeneous distribution in the Bat@ domain (Fig. 16b). It was the last
FIA to form in this region and is also present e imatrix. The deformation event, which
developed FIA 5 in the Balcooma Metamorphic Graphsent from the matrix in the Oasis
Metamorphics but locally present in the matrix loé remaining domains of the Greenvale

Province (c.f. Huston, 1990; Fergusson et al., BD07
8.3. Regional tectonic implications

The Oasis Metamorphics and Lynwater complex weeipusly regarded as a part of the
Palaeoproterozoic-Mesoproterozoic Einasleigh Metaimos (Withnall, 1989; Withnall et
al., 1997). However, detrital zircons within thenavl Late Neoproterozoic to Early
Palaeozoic depositional ages (Fergusson et alZOSHRIMP U-Pb zircon rim weighted
mean age of 476x5 Ma for the Oasis Metamorphics 486t5, 4776 Ma ages for
syntectonic granitoids intrusions in the Lynwateon@plex confirm the initiation of
amphibolite facies metamorphism in the region (Essgn et al., 2007b). The Halls Reward
Metamorphics were similarly interpreted to be Pmmteic craton (Withnall, 1989).
However, Rb-Sr dating by Nishiya et al. (2003) dfole rock muscovite (500Ma), K-Ar

dating of muscovite (500Ma) and U-Th-Pb chemicaingdpof crystallized monazite (510Ma)
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indicate that the Halls Reward Metamorphics wertecééd by the early Palaeozoic
Delamerian Orogeny along the active margin of thend@vana. A Cambrian to Early
Ordovician age for the “primary subduction related volcanics” and metasediments in the
Balcooma Metavolcanic Group and the Lucky Creekavetrphics has been inferred using
U-Pb zircon ages (Withnall et al., 1991; Fergusebial., 2007b). 476+5-486+5-477+6 Ma
U-Pb zircon ages (Fergusson et al., 2007b) and4{ 428+5 SHRIMP zircon ages (Withnall
et al., 1991) indicate Pamphibolite facies metamorphism and accompanigdsions at this
time across the Greenvale Province orogenic bgfteetively. The earliest phase of monazite
growth within the Balcooma Metavolcanic Group a#4512 Ma in the matrix and the age of
monazites preserved in porphyroblasts containigs 2, 3 and 4 indicate that this part of
the Greenvale Province was affected by an Earlyo@ecthn and later overprinted by the
Benambran Orogenies and possibly by the start ef Tlabberaberan Orogeny. The
orientation of FIA set 1 and the above ages indidlhat the Greenvale Province was not
affected by the Delamerian Orogeny. Combining lailé tdata for the Greenvale Province
suggest that the post Tabberabberan Orogenic cgdles as the Kanimblan and Hunter-

Bowen have not affected the Greenvale Provincelisksv).

8.4. Deformation partitioning between the Greenvale, Broken River and Charters

Towers Provinces

All regions were affected by the Benambran (440-K2) Orogeny. A possibility for a role

for the Tabberaberan Orogeny (410-370 Ma) in thee@vale Province was not previously
recognized although it is important in the Chartéosvers Province (Quentin, pers comm.
2009). A regional basement-cover unconformity @ ¢last of the Greenvale Province in the
Broken River Province separates rocks intenselprdedd during the Benambran (440-420

Ma) and Tabberaberan (410-370 Ma) Orogenies framck (~ 8km) Late Silurian to Late
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Devonian sedimentary cover succession (c.f. Henders980; Henderson, 1987; Withnall,
1989). This succession was affected by Kanimbl&®{&0 Ma) contractional deformation
in the region (Fig. 2; Henderson, 1987). The Deaorand Early Carboniferous rocks in the
Charters Towers and Hodgkinson Provinces were ailypilaffected by this Orogeny.

However, the Kanimblan Orogeny did not affect theks in the Greenvale province. This is
revealed by monazite dating constraints from ttuslys (454 + 12 Ma to 406 + 12 Ma) and
the uncleaved Emsian age (400-392 Ma) marine rotkbe Conjuboy Formation (Huston

1990; Fergusson et al.,, 2007b). Deformation wass tiuidespread in the Benambran
Orogeny, preferentially partitioned into the Grealev province during the start of the
Tabberaberan orogeny, but not partitioned into tagion during the Kanimblan Orogeny

possibly because of major faults that bounded thesgiens (Figs. 2 and 15).
8.5. Effects of alteration and fractures on monazite dating

The presence of monazite inclusions in porphyrablasd their precise analysis by an
electron microprobe is a powerful tool for microstiural, metamorphic and tectonic
analyses (Suzuki & Adachi, 1991; Suzuki et al., 49Bell & Welch, 2002; Williams &
Jercinovic, 2002) especially since monazite gréess than 3 microns in size can be dated
(Crowley & Ghent, 1999; Williams et al., 2006). Meang monazite ages from fractured or
altered porphyroblasts can vyield younger ages dae stubsequent deformation,
metamorphism, dissolution, isotopic resetting araliction of hydrothermal solutions in the
surrounding matrix (c.f. Gibson et al., 2004; Farle¢ al., 2007). For example, analysis of 9
spots on 1 monazite grain from a fractured gametample AA6, which contains inclusion
trails defining FIA 1 (>443.2+3.8 Ma), yielded aww weighted mean age of 406 = 12 Ma
(Fig.14). Therefore, the establishment of cleameation between monazite grains and their

textural setting is vital in a sample for precisacusions.
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8.6. Sulphide mineralization in the Balcooma M etamor phic Group

The Balcooma region consists of three massive &ldptieposits, the Balcooma, Surveyor
and Dry River South deposits with the first of #nd®ing the largest. The mineralization at
Balcooma consists of massive pyrite-chalcopyritessive magnetite and massive pyrite-
sphalerite-galena. According to Huston (1990), lsude lenses occupy the core of a D
antiform due to mechanical remobilization (ductiten) of the sulphides during Dand D.
Any primary syngenetic depositional character fog 6 bodies of sulphide mineralization
hosted by the Clayhole Schist at Balcooma has bbkterated by younger deformation, but
Huston (1990) suggested that sulphides were pregardr pre B. At that time, the nature of
the sulphide mineralization was controversial doighie structural complexity and lack of
underground exposure of the orebody (Withnall etLt@b1). Underground exposure is now
available and this study is constrained by theectitbn of data from oriented core samples
drilled through the orebody. The presence of sdiplmclusions in porphyroblasts containing
FIAs 2, 3, 4, 5 and in the matrix but not in porgiblasts containing FIA 1 is significant.
Sulphides are generally aligned parallel to thavdge trapped in porphyroblasts that formed
from FIA 2 onwards and in the matrix. FIA 1 is pgased in rocks that spread throughout the
Balcooma Metamorphic Group. The lack of sulphidepaorphyroblast that formed during
FIA 1 strongly suggests that the lenses of ore wetplaced into their current location along
foliations, faults or thrusts after the developmehtFIA 1. This would help resolve the
distribution of ore lenses, which currently make semse in terms of redistribution from a
primary volcanogenic massive sulphide body. Alteuedy, the absence of sulphides in FIA
1 garnets suggests that no sulphides were presait m the study area during FIA 1.
Otherwise, sulphides would have been partiallyahssi, transported along foliations, and
included in garnets. The sulphides must have beeaduced from elsewhere after FIA 1

along faults, thrusts or shear zones (either mechliyor dissolved). This may be related to
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the ~ 200 km northward transport of the study aakeng steep shear zones during the
development of FIA 2 and FIA 3 as proposed in sech. They could still have come from

host rocks present within the same stratigraprhjoaeece.
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Abstract

The sequential growth of biotite, garnet, staueplikyanite, andalusite, cordierite and
fibrolitic sillimanite, their microstructural rel@nships, Foliation Intersection Axes
preserved in porphyroblasts (FIAs), P-T conditiohgarnet core growth, P-T pseudosection
(MNNCKFMASH system) modeling and geothermobaromengvide evidence for a P-T-t-
D path that changes from clockwise to anticlockwiségh time for the Balcooma
Metamorphic Group. Growth of garnet at approxima&80C and 4.6+0.1kbar during the
N-S shortening event that formed FIA 1 was follovsdstaurolite, plagioclase and kyanite
growth. The inclusions of garnets in staurolite ghgtroblasts that formed during the
development of FIAs 2 and 3 plus kyanite growthimyr=IA 3 reflect continuous crustal
thickening from ~ 443.2Ma to 425.4Ma during the l&ilurian Benambran period of
orogeny. The temperature and pressure increaseidigdtinis time from ~53@ and
4.6x0.1kbar to 623-63C and 6.2+0.3kbar. The overprinting of garnet, isitite and kyanite
bearing mineral assemblages by low-pressure antiakusd cordierite assemblages implies
~ 4kbar decompression in the belt during Early Demo exhumation of the Greenvale
Province. P-T pseudosection constraints, textuegtionships and relative deformation
features for rocks containing all three,3iOs polymorphs suggest a kyanite-andalusite-
sillimanite crystallization sequence in separatetol@c events rather than synchronous
nucleation at the aluminosillicate triple point.

Key words:

FIAs; MNNCKFMASH; geothermobarometry; pseudosejoi,SiOs triple point
1: Introduction

Pressure-temperature pseudosections show theitgtéiblls of mineral assemblages

of pelitic rocks in P-T space for a given rock batkmposition (Tinkham & Ghent, 2005;
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White et al., 2008). Delineating a P-T path on spshudosections for multiply deformed
rocks requires quantitative knowledge of porphyasbl microstructures, mineral
assemblages, textural relationships and convertigeathermobarometry (Pattison, 2001,
Zeh & Holness, 2003; Johnson & Brown, 2004; Zelalgt2005; Tinkham & Ghent, 2005;
Rubenach et al., 2008; Powell & Holland, 2008; \¢ermet al., 2008; White et al., 2008). To
fully achieve this is difficult.

With the development of a method for routinely meamy FIAs (foliation
intersection/inflection axes preserved within pomolblasts) it was realized that various
generations of porphyroblast growth along the Rath gould be quantitatively distinguished
(Kim & Bell, 2005; Sayab, 2006). Successions of &l&dlow the PT path to be directly
connected to bulk movement directions in the eartiiust both in terms of directions of
relative plate motion and shear sense (Bell & Nemn2006). Furthermore, they allow
successive stages along the path to be dated uosimgzite grains present as inclusions
amongst the foliations defining each of the FIAsaisuccession (e.g., Bell & Welch, 2002;
Cihan et al.,, 2006). This paper uses porphyrohlasisrotextures, FIAs, conventional
geothermobarometry and garnetynX Xge and X, isopleth intersections on P-T
pseudosections to deduce the tectono-metamorplotuteen and P-T-t-D path of the
Balcooma Metamorphic Group in Lower Palaeozoic sottkat border the Precambrian of
northeastern Australia.

2: Regional geological background

The Early Paleozoic Greenvale Province, north Qsleed, eastern Australia is
divided into the Lynd, Balcooma, Lucky Creek, Paldgreek and the Halls Reward
metamorphic domains (Fig. 1; Withnall, 1989; Withmd al., 1997; Fergusson et al., 2007a).
SHRIMP U-Pb metamorphic zircon rim weighted meamsagf 476+5 Ma and 48615,

47815, 47716, 471+4 Ma (Withnall et al., 1991; Resgon et al., 2007a) indicate D1
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amphibolite facies metamorphism accompanied grahitatrusion during the Early
Ordovician across the Greenvale Province. A Rb-Bole rock isotopic age of 408+6 Ma
has been obtained for the youngest folding evetttienBalcooma Metamorphic Group (Van
Der Hor, 1990; Withnall et al., 1991).

The Balcooma Metamorphic Group crops out in tlestern part of the Greenvale
Province (Fig. 2) and consists of multiply defornmadtasedimentary (Ordovician Clayhole
Schist) and felsic metavolcanics rocks (rhyolitic rhyo-dacitic in composition; Huston,
1990). The metasedimentary sequence was divided thmee units by Huston (1990).
Quartz-albite-biotite schist is overlain by stausolschist, which is overlain by quartz-
muscovite-biotite schist. The lower and upper umite fine grained and rarely contain
staurolite porphyroblasts. The middle unit is doatéd by staurolite and biotite
porphyroblasts with locally present garnet, andedu&yanite, and cordierite porphyroblasts
and fibrolitic sillimanite. It hosts the Balcooma(Zn and Pb massive sulphide deposit. The
metavolcanic rocks, which are up to 3 km thick,gisnof several volcaniclastic lenses that
are abundant within the lower unit of quartz-aliftetite schist and lower part of the
staurolite bearing schist (Huston, 1990). They awnphenocrysts of quartz, plagioclase and
K-feldspar in a very fine ground mass of feldspad @uartz with lesser muscovite and
biotite (Withnall et al., 1991).

The Balcooma Metamorphic Group is intruded by tla¢elLOrdovician fine-grained
felsic Ringwood Park Microgranite and the Earlyu8dan medium to coarse grained biotite
and biotite-hornblende bearing Dido Tonalite plufetuston, 1990; Withnall et al., 1991).
The Dido Tonalite has U-Pb Zircon age of 431+7 NBai( et al., 1997). The Balcooma
Metamorphic Group is bound on the east by the Didiealite and on the west by the quartz-
feldspar porphyry Dry River Volcanics (Fig. 2). Baihe Ringwood Park Microgranite and

the Dido Tonalite have been affected by the Eardyri@n W-E contractional Benambran
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Orogenic event (Fergusson et al., 2007a). The Dalwlite was emplaced synchronous with
the Benambran Orogenic event (Withnall et al., 1¥¥rgusson et al., 2007a). The majority
of porphyroblast growth and deformation in the oeghas been related to the emplacement
of the Early Silurian Dido Tonalite (Withnall et.all991). These multiply deformed rocks
are unconformably overlain by uncleaved Emsian @#9-392 Ma) marine rocks of the
Conjuboy Formation. A 0.1 kfroutcrop of this formation is exposed 2 km to tbetmeast of
the Balcooma Cu, Zn and Pb massive sulphide defgit2, Huston, 1990; Withnall et al.,
1991). Therefore, cleavage development in the Bah@ Metamorphic Group must be pre-
Emsian (Huston, 1990; Van Der Hor, 1990; Withnakle 1991; Fergusson et al., 2007a).
Five microscopic, mesoscopic to macroscopic defaonaevents (R to Ds) have
been recognized in these rocks (Huston, 1990; lanHor, 1990; Withnall et al., 1991; Ali,
2009a). An early Sfoliation that is only preserved in garnet porptasts has been
obliterated by Sfoliation in the regiorfHuston, 1990; Van Der Hor, 1990; Ali, 2009a): D
developed pervasive, &cross the Balcooma region; the presence,af& recognized by
Huston (1990). Pgenerated a NNE trending subverticala®d crenulated ;sacross the
region. The folds related to,re tight to isoclinal while those related te &e upright and
open. D produced an easterly trending Geavage, which crenulates bothe&d $. Crustal
thickening during @ was followed by R decompression (Van Der Hor, 1990); das
characterized by kyanite and staurolite growth. Téxgional scale structures were mainly
developed during the £and B deformation events (Huston & Taylor, 1990; Van Dbiar,
1990; Rea & Close 1998). Thes iblding event is penetrative in the Greenvale Rrow.
Van Der Hor (1990) derived an early clockwise meadipressure P-T-t-D path for the
Balcooma Metamorphic Group followed by anticlocksvigath during B by reheating at

lower pressure to metamorphic peak conditions 623 C and 3+0.5 kbar.
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Deformation and metamorphic evidence preserved amphyroblasts show a
crystallization sequence of chlorite, muscoviteotie, garnet, staurolite, kyanite,
plagioclase, andalusite, cordierite and fibrolisidlimanite (Huston, 1990; Van Der Hor,
1990). This extensive sequence of metamorphic indeerals, all of which occur in a
restricted area, results in this being a superlatioe for the examination of the inter-

relationships between metamorphism, deformationtectdnics.
3: Petrography and textural relationships

Petrographic and textural observations from 79 dasnollected from the
Ordovician Clayhole Schist in the Balcooma Regiéig( 2) show that the Balcooma
metapelitic rocks consist of biotite, muscovitegusolite, andalusite, garnet, plagioclase,
kyanite, cordierite and fibrolitic sillimanite (order of relative abundance).

3.1: Garnet

Most garnet overgrown by other porphyroblasts ikeelal whereas those in the
matrix have rounded edges against the youngettifois defined by biotite and muscovite
folia. Inclusions in garnet are primarily elongateaped quartz grains with minor chlorite,
biotite, muscovite, plagioclase and ilmenite. Riatase inclusions in garnet were detected
using an Electron Probe Micro Analyser. Garnet pgrpblasts have sigmoidal inclusion
trails that are orientated at a steep angle tarthix foliation (Fig. 5 in Ali, 2009A). The
quartz inclusions are much smaller than similaingran the matrix. Most of garnet is
extensively replaced by staurolite (e.g. Fig. 3).

3.2: Staurolite

Staurolite porphyroblasts are poikiloblastic, idamphic, large in size (up to 3cm)

and preserve inclusions of chlorite, muscovitetitapgarnet, ilmenite and sulphides (pyrite,

pyrrhotite and chalcopyrite). After biotite, stalit® is the most abundant porphyroblastic
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phase in the region. Staurolite, kyanite and arsit@upseudomorphs after biotite and
muscovite occur across the region (Fig. 4).
3.3: Kyanite

Kyanite porphyroblasts are large in size (up to JLé®taurolite grew both before and
after kyanite (see below) and locally replacesFig(5). Most kyanite porphyroblasts are
rimmed by muscovite.
3.4: Plagioclase

Plagioclase porphyroblasts are sub-idiomorphic eodtains inclusions of quartz,
chlorite, biotite, muscovite and garnet. Plagioelgsseudomorphs after muscovite are
common (Fig.6).
3.5: Andalusite

Andalusite is highly poikiloblastic, large in siznd the internal foliations are
identical to the external foliations in the matf{idg.6 in Ali, 2009A). The matrix schistosity
is not deflected around the andalusite porphyrtdla&ndalusite contains inclusions of
guartz, biotite, muscovite, garnet, plagioclasausilite and kyanite and appears to replace
biotite, staurolite and kyanite (Fig. 7a, b, c).datusite pseudomorphs after staurolite were
locally observed and maintain the euhedral shataoirolite (Fig. 8). The quartz, muscovite
and biotite inclusions in andalusite resemble tirecsinding matrix.
3.6: Cordierite

Oval-shaped cordierite porphyroblasts range in fiam 0.5-3cm and contain the
inclusions of garnet, staurolite, plagioclase, kiggrandalusite, biotite and muscovite (Fig.

9a, b, c, d).
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3.7: Fibrolitic sillimanite

Fibrolitic sillimanite, which always grows in bitgi (Fig. 10a), commonly projects
into andalusite, staurolite, plagioclase, kyaniteardierite porphyroblasts (Fig. 10b, c). It is
randomly oriented in large sprays and locally cimss the matrix.

3.8: Chlorite, biotite and muscovite

Chlorite inclusions occurs mainly in biotite andogressively less so in garnet,
staurolite, plagioclase and kyanite. Biotite andsomyite mainly define the matrix foliations.
Biotite is much more abundant than muscovite insathples. Muscovite is generally finer
grained than biotite.

4: FIA determination

A total of 700 vertical thin sections with diffetestrikes were made from the above
79 porphyroblast bearing oriented samples. Theicatrthin sections were used for FIA
measurements, microstructural and petrographicreésens. A FIA was determined for
each porphyroblastic phase by locating the axisialwbich the asymmetry of foliations flips
when one foliation overprinted another (for moréadesee Hayward, 1990; Cihan, 2004).
For FIA determinations, six vertical thin sectiamere initially cut at 30intervals of strike.
Two more vertical thin sections were cut at ib@ervals between the two sections where the
flip of asymmetry occurred to constrain the FIAhiit a 10 range (Fig. 11). For each extra
FIA found within a sample another two thin sectid@sapart were cut.

143 FlAs trending E-W, SSE-NNW, NNE-SSW and NE-8&fe measured from 79
samples containing a range of garnet, staurolilagigclase, kyanite and andalusite
porphyroblasts (Fig. 12; Table 1; Ali, 2009A). Aogressively formed succession of FIAs 1
through 5 has been interpreted from these by AID@A) using changes in FIA trend from
the core to rim of porphyroblasts and whether thelusion trails were truncated or

continuous with the matrix foliation. The E-W trendl FIA 1, which was preserved only
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within garnet porphyroblasts with inclusion traslsvays truncated by the matrix foliation,
coincides with the trend of FIA 4. The latter FlAasv only preserved in staurolite
porphyroblasts that contain cores bearing FIA 2/@nBlA 3. Furthermore, the foliations
defining FIA 4 were always continuous with the mafoliation (Ali, 2009A). The electron
microprobe was used to date monazite grains predemithin porphyroblasts (Ali, 2009B)
because a succession of FIA sets provides a coghplatiependent and quantitative tool for
choosing monazites of equivalent age (e.g., Bellv&lch, 2002; Cihan & Parsons, 2005).
FIA 1 could not be dated because no monazite wasrebd in garnet porphyroblasts. The
age of monazite grains preserved as inclusion®iphyroblasts containing FIAs 2, 3 and 4
were dated at 443.2+3.8 Ma, 425.4+3.7 Ma and 408.8+tMa respectively (Ali, 2009B).
Garnet porphyroblasts containing FIA 1 are commopigserved as inclusions within
staurolite containing FIAs 2, 3 and 4, as well dagipclase, kyanite, andalusite and
cordierite. The SSE-NNW trending FIA 2 was only ebved in staurolite porphyroblasts
containing inclusion trails that are truncated hg tnatrix foliation across the Balcooma
Region (Ali, 2009A). The NNE-SSW trending FIA 3pseserved in staurolite, plagioclase
and kyanite (Ali 2009a). The inclusion trails pnesel in porphyroblasts defining FIA 3 are
continuous with or locally truncated by a well deyed horizontal cleavage in the matrix. In
most samples, kyanite porphyroblasts contain popirgserved inclusion trails and are not
present in the 8 or more thin sections of differenéntation that were cut. In one sample
(AH71), kyanite porphyroblasts with well-developettlusion trails are present in each
section cut and contain the FIA 3 trend at. Ithe E-W trending FIA 4 was only locally
observed in the rims of staurolite porphyroblagise NE-SW trending FIA 5 was only
measured in andalusite and the inclusion trailscarginuous with and appear near identical

to the surrounding matrix (Ali, 2009A).
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5: Mineral Chemistry

For samples AH 105, AH 146 and AH 120 the compwositof garnet, biotite,
plagioclase, muscovite and staurolite within thermavere analysed using a JEOL JXA-
8200 Electron Probe Micro Analyser in order to bdlea to determine the
geothermobarometry conditions (Tables 2 and 3;lactéeng voltage of 15kv, beam current
20nA, 3um and 1pm beam diameters were used foregaores and rims, respectively).
Each analysis in Table 2 is the average of fivengsoanalysed from the rim of each of the
above minerals (Appendix-C).

Plagioclase in all samples lies in the range.;An (oligoclase-andesine). The
anorthite contents in samples AH 146 ¢{An) and AH105 (Asy) are higher than AH 120
(Any4.27 Table 2; Appendix-C). The orthoclase content besween 0.40 and 0.61 mol per
cent. Ti, F& Mn and Mg contents are negligible in all samples.

In biotite the octahedral sites are dominated by ge11-2.27 atoms p.f.u.) and Mg
(2.42-2.62 atoms p.f.u.). Mn ranges from 0.02-0a@3n p.f.u. Ti varies between 0.08 and
0.14 atoms p.f.u. Octahedral"Acalled Tschermak’s substitution) ranging from191800
atoms p.f.u. The Mg/(Mg+Fe) and Fe/(Fe+Mg) ratibdiotite vary from 0.49 to 0.56 and
0.44 to 0.51 respectively. The interlayer sitesthe analysed biotite in all samples are
dominated by K (1.48-1.77 atoms p.f.u.) whereaspitesence of Na does not exceed 0.11
atoms p.f.u. and the presence of Ca is negligitédle 2; Appendix-C).

The concentration of Al in the octahedral site of muscovite varies fro$833.78
atoms p.f.u. 93.3% of the octahedral sites aredily the Al on average while the remaining
are comprised of F&(4.34%), Mg (2.17%) and Ti (0.33%). The Mn continall analysed
muscovites is negligible. Na/K+Na ratios in mus¢evange between 0.12 and 0.17; sample
AH 120 contains the lowest ratio of 0.12/0.13. KANa) ratios vary from 0.83 to 0.88

(Table 2 ; Appendix-C). The interlayer sites inralliscovites are dominated by K (1.32-1.66
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atoms p.f.u). Na contents are in range of 0.20-G8#ns p.f.u. while Ca contents in
interlayer sites are negligible (Table 2; Appen@ix-

The octahedral sites of staurolite are dominatedBY (17.08-17.31 atoms p.f.u.),
Fe'? (3.22-3.36 atoms p.f.u.), Mg (0.79-0.92 atom pyfand Ti (0.04-0.08 atoms p.f.u.) in
order of relative abundance. Ca, Na and K contemés below detection level. The
Fe/(Fe+Mg) ratios of staurolite vary between 0./@8 8.78 with sample AH 105 the highest
(Table 2; Appendix-C).

Generally garnet rims have 0.59-0.66 almanding)(X.15 to 0.20 spessartiney,
0.10 to 0.13 pyrope () and 0.06 to 0.12 grossular X contents (Table 2; Appendix-C).
Almandine is the most and grossular is the leastreon end member species in all analysed
garnets. Ti, Na and K contents are negligible imahalysed garnets (Table 2; Appendix-C).

Chemical isolation of the garnet core in P-T spezane be achieved using Ca, Mn and
Fe isopleths (Vance & Mahar, 1998; Whitney & Bozk@002; Evans, 2004; Cihan et al.,
2006; Sayab, 2006). Therefore, microprobe radaldrses were made across garnet grains
to determine the best location for the core. InganAH 146 the garnet core is enriched in
Mn and Ca (%in=0.21; X= 0.12) and depleted in Fe and Mg-£0.57; Xug=0.09) and the
rim is enriched in Fe and Mg ££0.60; Xuy=0.11) and depleted in Mn and Caw*x0.17,;
Xca=0.10) contents (Fig. 13a; Table 3). In sample A0, reverse zonation was observed
with the core enriched in Fe g& 0.65) and Mg (¥,=0.12) and depleted in Mn (%=0.15)
and Ca (%.=0.05) and the rim enriched in Mn (#=0.0.17) and Ca (¢~=0.06) and depleted
in Fe (X%« 0.64) and Mg (¥y=0.11; Fig. 13b; Table 3). Another garnet from skEmp
AH120 displays normal zoning in Fe and Mn but reeem Ca. Ca depletes in core and
increases gradually towards the middle beforeptetes again in the rim (Fig. 13c; Table 3).
The garnet core isopleth intersection method ofnEvg004) using the Mn, Fe and Ca

isopleths was used to estimate the approximate®aditions at which the nucleation of this
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phase occurred. The values for garnet core nucleatere plotted on P-T pseudosections
(see below) with uncertainties calculated with THHERCALC (c.f. Tinkham & Ghent,
2005) indicated by different shading.
6: P-T pseudosections

P-T pseudosections were constructed for sampled4gdand AH 120 to estimate P-
T conditions for the Balcooma Metamorphic Groupg(Fi4). Major elements in these
samples were determined using XRF at the Advancedlyfical Centre, James Cook
University. Their bulk rock compositions are showrTable 4. These samples were selected
for P-T pseudosection modeling based on their ralogy, textures and the range of FIAs.
Samples AH 146 and AH 120 contain FIA 1 in garned &IA 3 in staurolite. Sample AH
120 also contains FIA 4 in the rim of some stateolporphyroblasts. All the P-T
pseudosections were calculated in the MNNCKFMASRt#+H,O in excess) system using
THERMOCALC software (version 3.25; dataset file 36dxt 22 Nov 2003; Holland &
Powell, 1998) and the activity models as in Tinkhaihal. (2001) and White et al. (2001).
Zoisite, chlorite, muscovite, biotite, plagioclagmrnet, staurolite, cordierite and all three
aluminosillicates were the main phases used fosettmlculations. The MNNCKFMASH
system was used because of the importance of Mrel) lnd CaO for phase relations in
pelitic rocks (see for more detail Tinkham et 2001; Johnson et al., 2003). The triple point
was calculated at 550 and 4.4 + 0.1 kbar.
7. Geothermometry and geobarometry

The average P-T mode of THERMOCALC (Powell & Hollah994) was used to
conduct thermobarometry calculations. This was donsamples AH 146, AH 120 and AH
105 using the bulk rock compositions and chemicallyses of minerals given in Tables 4
and 2. P-T graphs were plotted using the aveppsdgram and dataset and the correlated

uncertainties of Holland & Powell (1990,
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http://www.earth.ox.ac.uk/~davewa/pt/tools/avet.¥Fig. 15). The average P-T mode of
THERMOCALC was used after modeling oxide weightgeett (Table 2) activities for
garnet, biotite, muscovite, plagioclase and staer@nd-members with the Ax program of
Holland (Table 5; 200ttp://www.esc.cam.ac.uk/astaff/holland/index.htmlyeraging the
five electron microprobe analyses from the rimgaifnet, biotite muscovite, staurolite and
plagioclase (Table 2) yielded a metamorphic tentpezaof 587+17C at pressure 4.1+
0.4kbar for sample AH 146, 594+15and 4.0+0.4kbar for sample AH 120 and 573€14t
4.1+0.3kbar for sample AH 105 (using the averagemede of THERMOCALC). The P-T
conditions plot within the sillimanite field andejd identical temperatures and pressures

(within error).
8: Interpretation

Figure 14 shows the MNNCKFMASH phase equilibria $amples AH146 and AH
120. The inclusion trails in garnet in both sampbledfich define FIA 1, contain some
chlorite, biotite, plagioclase and muscovite. Thg,XXre Xca iSOplethintersections in
sample AH146 indicate that garnet first grew @06-6 and 4.6+0.1kbar (Fig. 14). In sample
AH 120, the Xun, Xre, Xcalsoplethddid not intersect in a point. Therefore, they weoe used
for garnet core nucleation PT estimation; the reeeaonation in this sample suggests Fe-Ca-
Mn diffusion and partial homogenization had occdr(€ig. 14; c.f. Evans, 2004; Kim &
Bell, 2005).

The presence of garnet in staurolite porphyrobleshtaining FIA 2 and in staurolite,
plagioclase and kyanite porphyroblasts containityy ¥ indicates a prograde P-T-t-D path
from FIA 1 to FIA 3. FIA 4 was only observed in gtalite porphyroblasts. The P-T stability
field of staurolite overlaps with the kyanite, isilanite and andalusite P-T stability fields,
and ranges from 548 to 633 and 3.3 to 8kbar. Andalusite porphyroblasts aoiytain FIA

5 and grew after staurolite growth ceased.
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Pattison et al. (1999) and Tinkham et al. (2001ggssted that staurolite in the
stability field of cordierite is metastable. Theyoncluded that the paragenesis
Ms+Bt+St+Crd+And is unstable and rare and textrgkdtionships indicating this succession
are useful for P-T path derivation. The pseudosssti(Fig. 14) show the absence of
staurolite and kyanite in the field of cordieri&18-650 C and 2.3-1.5kbar). Therefore, the
presence of staurolite and kyanite as inclusionsoirdierite suggest that these phases are
metastably present in the Balcooma Metamorphic go¢kg.9 b, c). The formation of
staurolite (3.3-8kbar) and kyanite (6-8kbar) tod&cp in a different tectonic setting than
cordierite because andalusite containing FIA 5ress@rved as inclusions within cordierite
and formed much later and during a different dicgctof bulk shortening. Similarly, the
kyanite stability field in each P-T pseudosecti@twss ~ 2 kbar and i0 higher than the
stability field of andalusite.

The P-T plots obtained by processing samples AH 26120 and AH 105 using
the average P-T mode of THERMOCALC are in betteeagent with the last coexisting
mineral assemblages in the region plus all sanglesthe same P-T range within error (Fig.
15).

9: discussion
9. 1: Significance of FIAs in P-T path derivations

Before the development of a technique for FIA meament, only porphyroblast
microstructures such as core rim relationships ematinuous versus truncated inclusion
trails could be used as a tool to determine whatindtiple periods of growth of the same
mineral phase had occurred. The latter approachsessusly flawed because thin sections
cut perpendicular to the matrix foliation commomslyggest inclusion trails are continuous
with the matrix when in fact they are truncateditoyn 3-D (Cihan, 2004). However, using

inclusion trails in porphyroblasts to measure Fesws multiple periods of growth of the
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any porphyroblastic mineral phase to be distingedshnd is providing important insights
into orogenic processes because of the very leng#tgries of tectonism that they preserve
(c.f. Bell et al., 2004 and references therein).
A succession of 5 FIAs in the Balcooma region hasimjuished a single generation of
garnet, two regional and one local generationganfrelite and one generation of plagioclase,
kyanite and andalusite porphyroblasts. Similarllge tmicrostructural relationships of
cordierite and sillimanite to other porphyroblastsl the matrix show single generation when
they grew in the tectonic history of the area. néamdeveloped at ~530°C and 4.6+0.1kbar
during N-S shortening. This period of growth prdlyabccurred around 477 Ma because
SHRIMP U-Pb metamorphic zircon rim weighted meamsagf 476+5 Ma and 48615,
47815, 47716, 471+4 Ma (Withnall et al., 1991; Resgon et al., 2007a) for syntectonic
granitoid intrusions suggest that the start of ailmghte facies metamorphism accompanied
granitoid intrusion during the Early Ordovician @ss the Greenvale Province.

The majority of staurolite growth occurred durirnge tdevelopment of FIA 3 (Table
1). This provides a strong link between the progr&dT path and the Early Silurian E-W
bulk shortening during the Benambran contractiatefbrmation event across the eastern
Australia (c.f. Withnall et al., 1991; Ali, 2009B)ocal growth of staurolite occurred during
the N-S shortening in the northern part of the Balba Metamorphic Group and
accompanied the development of FIA 4. The breakrdofvstaurolite to andalusite during
FIA 5 and the replacement of this andalusite bydiesite occurred during the same
decompression event. Later overgrowth by sillimamitcurred after decompression in the
region.
9. 2: P-T-t-D path for the Balcooma Metamorphic Graip

FIA analyses, garnet core isopleth intersectioestlgermobarometry, monazite ages

derived from staurolite of different generations,T Fpseudosection calculations in the
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MNNCKFMASH system and the spectacular sequentiaduwence of garnet, biotite,
staurolite, kyanite, andalusite and cordierite pgrpblasts resulted a clockwise P-T-t-D path
for the Balcooma Metamorphic Group (Fig. 16). Cerile replacement by fibrolitic
sillimanite at 584+1% and 4.1+0.3Kbar calculated with the average P-@den of
THERMOCALC gave it an anticlockwise tail (Fig. 16The MNNCKFMASH system
enabled modeling of both the high and low pressuireeral assemblages in these rocks that
Is in excellent agreement with the history deriienn the FIA succession. The presence of
FIA 1, inclusions of chlorite, biotite and muscavih garnet porphyroblasts and the Mn, Ca
and Fe garnet core isopleth intersection at <53hd 4.6+0.1kbar suggest the initiation of
amphibolite facies metamorphism around 477 Ma duNRS shortening. The incorporation
of garnet in staurolites containing FIA 2 and FlAaBd synchronous growth of kyanite
during FIA 3 suggests a clockwise prograde pathouthe metamorphic peak at 623-837
and 6.2 + 0.3 kbar. The kyanite-in line indicatesaverage of 638 and 6.2 + 0.3 kbar
during the Early Silurian Benambran Orogenic evé&he break down of staurolite, kyanite
and biotite to andalusite and the absence of filradillimanite inclusions in andalusite
suggest that peak metamorphic conditions duringBady Silurian Benambran Orogenic
event in the region followed by decompression toual2 kbar. The replacement of staurolite
by andalusite, which requires high decompressimtuwed at ~45@€ and 3.5kbar (c.f.
Johnson & Brown, 2004). A similar situation was aésed by Pattison et al., (1999) and
Sayab (2006) where the growth of staurolite wakwed by andalusite and cordierite in a
low-pressure regional metamorphic terrane. The prugmg of andalusite by cordierite
before the overprinting by fibrolitic sillimanitecourred can alternatively be explained by
metastable persistence of andalusite into thersilite-cordierite stability field during an

iIsobaric heating path (Figs. 14a &16).
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9. 3: Regional Tectonic implications

Inclusion trails preserved in porphyroblasts anel tietamorphism of pelitic rocks
has been used to interpret the tectono-metamogduailtition of orogenic belts (Spear, 1993;
Whitney, 2002; Kim & Bell, 2005). The early presenaf staurolite and its replacement by
cordierite suggests decompression in multiply da&at orogenic belts (Pattison et al., 1999;
Sayab, 2006). In active orogenic belts, crustatkdming and associated pressure and
temperature increases are commonly followed by m@cession and lower temperatures
during exhumation of the crust (Whitney & Dilek,98).

The inferred P-T results and FIA analyses provelddence that barrovian
metamorphic condition across the Greenvale Provimtated around the Early Ordovician
N-S shortening during the development of FIA 1.tRer crustal thickening and heating
occurred during development of FIAs 2 and 3 in Bely Silurian Benambran Orogenic
event (c.f. Withnall et al., 1991; Fergusson et2007a). Decompression/exhumation during
the Early Devonian was followed by development BAg-4 and 5, granitoid emplacement
and further heating. Due to exhumation in the Gvakn Province to the north a thick
regional basement-cover unconformity developed#osouth in the Broken River Province
during the Early Devonian from erosion of the exledmocks (Fig. 1; c.f. Henderson, 1987,
Fergusson et al., 2007a).

9. 4: Garnet overstepping in pelitic rocks

Thermodynamics and kinetics are two important fiactor the evolution of different
sets of mineral assemblages in metamorphic rogkea$ 1993; Zeh & Holness, 2003). The
growth of garnet in metapelitic rocks is stronglyfluenced by P-T conditions, bulk
composition and Mn content (Spear, 1993). Belllet(@986, 2004) and Williams et al.,
(2001) also favor a significant role for deformatipartitioning in controlling the sites and

timing of porphyroblast nucleation and growth. Tga&mnet-in line in a chlorite, biotite,
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plagioclase and muscovite bearing assemblage ialtbee P-T pseudosections demonstrates
different temperatures for the first appearancgarhet in the assemblage. The tight isopleth
intersections in sample AH 146 shows garnet covevtir at ~530C and 4.6+0.1kbar. This is
significantly overstepped in temperature and presselative to the garnet-in line for this
mineral assemblage. Spiess & Bell (1996) have argiuat partitioning deformation through
a sample and crenulation development at the sé¢aeporphyroblast is essential for garnet
nucleation and/or growth. Curving inclusion traisthe narrow rims of porphyroblasts and
intensification of the deformation in the adjacerdtrix in the form of cleavage development
or some rotation of the included foliation relatieethat outside suggests that porphyroblasts
only grow early during deformation in zones of pexsgive coaxial or slightly non-coaxial
shortening and cease to grow as soon as zonesg@regsive shearing partition against their
boundaries (Bell & Bruce, 2007). The garnet porpblasts in this sample have inclusion
trails that are sub-vertically dipping. If the subrical foliation preserved in these FIA 1
garnet porphyroblasts was the first to form, theis tock could have been taken to ~%30
and 4.6+0.1kbar during this first period of horitaty directed N-S shortening without
garnet growth being possible because no crenukatonld develop (Bell et al., unpublished
data). If Spiess & Bell (1996) are correct, no gargrowth may have been possible until
crenulations developed during a subsequent defamit this rock (Fig. 17).
9. 5: Coexistence of ASIOs “triple point” polymorphs in metapelites

Al,SiOs polymorphs in metapelitic rocks are of consideraiviportance because they
give a quick measure of metamorphic P-T conditi®@everal attempts have been made to
determine the location of the invariant point iff Bpace where the three aluminosillicate
polymorphs can coexist in stable equilibrium (Hoglge Spear, 1982; Spear, 1993). The
invariant point of A}SiOs polymorphs in P-T space has been constrained aC580d 3.8

kbar by Holdaway (1971) and 58 and 4.5 kbar by Pattison (2001). The coexistafce
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Al,SiOs phases in regionally metamorphosed rocks appeandst commonly record a
crystallization sequence along a P-T path rathan tinvolving nucleation at specific
invariant point “AbSiGs triple point” (Pattison, 2001; Tinkham et al., 2Q0/hitney, 2002).
This is also the case in the Balcooma Metamorphau@ Textural and P-T pseudosections
constrain indicate that A$iOs phases appeared in more than one tectonic eveahit€ywas
the first polymorph to appear in the range of 637-6 and 6-8kbar at 425.4+3.7 Ma during
the Benambran Orogenic event. Kyanite then brokend@maining metastably as inclusions
in andalusite that formed during a younger periédFiA development. Andalusite and
kyanite were overgrown by fibrolitic sillimanite nelate in tectonic history of the Balcooma

Metamorphic Group.
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Abstract

Foliation inflection-intersection axes preservedporphyroblasts (FIAs) reveal the early
history of tectonism within the Northern ThomsoridBelt. A succession of five FIA sets in
the Cambro-Ordovician Balcooma Metamorphic Grouphiclv lie due east of the
Precambrian Georgetown Block, indicates that fiveanges in the direction of bulk
shortening occurred during Northern Thomson Foltt Beogenesis. A progressive rotation
of the horizontal bulk shortening direction occdrrfom FIAs 1 through 5. The E-W
trending FIA set 1, which is Ordovician in age (#360 454 +12 Ma), cannot have formed
with these rocks in their current geologic settbegause the Precambrian rocks to the west
are unaffected by this period of N-S bulk shortgnifor intense N-S shortening to not affect
the adjacent Precambrian to the west, these roaks Imave lain approximately 200 km to the
south. They were then displaced 200 km north ih&rtcurrent location by the E-W bulk
shortening effects of the Silurian Benambran Orggeit4-420Ma), which controlled the
development of FIAs 2 (443.2+3.8 Ma) and 3 (425.4+81a). Synchronous N-S bulk
shortening orogenesis in the east in eastern Aigstiéth N-S extensional orogenesis to the
west in central Australia during the Ordovician ¢enexplained if the Euler pole for relative
plate motion was located WSW of the Mt Isa Inli&rplate containing the southern half of
Australia pivoting anticlockwise around this axisrotation relative to one containing the
northern half, would produce crustal shorteninggereesis in the east and extensional
orogenesis in the west from 47645 to 454 £12 Ma.

Keywords. Northern Thomson Fold Belt, Ordovician N-S shortening, Eytetes, FIAs,

Correlation of deformations.
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1. Introduction

The Tasman Orogenic Zone, running approximately K&8Sheibner, 1978a; Scheibner,
1978b; 1986; Coney et al.,, 1990; Direen & Crawfo?®03), is a Palaeozoic to early
Mesozoic Fold Belt that makes up about one-thirthefAustralian continent. It extends over
4000 km from Tasmania in the south to Cape Yorkdrth Queensland and ranges in width
to at least 1500 km. Approximately one-third of thasman Orogenic Zone is partially
concealed beneath the Tasman and Coral seas the ltate Mesozoic and Cenozoic rifting
and sea-floor spreading (Fig. 1; Coney et al.,, 1990s et al., 2007). This orogen is
considered to have formed by a succession of peobdrogenesis that migrated from west
to east along the active Pacific-facing margin astEGondwanaland after the break-up of
Rodinia (Murray, 1986; Cawood, 2005; Fergusson.ef@07a). These are shown on (Fig. 1)
and include the Early Palaeozoic Delamerian, théyBad Middle Palaeozoic Thomson and
Lachlan Fold Belts, the Middle and Late Palaeottadgkinson-Broken River Fold Belt and
the Late Palaeozoic to Early Mesozoic New Englaoid Belt (Gray & Foster, 2004).

The Northern Thomson Fold Belt is an anomalousiqorbf the Tasman Orogenic
Zone because it contains well preserved E-W trendatholiths and foliations (Bell, 1980).
It is very poorly exposed being covered by the yminsediments of the Eromanga Basin.
The significance of the overall E-W continuity ofignetic trends from central Australia to
the Charters Towers region (Fig. 2) and relatiomshiFold Belts to the south remains poorly
understood (Fig. 1). The nature of orogenesis, nadéigm, tectonic setting and degree of
deformation of the Northern Thomson Fold Belt haeen based on geochemistry, thermal
regimes, some ages from deep drill holes, limitedase exposures, regional gravity and
magnetic lineaments (Gray & Foster, 2004; Drap&062 Glen et al., 2007a, b). The

Northern Thomson Fold Belt (including the Chart€msvers and Greenvale Provinces) has
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been considered to be the northern continuatiadgheot.achlan Fold Belt even though it tends
to be older (Kirkegaard, 1974; Murray & Kirkegaad®78; Murray, 1986; Coney et al.,
1990; Fergusson et al., 2007a, b). In the Charfenwers Province (Fig. 1), granitoid
intrusions and amphibolite facies metamorphism I tArgentine and Cape River
Metamorphics range in age from 510 to 455Ma (Fexgiiset al., 2007c¢). In the Greenvale
Province SHRIMP U-Pb zircon rim weighted mean agés476+5 Ma for the Oasis
Metamorphics, 486+5, 477+6 Ma for syntectonic g@di intrusions in the Lynwater
Complex (Fergusson et al., 2007b) and 471+4, 47@#a5for the Balcooma Metamorphic
Group (Withnall et al., 1991) indicate, @mphibolite facies metamorphism and accompanied
granitoid intrusions.

Basement core samples from petroleum wells locgteaf the Mt Isa Inlier (Fig. 1)
include granite and volcanics that have SHRIMP Ud@es ranging from 472.9+2.7 to
483.6+5.9 Ma (Draper, 2006). These indicate tectawtivity associated with the largest E-
W trending geophysical/structural discordance irsteza Australia that truncates the
Precambrian Mt Isa Inlier and Georgetown Block ¢Fiyand 2). Similar 467+8 Ma (Hand et
al., 1999) ages have been found in foliated rookéhé middle of the Arunta Block in the
Harts Range of central Australia (Fig. 2). Schestsl gneiss north of Hughenden (200 km
southwest of Charters Towers) contain Rb-Sr whotk-isochron 483+25 Ma ages (Paine et
al., 1971) that are similar to those at Greenval@ Gharters Towers Provinces as well as
those from the deep drill holes to the south showr(Fig. 1). For the period 490-460 Ma,
Gray and Foster (2004) suggested that the bouneinyeen the Thomson and Lachlan
orogens may have been a collisional plate margmowever, they show basin extension

occurring in central Australia at this time formitige Larapinta Seaway (Fig. 3, modified
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from their Fig. 25f). Throughout this period theyggest that N-S trending subduction zone
continued to the east on the western edge of thiid@rig. 3).

This paper examines the significance of E-W madgraetd age trends in the Northern
Thomson orogen using a new type of structural it the Balcooma region in North
Queensland. This region would have lain on thehsort side of the Northern Thomson Fold
Belt as currently exposed prior to the effectshaf younger E-W directed crustal shortening
that is typically associated with the Tasman Orag&wone. The combinations of this data
suggest a new tectonic interpretation should besidened for this region and may aid

explorers after Balcooma and Charters Towers styheralization correlatives.
2. Geological framework

The northern part of the Tasman Orogenic Zone iee@sland has classically been divided
into three segments on the basis of rock type, matahic grade, geochronology and
structural history; the Hodgkinson-Broken River drdBelt in the north, the Northern
Thomson Fold Belt in the southwest and the nortipam of the New England Fold Belt in
the southeast (Figs. 1 and 2; Murray & Kirkegadr@i/8; Day et al., 1978; Murray, 1986;
Shaw et al., 1987). The Palmerville Fault (De Key4863; Henderson, 1987) separates the
Hodgkinson Province from the Precambrian Georgettavthe west. The Burdekin River
Fault (White, 1965; Murray, 1986) was previouslgasded as the western boundary of
Broken River Province with the Proterozoic Georgetdnlier, but early Palaeozoic rocks
are now known to extend much farther west, asddryend Mylonite Zone (Withnall, 1989;
Fergusson et al.,, 2007b). In the south, the easteumdary of the Precambrian craton is
covered by younger sediments (Murray, 1986).

The Balcooma Metamorphic Group, located within tloethern part of the Northern

Thomson Fold Belt, contain multiply deformed CamBmwlovician metavolcanics and
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metasedimentary rocks (471+4, 47815 Ma SHRIMP UzZibon ages and 454+12 Ma
monazite ages; Withnall et al., 1991; Ali, 2009BMis terrane is wedged between the Early
Palaeozoic Halls Reward Metamorphics (510-500 Mahipa et al., 2003) to the east and
the Precambrian Georgetown Block to the west (1I/RBB Ma, Fig. 4). The Balcooma
Metamorphic Group is lithologically similar to tli@gambrian to Lower Ordovician Seventy
Mile Range Group of the Charters Towers Provinég. & Henderson, 1986; Withnall et al.,
1997; Fergusson et al., 2007b). The Balcooma Meatainmo Group is exposed in the western
part of the Greenvale Province along a 33 x 8 knezdVithnall et al., 1991; Withnall, 1989)
and contains four cleavages in the rock matrix {Egr 1984; Huston, 1990; Huston &
Taylor, 1990; Rea & Close, 1998). The pervasiyel8avage is commonly crenulated by S
which has NNE strike and a near vertical dip (Walhn1982). A later crenulation
deformation Q@ was recognized in the area by Huston (1990) trextudated Sand Q. S, is
locally developed in the northern portion of thdd®ama Metamorphic Group during, @nd
crenulated by $(Huston, 1990; Vander Hor, 1990; Ali, 2009 A). Relof S, which are
preserved in garnet, were recognized in thin sediyp Vander Hor (1990) and Ali (2009c)
but this foliation is generally subparallel to bedd The Balcooma copper, lead and zinc
deposit lies within multiply deformed metagreywaskand metapelites. These rocks are
bound to the east by an intrusive contact withRiiegwood Park Microgranite (Fig. 5). The
sequence is approximately 7000m thick and vergdabdceast (Withnall et al., 1991). The
metapelites are characterized by chlorite, musepWiotite, garnet, staurolite, plagioclase,
kyanite, andalusite, cordierite and fibrolitic silenite. Garnet, staurolite, plagioclase and
andalusite contain abundant inclusion trails arayidle a wealth of information on all stages

of porphyroblast nucleation, growth, dissolutiord astructural development that have been
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destroyed by reactivation of the compositional tayg during later deformation in the
matrix.

3. Sample description

79 spatially oriented porphyroblastic samples waken systematically around the Balcooma
copper, lead and zinc deposit for microstructuralgsis. 45 of these were oriented core
samples plus 5 surface samples from an area atberiglalcooma North and South Pits. The
remaining 29 samples were collected from the smdiowg Balcooma region (Fig. 5). 700
vertical thin sections were cut to measure theafn intersection/inflection axes preserved
within porphyroblasts (FIAs, Table 1) as well as @her structures revealed during the
detailed microstructural investigation this enableBeformation and accompanying
metamorphism produced numerous porphyroblastic gshascluding biotite, garnet,
staurolite, plagioclase, kyanite, andalusite anddieoite porphyroblasts plus fibrolitic
sillimanite. Microstructural measurements, texturalations and relative deformation
features suggest the crystallization sequence gastaurolite, plagioclase, kyanite and
andalusite for those porphyroblasts with inclustoails. Biotite, muscovite and chlorite,
which define the matrix foliation, were not used foicrostructural analysis because they are
less competent and tend to deform along (001)in&iHite was the last mineral to form. It
nucleated within biotite and projecting into thgaameént porphyroblastic phases (staurolite,

plagioclase, kyanite and andalusite) and overgheantatrix foliation.

4. FIA determination, sets, relative timing, progressive succession and inter pretation

4.1. FIA determination technique

A FIA is determined for a sample by locating theésaabout which the asymmetry flips of

one foliation overprinting another (Hayward, 19%&ll et al., 1995; Sayab, 2005). This
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technique involves observing the switch in the asyatmy of curved inclusion trails,
preserved in porphyroblasts in a series of veljiaaiented thin sections with different strike
viewed in the one direction around the compass fileensame sample (Fig. 6). Initially six
vertical thin sections from a horizontal orientetbdk are required for a FIA trend
determination cut 30apart around the compass (i.e. trending 80, 60, 90, 120 and
150). An additional two vertical sections were cut ZPartbetween the two sections in
which the switch in inclusion trail asymmetry wdsserved to narrow the location of the FIA
within a 10° range. Using multiple vertical thinciens approach was preferred because it
has a very significant microstructural advantagke Tnclusion trails contained in many
porphyroblasts can be observed from a large rahgeientations, providing a much clearer
record of the inclusion trail geometry and deforiorahistory. The P (thin section cut parallel
to lineation and perpendicular to foliation)-N (itsection cut perpendicular to lineation and
foliation) section approach used by most structaral metamorphic geologists over the past
decades results in misinterpretation of the timofgporphyroblast growth and multiple
deformational, metamorphic and tectonic eventsighlii tectonized terranes (for detail see

Cihan, 2004).

4.2. FIA sets

A total of 143 FIAs preserved in garnet, staurolipdagioclase, kyanite and andalusite
porphyroblasts were determined from 79 spatialigrded samples (Table 1). The sample
locations are shown in (Fig. 5). 24 FIAs were measgidrom garnet porphyroblasts. 95 FIAs
were measured from samples containing staurolitphyooblasts allowing three different

generation of staurolite to be identified withinetiBalcooma region. Garnet is locally

included within biotite, staurolite, plagioclase,yakite, andalusite and cordierite
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porphyroblasts suggesting that it grew before #itel phases. Respectively, 9, 1 and 14
FIAs were measured from plagioclase, kyanite andakusite bearing samples. Figure 7
presents a rose plot of total FIA trends measurewh fall samples in the Balcooma region.
Four FIA peaks with E-W, NNW-SSE, NNE-SSW and NE-8®hds were distinguished on

a rose diagram.

4.3. Relative timing and FI A succession deter mination

Extensive research work over the past decade uporphyroblasts has shown that
deformation and metamorphism is far more complen tpreviously had been recognized
using matrix foliations (Bell & Hickey, 1999). Therogressive growth of different
porphyroblastic phases preserves various portidnthe@ deformation and metamorphic
history and reveals more complex histories. Thesagpc growth of these porphyroblastic
phases plus the presence of monazite grains in taenbe used to establish relative timing
between different FIA sets (Spiess & Bell, 1996/l Be al., 1998; Bell & Welch, 2002; Ali,
2009B). 5 FIA sets have been established in theddaha Metamorphic Group (Table 1) on
the basis of:-

1. Core versus rim criteria, since a foliation presenin the core of porphyroblast must
be older than that in the rim (Fig. 8a).

2. The prograde metamorphic succession where diffgpenphyroblastic phases can
preserve distinct portions of the deformation, meigphic history and it could be
determined that growth of one mineral precededdther. For example, garnet is
preserved locally within biotite, staurolite, kyemi plagioclase, andalusite and

cordierite. Staurolite and kyanite are replacedbgalusite and andalusite is replaced
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by cordierite (c.f., Bell & Kim, 2004; Fig. 8 b, d). Therefore, the FIAs determined
in garnet and andalusite formed first and lasteetyely.

3. Textural characteristics and the degree of cortyrhetween the internal foliation §S
and the matrix foliation (§. For example, truncated inclusion trails versusse that
are continuous with the matrix (e.g., Adshead-BeBell, 1999; Cihan, 2004; Sayab,
2005; Fig. 8 e, f).

4. A total of 214 spots on 41 monazite grains preskras inclusions within
porphyroblasts were analysed by Ali (2009B) aftdentifying them within a
particular FIA set. No monazite grains were founithim porphyroblasts defining
FIA 1 but locally in sample AH 143, which contaiR$A 1 and FIA 3 such grains
were found within the matrix with ages of 454 +12 Mhere garnet was incorporated
as inclusions in FIA 3 staurolite porphyroblastatédthat garnet is also included as
inclusions in FIA 2 staurolite porphyroblasts. SN U-Pb metamorphic zircon rim
weighted mean ages of 476t5 Ma and 4865, 478+3+@,7471+4 Ma weighted
mean ages for syntectonic granitoid intrusions dath that [ amphibolite facies
metamorphism accompanied granitoid intrusion duangearly Ordovician Orogeny
across the Greenvale Province (Withnall et al., 11%®rgusson et al., 2007b). Note
that an Early Ordovician (475-450 Ma) orogeny hias affected the Harts Range of
central Australia and Charters Towers Province astern Australia (Hand et al.,
1999; Fergusson et al., 2007a,b,c; Ali, 2009B). 12 3 and 4 are dated at
443.2+3.8, 425.4+£3.7 Ma and 408.8+8.9 Ma respelgtiffag. 9; Ali, 2009B).

Multiple generation of porphyroblast growth duriegpisodic deformation events
preserved 5 FIA sets in the Balcooma Metamorphau@r The earliest FIA set 1 has an E-W

trend and is preserved by garnet. The foliationSniohg this FIA trend are completely
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truncated by the matrix foliation (Fig. 8e). In alimples, garnet porphyroblasts only contain
FIA 1. FIA 1 was never observed in staurolite, platase, kyanite, andalusite and cordierite
indicating that garnet predated staurolite, plalgi®e, kyanite, andalusite and cordierite. The
NNW-SSE trending FIA 2 was only observed in stateoporphyroblasts. The inclusion
trails defining this FIA are truncated by the yoangnatrix foliation across the Balcooma
region. The most distinct inclusion trails, defigia NNE-SSW trending FIA 3, are preserved
by staurolite and plagioclase. Sample AH 71 costdiyanite with good inclusion trails
around the compass and defining FIA 3 dt These foliations are continuous with or locally
truncated by a well developed horizontal foliationthe matrix. Some samples were found
with FIAs trending NNW-SSE (FIA 2) and NNE-SSW (FI3) in the core of staurolite
porphyroblasts that contain an E-W FIA in their sinThis FIA 4 trend was locally observed
mainly in the rim of staurolite in the northern paf the Balcooma Metamorphic Group. The
continuity of the inclusion trails defining FIA 4 ith foliations in the matrix plus its
preservation in different phase of porphyroblasabded samples containing this FIA to be
distinguished from those containing FIA 1, evenutjo they have the same trend. The
foliations defining FIA 4 mostly change from flat steep pitches while those defining FIA 1
change steep to flat. FIA set 5 trending NE-SWreserved by andalusite that overgrew the
matrix very late in the deformation history. Indtus trails preserved by andalusite are

straight and continuous with foliations in the mafFig. 10).

5. Interpretation and discussion

5.1. Consistent succession versus arandom distribution of FIA sets

Traditionally structural geologists interpreted tth@orphyroblasts rotate (e.g., Rosenfeld,

1968; Passchier et al., 1992; Williams & Jiang, 998nd spiral shaped inclusion trails in
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snowball garnets were used as evidence for thisveder, Bell & Johnson (1989 a, b)
suggested that spiral inclusion trails could benfed without porphyroblast rotation by the
growth of porphyroblasts over crenulation hingesegated during successive episodes of
sub-horizontal and sub-vertical directed bulk shairtg. The application of techniques
developed for measuring the spiral axes (Haywa®@d01Bell et al., 1995, 1998), using a
reference frame of geographical coordinates plesvtrtical, resulted in a large data base
that revealed consistent regional changes in tlentation of these axes from the cores to
rims of porphyroblasts (Bell et al., 1998; CiharP&rsons, 2005; Sayab, 2005, 2006, 2008;
Yeh, 2007). This has been confirmed by a regularedese in ages of monazite inclusions
defining older spiral axes in the core relativethiose in the rim (Bell & Welch, 2002). In
spite of more than a decade of data gathered os, Firany structural geologists have not
been convinced of their usefulness because no amhéden able to experimentally reproduce
non-rotation of porphyroblasts. However, the expental work of Fay et al., (2008; 2009)
has now confirmed that non-rotation is a viable ina@ism in deforming rocks.

The consistent succession of 5 FIA sets on adaggam (Fig. 7) confirms that the
porphyroblasts did not rotate as they formed. Hppgroblasts had rotated at the time of their
formation or after they grew around the axis of tlewly developing FIA would have
generated an extremely complex distribution of Eiénds around the stereonet (Fig. 11d).
The maximum curvature of inclusion trails in theseks about any single FIA is 45°. Figure
11a, b, c and d shows the relative effects of imja¢ach FIA set by 45° around the next
younger FIA set. The resulting distribution prodsi@ massive spread of FIAs around the
stereonet. Clearly, if the rotation of porphyroldatad occurred, garnet porphyroblasts,
which formed first and only contain FIA 1, wouldveabeen spread all over the compass

(c.f., Ham & Bell, 2004; Sayab, 2005; Bell & Newma006).
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5.2. Tectonic significance of FIA data

The early history of deformation in multiply defoech rocks becomes lost because
reactivational shearing of the bedding causes danged microstructures to be destroyed in
the matrix (Bell et al., 2004; Bell & Kim, 2004, Be2009). Fortunately, porphyroblasts
provide a tool that allows quantitative study of npaof the microstructures that were
destroyed in the matrix (e.g., Sayab, 2008). Flésord a long tectonic history and allow
correlation between the progressive developmentiofostructural features and larger scale
bulk shortening directions (Bell et al.,, 2004; B& Newman, 2006). A consistent
distribution and succession of FIAs potentially \pdes access to the changes in relative
plate motion that took place during orogenesisi(&aVelch, 2002; Bell & Newman, 2006).
The succession of FIA trends preserved within garstaurolite, plagioclase, kyanite
and andalusite porphyroblasts in this region ress&atuccessive changes in the direction of
bulk shortening during 5 main periods of tectonisgross the Greenvale Province. A
lengthy, more complicated and better establishetbty of prograde metamorphic mineral
assemblages has been determined than had previeemsty recognised in this area. Large-
scale horizontal bulk shortening at a collisionidt@ boundary causes crustal thickening.
This eventually leads to gravitational collapseha top 30 or so kilometres of the orogenic
pile, either due to over-thickening or trench rattk (Fig. 12; e.g., Bell & Newman, 2006).
However, at depth, the plate motion, at such astotlal boundary, continues and eventually
sufficient indirect coupling will lead again to atal thickening. This produces successions of
sub-vertical foliations and sub-horizontal ones sénantersection defines the FIA trends.
Most of these phases of tectonism have been dikigrin the matrix and would not have
been identified if it were not for the fact thatrpbyroblast growth occurred during them

(e.g., Bell et al., 1998). The E-W trending FIA &ein garnet porphyroblasts indicates N-S
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shortening. Significantly, this predates the builorsening events that produced the overall
N-S trending tectonic grain of the Tasman Orogé&ice.

The NNW-SSE trending FIA set 2 in staurolite irades rotation of the direction of
shortening to ENE-WSW after FIA 1. The NNE-SSW thexg FIA set 3 indicates a 30°
rotation of the shortening direction to ESE-WNWeafEIA 2. The majority of staurolite
growth occurred during FIA set 3 events. This prad tectonism appears to have been
responsible for the NNE-SSW trending geophysicairgthat is locally visible on the eastern
side of the exposed Northern Thomson Fold Belt.(B)g The E-W trending FIA set 4 in
staurolite indicates a further rotation in shomgnback to N-S. NE-SW trending FIA 5
indicates rotation of the bulk horizontal shortendirection to SE-NW. FIA sets (2, 3 and 5)
were developed during overall E-W shortening evenis$ accord with most tectonic models
of Tasman Orogenic Zone (Fergusson et al. , 2a@)78he N-S bulk shortening during FIA
4 was very locally observed in the northern portadrthe Balcooma Metamorphic Group.
However, the first formed FIA set 1 (47615 to 4524%a) indicates that the first phase of
orogenesis to affect the Northern Thomson Fold Bmtks involved N-S bulk shortening

(compare Figs. 2 and 3) and this has consideraipéisance (see below).

5.3. The East-west structural and tectonic grain of the Northern Thomson Fold Belt

Figure 2 shows that the E-W trending aeromagnatingin central Australia extends to
immediately south of the Mt Isa Inlier where it éedaway due to the thickness of the
overlying sedimentary cover. The recognition of iemaged E-W trending tectonism in
central Australia and in the Greenvale and Chafftevgers Provinces, where elongate shaped
plutons of Ordovician age also have a very distiBeélv trend, suggests that they were

coupled orogenically and that a zone of tectonigtereled between them. This E-W trend of
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the plutons in the Charters Towers Province is detaly different to all other exposed
plutons along the Tasman Orogenic Zone, which tresskntially N-S along the eastern
Australian coast.

The exposed parts of the Northern Thomson Fold Belthe Charters Towers
Province and Greenvale Province to the NNW shoekt preserve evidence on the history
of orogenesis that this orogen has undergone. Agiomed above the metamorphosed silicic
volcanics and sedimentary rocks of the GreenvateiRte have been correlated with the
Cambrian to Early Ordovician E-W trending SeventyieMRange in the Charters Towers
Province on the basis of similar lithologies andhenalization (e.g., the Balcooma Cu-Pb-Zn
deposit, Henderson, 1986; Withnall et al., 1991%74+4 Ma (207%/206™") age obtained by
ion—microprobe analysis of zircon from the Balcoomdetamorphic Group is
geochronologicaly consistent with the Seventy NRienge in the Charters Towers Province
(Withnall et al., 1991). lon-microprobe analysesRyecambrian inherited zircons and the
rhyolitic composition of the Balcooma MetamorphicoGp suggests that the Ordovician
volcanics formed on continental crust from the mgltof cratonic crust of the Georgetown
Block of the Precambrian age (Withnall et al., 199TThus geochemical and
geochronological similarities between metavolcaritshe Balcooma and Seventy Mile
Range regions (Fig. 4) imply the presence of aty d2alacozoic magmatic belt along the
Precambrian cratonic margin (Withnall et al., 1991)

However, the tectonic grain of the Charters Townsvince is E-W whereas that of
the Greenvale Province is NNE-SSW, similar to aglpc/ounger Tasman Orogenic trends
(Fig. 4). This has hampered structural correlati@tween these two Provinces. In such
situations where younger deformations have potintiabliterated previously formed

structures in the matrix, FIAs provide a tool fanustural correlation along an orogen (e.g.,
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Bell & Mares, 1999). The E-W trend of FIA set 1 dFil3) preserved in garnet

porphyroblasts is close in orientation to the oWestwctural grain of the Charters Towers
Province. Could the current NNE-SSW trend of thdc8ama rocks have resulted from
younger orogenic shortening effects that have les$ leffect in the Charters Towers
Province? Could the structural, lithological arghronological similarities in each of these
areas have resulted from the development of an Eewding igneous arc produced by N-S
bulk shortening with north over south subductiontlie Ordovician. This would readily

explain the E-W trending FIA set 1, which most gigantly, cannot be explained by the

current distribution of these rocks (see below).

5.4. The potential for correlating multiple phases of deformation across the Northern

Thomson Fold Belt using FIA sets

The Northern Thomson Fold Belt has been affecteddmywergent margin related processes
involving extensional and contractional events fritra Cambrian to the late Carboniferous
(Fergusson et al., 2007a, b). K-Ar dating of mugeo(600Ma), Rb-Sr dating of whole rock
muscovite (500Ma) and U-Th-Pb monazite dating dfO(@a) show that the Delamerian
Orogeny (520-500 Ma) has affected the Halls Rewdetamorphics of the Greenvale
Province (Nishiya et al., 2003). How much this @og affected the rocks to the west of the
Hall Rewards Metamorphics and Southern Thomson Bad is unknown. U-Pb zircon
SHRIMP metamorphic age of the Oasis Metamorphicgl78+5 Ma from west of the
Balcooma Mylonite Zone revealed that these rocksew@rdovician in age rather than
Precambrian as previously had been thought anditlemgical in age to those at Balcooma
(Fergusson et al., 2007b). Early Ordovician orogen@76-450Ma) and Silurian Orogenesis

(440-420Ma - Benambran) caused regional deformationthe Charters Towers and
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Greenvale Provinces (Fig. 4; Fergusson et al. 720Blenderson 2007). The Late Devonian
to Early Carboniferous Kanimblan Orogeny and Middkvonian to Triassic Hunter Bowen
Orogeny had the least tectonic influence on thenrtegitonic grain of the Northern Thomson
Fold Belt (Henderson, 2007; Fergusson et al., 200Mae exposed parts of the Northern
Thomson Fold Belt do not uniformly share metamaphiand episodes of deformation
related to the Delamerian, Benambran, Tabberabekamimblan and Hunter Bowen
orogenies. For example the Charters Towers Provinckides weakly deformed Late
Cambrian to Early Ordovician rocks of the SevenileNRange group associated with low to
high grade metasedimentary units of the Cape Ri®mning River and Argentine
Metamorphics (Fergusson et al., 2005, 2007a, be fauthe partitioning of deformation
across an orogen, the timing of metamorphism aadPHT-t-d path of the rocks commonly
differs from place to place (c.f., Bell & Mares, 99 Bell et al., 2004). In such situations the
correlation of tectonic events on the basis of pueting structures in the matrix becomes
difficult because the succession of structures asslociated metamorphism commonly
changes along orogenic belts (Bell & Mares, 1999hwever, detailed work in the
Appalachians and the Kimberley Arc in northwest #alsa (Bell & Mares, 1999; Bell et al.,
1998; Bell et al., 2003; Bell et al., 2004) hasaaed that successions of FIA sets can remain
unaffected by multiple episodes of subsequent dedtion and metamorphism. The periods
of orogenesis that produced the 5 FIA sets in tAledma region potentially have affected
other regions but at different intensities. The Brédhding FIA set 1 resulted from N-S bulk
shortening in the Ordovician around 476+5-454+12[Adi, 2009B) and may be have
generated the E-W trends preserved within the Gaper Metamorphics and the Charters
Towers region (Fig. 4). Subsequent E-W shortenigted this E-W trend to SE -NW in the

Cape River Area and ENE-WSW in the Charters Towegson.
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5.5. Significance of N-S shortening related to FIA 1 in the Balcooma Metamorphic

Group

The Georgetown Block, which lies to the west of tBalcooma Metamorphic Group
(Greenvale Province), contains extensive expostiRrecambrian rocks (Fig. 4). The Lynd
Mylonite Zone (LMZ in Fig. 4) separates 1700-155@ [diotite gneiss, calc-silicate gneiss
and leucocratic gneiss of the Georgetown Block fritvea Early Palaeozoic metamorphic
rocks of the Greenvale Province (Fergusson et28l07b). Detailed work by Cihan and
Parsons (2005) in the Georgetown Block has rep@tedecambrian succession of four FIAs
trending ENE-WSW, E-W, N-S and NE-SW. The lastlgste FIAs formed from SE-NW
bulk shortening at around 1550 Ma (Black et al9&3Cihan and Parsons, 2005; Cihan et al.,
2006). A remarkably similar FIA succession is presd in the Mt Isa Inlier (Sayab, 2008).
This FIA succession appears to have formed at aheestime by the same changes in the
direction of bulk shortening in each of these ragioNone of these authors have reported
evidence for a 476%5 to 454+12Ma E-W trending dtres preserved by porphyroblasts or
the matrix. The absence of an Ordovician N-S shortge direction to the west and its
presence to the east of the Precambrian cratorded by FIA 1 in the Balcooma
Metamorphic Group, is very significant. Unless ansfer or transform fault was present on
the craton boundary, such a geometry is impossite Early Ordovician E-W trending
foliations must be present in Precambrian rocks west of Balcooma if those at the time
were deformed in their current location at thatetimlone have been recorded although the
Juntala Metamorphics, 100 km to the SW of Balco¢Rig. 1), are affected by folds with E-
W trending axial planes (Duncan, 1983). These rdiekslose to the southern edge of the
Georgetown Block and could have been the northeast nexpression of the Northern

Thomson Fold Belt prior to northwards displacemarit the Balcooma and Oasis

92



Section-D A.Ali

Metamorphics. Therefore, the Balcooma and the Qdsitamorphics to the west must have
been displaced to their current location by sommhination of folding and faulting that
post-dated the development of FIA 1 (Fig. 14). TBE®V trending Ordovician period of
tectonism must have occurred along the southermdayy of the Precambrian craton to
leave it unaffected. The rocks of the Greenvaleviloe would have been deformed on this
boundary at the time of development of FIA 1 andrbdisplaced northwards afterwards. The
fold belt in which they lay would have trended EQNENE-WSW from south of the Mt Isa
Inlier through Hughenden to Charters Towers. Thi i+W shortening during younger
orogenies that displaced them into their currecation would have increased the N-S width
of the Northern Thomson Fold Belt. The northwardlgimg shape would have been matched
by an equivalent southwards bulge and been estamtuses resulting from the younger E-
W shortening of initially Ordovician generated fae and back arc thrusts (see schematic
diagrams in Fig. 15 a, b, c¢). This would explaia @rdovician ages obtained from volcanics

and granites at the base of deep drill holes thrabhg Eromanga Basin (Fig. 1).

5.6. E-W orogenesis across Australia

SHRIMP U-Pb analyses of monazite and zircon by Hatral. (1999) indicate that the Harts
Range of central Australia has been affected biany Ordovician (467 + 8 Ma) regional
high-grade metamorphism and deformation that preduamphibolite/granulite facies
minerals assemblages (800-8%5 and 5-7 Kbar). 445+5 and 434+6 Ma ages associaited
reworking of Proterozoic granulites occur in thestean Arunta Block (Scrimgeour & Raith,
2001). These ages have important implicationsterevolution of the cental Australia crust
during the early Palaeozoic because the Ordovitéanbeen regarded as a tectonically quiet

period, characterized by slow sedimentation inaa@rintracratonic Amadeus Basin (Shaw et
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al., 1991; Lindsay & Korsch, 1991; Hand et al., 99 he tectonic significance of the Early
Ordovician deformation in the Harts Range regionn@ fully understood because the
Amadeus and Georgina basins contain a depositiecald spanning the Neoproterozoic to
Devonian (Fig. 2, Maidment et al., 2007). The majpraplate Petermann Orogeny from 550
to 520 Ma affected the southern margin of the Amad®asin but did not disrupt
sedimentation within it (Maidment et al., 2007)lthdugh they have no direct evidence Hand
et al., (1999) suggested that the intense highmmaiahic grade deformation at this time may
have resulted from crustal extension associated setlimentary basin development rather
than by convergent tectonism and mountain build@ently dipping foliations in the Anakie,
Charters Towers and Greenvale areas of NE Queehblave been attributed to extension
without direct structural evidence that this pracess involved (Fergusson et al., 2005, 2007
a, b, c). However, the result presented hereinalevibat the generation of a succession of
gently dipping foliations was interspersed with tbemation of sub-vertical ones during this
early Ordovician time period in NE Queensland. Efane, crustal shortening has definitely
affected these rocks.

5.7. The Euler pole solution

The work presented herein opens a new possibdityhfe interpretation for the apparent E-W
trend of orogens in the Ordovician across GondwaAiastralia. The E-W trending Northern
Thomson Fold Belt may have resulted from an Ordawicollision zone (e.g., Glen et al.,
2007a, b) along which Charters Towers Province gdokthe south were thrust northwards
over basement rocks to the Broken River Provinees(comm. Raphael Quentin 2009). The
E-W trending belt of the Ordovician granites andcaaics were being emplaced concurrent
with deformation forming E-W trending foliations €B, 1980). In the same period, the Harts

Range of central Australia was being deformed toplabolite grade metamorphism.
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Compressional orogenesis in the east and extehsiorgenesis in the west in the same time
would have resulted if the Euler pole or rotatiasdor relative plate motion at that time lay
between these two regions. This is shown schentigtica(Fig. 16) where the plate to the
south swivels anticlockwise around the Euler pelative to the plate to the north.

6. Conclusions

1. Ordovician E-W trending structures that resuftedn N-S bulk shortening of rocks at the
Balcooma Metamorphic Group are not present in teedmbrian craton to the west.

2. The Lower Palaeozoic orogen in which these rdiek&as displaced northwards from its
original location during E-W directed Benambranrékiming of the Northern Thomson Fold
Belt.

3. The Early Ordovician E-W grain of the Charte@weérs region is primary rather than
secondary and this orogen extended westwards sduiie Mt Isa Inlier towards central
Australia.

4. Compressional orogenesis in NE Australia ardhedsame time as extensional orogenesis
in central Australia requires that the Euler pade the relative motion of the two plates
involved lies in between these two regions closetht® Northern Territory/Queensland
border.

5. This conclusion enables a dramatically differémierpretation of early Palaeozoic
Orogenesis in NE Australia. It suggests that theral/ approximately E-W trending
structural of the Charters Towers province is tkéctr of an originally E-W trending
Cambro-Ordovician orogenic belt. This could bedddby conducting similar work to that
done at Balcooma in the porphyroblastic rocks ef @harters Towers Province around the
Thalanga deposit. If they preserve a similar sugioesof FIA trends, then the similarly aged

and mineralised rocks at Thalanga and Balcoomadcoaoihtinue west towards Richmond
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(328 km due southwest of Charters Towers). If thees orogenic history has occurred in
both region then magnetics and gravity could bel usepropose exactly where potentially

mineralized Cambro-Ordovician rocks might occur.
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Conclusions
This study has shown that Foliation Intersection e®\x preserved within
porphyroblasts (FIAs) can be effectively used taauwal very complex tectono-
metamorphic histories of multiply deformed rockbeTdetailed conclusions are given
below.
Section A
The effect of deformation partitioning on porphyiadi growth was assessed using
samples gathered across a large region where putges relatively sparse and
weathered versus a small region where a large nuofb&iented drill core samples
were available from very fresh rock. A total of 143As with five identical
successions were determined from 79 samples. Theession of FIA sets and
microstructural relationships between garnet, sldaar plagioclase, kyanite,
andalusite, cordierite and fibrolitic sillimaniteveal a regionally consistent pattern of
growth across the Balcooma Metamorphic Group. Doallcoexistence of kyanite,
andalusite and sillimanite and a consistent sucmess the timing of growth of the
different porphyroblastic phases resulted fromefifects of deformation partitioning
relative to bulk composition and P-T path. Simyadistributed FIA sets 1, 2, and 3
across the pit as well as in the Balcooma regiaygest that the partitioning of
deformation from ~47615 to 425.4+3.7 Ma was rekdivpervasive at all scales
across the Balcooma Metamorphic Group. The W-Ediren FIA 4, which is
408.8+8.9 Ma in age, was only observed in the mortipart of the Balcooma region
and reveals more localized deformation partitioreffgcts during this period of bulk
shortening. The lack of staurolite growth at timset in the southern part of the region

resulted from the lack of partitioning of these mgeinto this region at the scale of a



porphyroblast. The NE-SW trending FIA 5 was moexjtrently observed in the Pit

area rather than the Balcooma region.

Section B

The N-S trending Tasman Orogenic Zone was shapeatedfRoss-Delamerian (520-
500 Ma), Early Ordovician (475-450 Ma), BenambrdAa(Q-420 Ma), Tabberaberan
(410-370 Ma), Kanimblan (360-320 Ma) and PermiamtduBowen Orogenies. U-
Pb zircon ages, SHRIMP zircon ages, electron mrotmp ages of monazite grains
and the unstrained Devonian marine rocks of thejubay Formation (Emsian age)
indicate that the Delamerian, Kanimblan and HuB@wven Orogenies did not affect
the Balcooma Metamorphic Group. 476+5-486+5-477+@ M-Pb zircon ages
(Fergusson et al., 2007b) and 471+4, 478t5 SHRIME&ba ages (Withnall et al.,
1991) indicate  amphibolite facies metamorphism accompanied igneotiusion
during an Early Ordovician Orogeny (475-450 Ma)e®arliest 443.2+3.8 Ma phase
of monazite growth within the Balcooma Metavolcanipreserved in porphyroblasts
containing FIA 2, and 425.4+3.7 Ma and 408.8+8.9 Mges preserved in those
containing FIAs 3 and 4, respectively, indicatet tiings region was then overprinted
by the Benambran (440-420 Ma), and possibly theb@edbberan (410-370 Ma),

orogenies.

Section C

Earlier workers thought that the Greenvale Provwes deformed in an extensional
backarc tectonic environment in the Ordovician,ement compression in the Early
Silurian and then exhumation in the Early Devoni#hE trending FIA 1 is only

preserved in garnet porphyroblasts. Inclusionshbdrite, biotite and muscovite and



tight Mn, Ca and Fe garnet core isopleth intersestiindicate that the garnet cores
grew at ~ 530 and 4.6+0.1kbar. No monazite grains were trappétin the
foliations defining this FIA set but the approaclésthers suggest that this period of
amphibolite facies metamorphism occurred around M&/ The incorporation of
garnet in staurolites containing FIA 2 and FIA 3@aynchronous growth of kyanite
during FIA 3 suggests a clockwise prograde pathoua metamorphic peak at 623-
637C and 6.2 + 0.3 kbar during the Early Silurian Babean Orogenic event. The
break down of staurolite, kyanite and biotite tala@nsite and the overprinting of
andalusite by cordierite suggest that peak metannorponditions during Early
Silurian Benambran orogenesis were followed by agmession. A P-T-t-D path was
derived from the sequential growth of chlorite, ©wste, biotite, garnet, staurolite,
kyanite, andalusite, cordierite and fibrolitic silanite, the FIAs, the P-T conditions
of garnet core growth, P-T pseudosection modelMgNCKFMASH system) and
geothermobarometry. It changes from clockwise takrckwise after the Benambran

Orogenic event.

Section D

The Precambrian Georgetown Block to the west oBlleooma Metamorphic Group
was not affected during the Early Ordovician (4B®4Ma) Orogenic event.

Therefore, the W-E trending FIA 1 in the Balcooregion, which is Ordovician in

age (47615 to 454+12 Ma), cannot have formed widsé Precambrian rocks in their
current location or Early Ordovician W-E trendingli&tions would be present in

Precambrian rocks due west of Balcooma. The Baleobtatamorphic Group has to
have been subsequently folded and/or faulted iht® location. For intense N-S

shortening to not affect the adjacent Precambrianthe west, the Balcooma



Metamorphic Group must have lain approximately R@0to the south on the western
boundary of the Charters Towers Province. They wieea displaced 200 km north
into their current location by the E-W bulk shorten effects of the Silurian
Benambran Orogeny (440-420Ma), which controlled tlewelopment of FIAs 2
(443.2+£3.8 Ma) and 3 (425.4+3.7 Ma) and post-dated development of FIA 1.
Synchronous N-S bulk shortening orogenesis in gagtestralia and N-S extensional
orogenesis in central Australia during the Ordaccan be explained if the Euler
pole for relative plate motion was located betwtese locations to the WSW of the
Mt Isa Inlier. A plate containing the southern haflfAustralia pivoting anticlockwise
around this axis of rotation relative to one camtay the northern half, would produce
crustal shortening orogenesis in the east and sixtea orogenesis in the west from

47615 to 454+12 Ma.
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