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Abstract--Rocks in the Tia Complex underwent a simple, clockwise P-T-t-deformation path, moving from 
mid-crustal levels at blueschist facies conditions (D l, D2; 6 kbar, 200°C) to upper-crustal levels at high-T 
amphibolite facies conditions (D 4, Ds; 2.5 kbar, 600°C), in a relatively short time (~  15 Ma). The rocks remained 
under these conditions for approximately 40 Ma (D6) before they cooled and were brought to the surface (/97 , 
Ds). During D 6, Permian rift basins were opening as thermal gradients in the Tia Complex reached a maximum. 

D1_2 deformation was associated with accretion-subduction processes and was followed by progressively less 
intense, mainly E-W oriented compression and uplift during D3-s, bringing the rocks to within 2 kbars of the 
surface. D 6 is characterized by limited extensional deformation, and final uplift took place during Dr_ s along 
shear zones that have orientations similar to D~5 thrusts. 

The shift from subduction-dominated processes to thermally-dominated processes occurred during D~ 4 uplift 
of ~4  kbar, around 310-300 Ma. This coincided with a change in tectonic setting of the Tia Complex from an 
accretionary prism to a back-arc position, as the subduction zone stepped eastward. An increased heat flow, 
associated with back-arc "processes, gradually caused thermal weakening of the lithosphere, which, due to 
external, subduction-related, compressive forces, resulted in uplift (D3). With continued heating of the crust, 
thermal doming resulted and uplift stopped (D4-5), whilst thermal weakening led to limited crustal collapse as 
Permian basins opened (D~). 

The extremely high heat flow that was maintained for - 4 0  Ma, suggests a heat source external to the crust, 
possibly associated with thermal relaxation, dehydration and detachment of the remnant slab left beneath the 
New England Orogen after the subduction zone shifted east. A stable crustal, thermal structure was re- 
established by 260 Ma, as the crust strengthened and could further support subduction-induced, compressional 
structures (DT_~:). 

INTRODUCTION 

THE dominantly Devonian to Carboniferous, southern 
New England fold belt (NEFB) can be subdivided into 
the deformed, fore-arc basin associations belonging to 
the Tamworth Belt in the west, and the accretion- 
subduction associations belonging to the Tablelands 
Complex in the east (Fig. 1) (Korsch 1977, Cawood & 
Leitch 1985, Cross et al. 1987). Although the southern 
NEFB resembles a typical subduction-related orogen, 
characterized by multiply deformed, imbricate fault 
slices that underwent low-temperature metamorphism 
at high to medium pressures with a clockwise P - T - t  
path, there have been an increasing number of record- 
ings of a second regional, high-temperature, low- 
pressure (high-T, low-P) metamorphic event that has 
affected parts of the fold belt whilst a compressional 
tectonic setting, possibly related to the subduction pro- 
cess, was maintained (Korsch 1977, Vernon 1982, Hand 
1988a, Farrell 1988). Effects of this thermal event are 
exposed in the fault-bounded, high-grade blocks at Tia 
(Fig. 1) (Gunthorpe 1970, Hand 1988a) and Wongwi- 
binda (Fig. 1) (Binns 1966, Farrell 1988); the latter 
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contains evidence for a regional, anticlockwise P - T - t  
path (Vernon 1982). 

It is relatively uncommon for a compressional 
accretion-subduction terrain to change its metamorphic 
'affinity' from high-P metamorphism to high-T meta- 
morphism, and the tectonic processes that must have 
operated to accommodate this shift are not well under- 
stood. Murray et al. (1987) and Hand (1988a) suggested 
that subduction of a spreading zone may have occurred 
during the development of the NEFB. A different expla- 
nation is given by Harrington & Korsch (1985), who 
suggested that an eastward shift of the volcanic arc 
placed the accretion-subduction terrains in an 
extension-related, back-arc setting. The only well- 
documented example of high heat flow overprinting 
high-P assemblages in an accretionary terrain has been 
recorded in the Chugach metamorphic complex of 
southern Alaska (Sisson & Hollister 1988), where the 
high thermal gradients are explained to result from 
tectonic focusing of hot fluids, possibly associated with 
subduction of young, relatively hot, oceanic crust. 

To understand the tectonic processes that operated 
during the Devonian, Carboniferous and Permian in the 
southern NEFB, detailed structural-metamorphic 
analyses of the high-T terrains are required. The Tia 
Complex is especially suited for this, because seemingly 
coherent rock sequences record high-P, Iow-T assem- 
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Fig. 1. Map of the southern New England fold belt. Early Permian granitoids belonging to the Hillgrovc Suite and related 
Bundara Suite are indicated. TC = Tia Complex, WC = Wongwibinda Complex. The enlargement shows the Tia Complex, 
the position of the Tia Granodiorite and the domains in which the three tectonic fabrics, S 2, S~ and S~ are the dominant 

foliations in outcrop 

blages overprinted by regional metamorphic high-T, 
low-P assemblages (Hand 1988a,b). 

In this paper, a structural framework is presented for 
the complicated, multi-phase fabrics and fold geom- 
etries in the Tia Complex. By relating the fabrics with 
the bimodal metamorphic assemblages and using kine- 
matic indicators, an attempt is made to constrain the 
P - T - t - d e f o r m a t i o n  path, and in doing so, explain the 
tectonic processes that operated in the southern NEFB 
during the late-Carboniferous and Permian. 

REGIONAL GEOLOGICAL SETTING 

The Tia Complex is situated in the western part of the 
Tableland Complex of the southern NEFB (Fig. 1) 
(Runnegar 1974, Korsch 1977). It consists of a series 
of multiply deformed, poly-metamorphosed rocks 
intruded by the Tia Granodiorite (Gunthorpe 1970). 
Reverse shear zones separate the complex from unmeta- 
morphosed Permian sediments of the Manning Basin to 
the south and southwest, and from relatively weakly 
deformed, low-grade slate, greywacke and quartzite to 
the east, north and northwest. 

Rocks in the Tia Complex comprise siliceous schist, 
metagreywacke, metasiltstone, slate, pebbly meta- 
pelite, metabasite, chert and jasper beds, serpentinite, 
and granodiorite, which were subdivided by Gunthorpe 

(1970) into the more basic and chert-rich Oxley and 
Wybeena Metamorphics, the pelitic Brackendale Meta- 
morphics, the Nowendoc Ultrabasic Belt and the intru- 
sive Tia Granodiorite. The former two were considered 
by Korsch (1977) to belong to the Sandon Association, 
whereas the Brackendale Metamorphics were inter- 
preted as part of the Coifs Harbour Association. The Tia 
Granodiorite forms part of the Hillgrove Suite, which 
consists of S-type plutons with low initial 875r]86Sr 
ratios, that are interpreted to have been derived from 
volcanoclastic metasediments (Flood & Shaw 1977, 
Shaw & Flood 1981). 

Although Gunthorpe (1970) believed that the four 
lithostratigraphic units occurred in distinct, fault- 
bounded blocks, the lithological transitions appear grad- 
ual. In general, rocks in the western half of the Tia 
Complex consist predominantly of metapsammite and 
metapelite, whereas to the east and southeast, the meta- 
basite, chert and jasper components increase dramati- 
cally, and are dominant in the Nowendoc area (e.g. 
Hand 1988a). Serpentinite is restricted to the southern- 
most part of the complex, where it appears partly inter- 
calated with the mafic rocks and parallels the bounding 
shear zone: the Nowendoc Fault. 

Regional metamorphic assemblages in the area can be 
subdivided into two major assemblage groups: the first 
comprising sodic amphibole-actinolite-pumpellyite- 
albite-chlorite-phengite, and the second containing 
hornblende-plagioclase (metabasite) and biotite- 
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muscovite-garnet (metapelite). The :former is  asso- 
ciated with high-P, low-T metamorphism and occurs 
exclusively in the southern section of the Tia Complex 
(Gunthorpe 1970, Hand 1988a). The latter is associated 
with high-T, low-P metamorphism (Hand 1988a) and is 
spatially associated with the Tia Granodiorite. Gun- 
thorpe (1970) suggested that the high-T assemblages 
resulted from emplacement of the granodiorite, and 
thought that after emplacement, the terrain cooled and 
was buried to form the blueschist. However, Hand 
(1988a,b) showed the contrary to be true for the Nowen- 
doc area where high-T, iow-P assemblages overprinted 
high-P, low- T assemblages. 

The structural development of the Tia Complex is 
extremely complicated, and little published information 
is available on the exact nature of the various over- 
printing fabrics. Gunthorpe (1970) recognized three 
regionally significant folding events, but did not corre- 
late these with specific metamorphic assemblages, or 
kinematic interpretations. Hand (1988a,b) recognized 
six folding events that are associated with particular 
mineral fabrics near Nowendoc (Fig. 1). The earliest two 
fabrics formed under blueschist facies conditions and 
were folded by F 3 folds containing axial planar, transit- 
ional blueschist-greenschist facies assemblages. These 
were, in turn, refolded by two or three folding events 
that took place at greenschist facies grade. Hand (1988a) 
noted that the transition from blueschist to greenschist 
facies was paralleled by the development of O 3 shear 
zones. 

In this paper the basic structural outline as proposed 
by Hand (1988b) has been extended to include folding 
and faulting episodes that exist beyond the Nowendoc 
area. It will be shown that the intensities of the different 
fold episodes and related fabrics varies considerably 
throughout the area, making it impossible to recognize 
all folding events in each part of the complex. 

MACRO- AND MESOSCOPIC STRUCTURAL 
FRAMEWORK OF THE TIA COMPLEX 

Eight overprinting deformation events can be recog- 
nized, which include the fabric-forming folding events 
F1-Fs, a non-fabric-forming folding event F6, a ductile 
shearing event 97, and a brittle faulting event D8. Only 
D 3 and Ds, as S 3 and $5, can be traced continuously 
throughout the Tia Complex, and were used as 'refer- 
ence foliations' to correlate the other deformational 
events. There are a number of form surfaces defined by 
different foliations, each of which locally constitutes the 
dominant foliation in outcrop. In general, the form 
surface in the Tia Complex is defined by $2 in the south, 
$5 along the western boundary, and $3 in the rest of the 
area (Fig. 1). Transitions from one form surface to the 
next result from progressive transposition of the earlier 
foliation (e.g. $3) into the later one (e.g. $5). Apart from 
rare individual outcrops, $1 and $4 never become the 
dominant foliation. 

D1 deformation 

Effects of D1 include early veining, disrupted bed- 
ding, tectonic melanges and a locally developed Sl 
fabric, which are best preserved in the southern part of 
the complex. None of the D1 features is penetrative and 
all have been transposed into $2 making their identifi- 
cation and orientation determination difficult; it is poss- 
ible that pre-S2 fabrics formed during several deforma- 
tional events. 

The penetrative $2 foliation usually wraps around 
0.1-50 cm long, asymmetrical, ienticular fragments or 
phacoids of competent material, usually chert, jasper, 
milky vein quartz, quartzite, arkose or metabasalt. 
These fragments make up a melange in which bedding 
and stratigraphy are strongly disrupted. The melange is 
transected by numerous quartz-epidote veins that are 
isoclinally folded within $2, indicating that the breccia- 
tion process was pre-D2. Individual fragments may con- 
tain an internal, spaced, differentiated, white mica folia- 
tion which is truncated by S 2 at the boundary of the 
fragments and is therefore referred to as $1. 

D 2 deformation 

The southwest corner of the Tia Complex is domi- 
nated by a penetrative S 2 foliation which generally dips 
moderately to the southwest (Fig. 2). Macroscopic F2 
folding has not been identified, however, mesoscopic F2 
folds with an axial planar $2 foliation are abundant, and 
are outlined by bedding and D1 veins. Such folds are 
generally tight to isoclinal and have a maximum wave- 
length of about 1 m. F2 fold axes and a mineral 
elongation lineation, L2x, are parallel and generally 
plunge 20-30 ° to 230-240 ° . 

The $2 foliation and L2x elongation lineation in 
quartzitic schist are defined by a mm- to cm-scale, 
lenticular, compositional layering that consists of flat- 
tened and elongated fragments of chert and quartzite, 
embedded in a schistose matrix of aligned white mica 
and chlorite. $2 within metabasite units is more regular 
and defined by alternating epidote-rich layers (5-10 mm 
thick) and layers dominated by chlorite and actinolite, 
which also define L2~. 

Where $2 is strongly developed it becomes mylonitic 
and is associated with S-C fabrics, shear bands and 
asymmetric phacoids which occur in 'stepped up' 
arrangements similar to 'bookshelf sliding' described by 
Ramsay & Huber (1987), all of which indicate a top-to- 
the-SW normal sense of movement. $2 is transposed in 
$3 in a 1 km wide transition zone in which it becomes 
progressively more intensely folded in F3 and over- 
printed by S 3 and L3x (Fig. 2). North of this boundary 
zone, S 2 is only preserved along the hinge regions of F3 
intrafolial folds. 

D 3 deformation 

S 3 is the dominant foliation throughout much of the 
Tia Complex (Figs. 1 and 3) and is generally associated 
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with a penetrative mineral stretching lineation L3x. In 
the western section of the complex, where all later 
deformations were less intense (Figs. 4, 5 and 6), $3 and 
L3x generally dip/plunge to the west or southwest at 
moderate angles (Fig. 7). L3x remains in this orientation 
when D 3 fabrics are only affected by macroscopic F~ 
folds (e.g. east of Nowendoc, Fig. 3). Where macro- 
scopic F5 folding becomes significant, S 3 and L3x are 
variable (e.g. directly south of the Tia Granodiorite, 
Fig. 3). 

Where $3 is the form surface, macroscopic F 3 folding 
is absent; mesoscopic folds are rare in the north, but 
become increasingly common towards the Nowendoc 
area where the D 3 overprint of $2 is less intense. As a 
consequence, F 3 folds in the north are mainly defined by 
isoclinally folded quartz veins whereas further south, 
transposed fold hinges defined by $2 are more common. 
All F 3 folds have fold axes that are generally closely 
parallel to L3x and a number of folded quartz veins 
display sheath-like geometries suggesting high strain as a 
result of non-coaxial flow (Cobbold & Quinquis 1980). 

East of Nowendoc, $2 forms macroscopic F3-F4, 
'dome and basin'-type interference folds (Fig. 2) (Hand 
1988b). If F~ effects are removed, a single, NE-verging, 
reclined, tight F3 antiform remains with a wavelength of 
at least 5 km and a fold axis that plunges moderately to 
the westnorthwest, parallel to most of the mesoscopic F3 
fold axes in this area, and at a moderate angle to L3x 
(Fig. 3) (Hand 1988b). The overturned lower limb of this 
fold is transposed into $3 towards the northeast. 

In the southern part of the complex, $3 is generally 
only developed in mica schist in the hinges of mesoscopic 
F 3 folds, where it occurs as a zonal crenulation cleavage 
(Gray 1977), locally becoming a continuous schistosity. 
Elsewhere, $3 and L3a are very strongly developed and 
outlined by aligned mica or amphibole grains and quartz 
rodding (Fig. 8a), commonly parallel to a mm-scale, 
differential layering, which is planar and regular, giving 

the rock a gneissic appearance. Many of the lenses are 
quartzitic or cherty in composition and probably 
resulted from continued straining of the phacoidal fab- 
rics and quartz veins produced during D~ and De. 
Locally, polymict conglomerate units contain stretched 
pebbles, elongated along L3x (e.g. granite pebbles at 
GR 7455780; grid references refer to the 1:100,000 
topographic map sheet 'Yarrowitch'). 

The $3 foliation generally shows a clear asymmetry in 
sections parallel to L3x , with S-C fabrics transected by 
shear bands, clasts with asymmetric pressure shadow 
tails and micro-folds, all of which indicate a SW-over- 
NE sense of movement. 

D 4 deformation 

D 4 effects are restricted to the central and southeast- 
ern half of the Tia Complex (Fig. 5) and are associated 
with E-W-trending, open to tight, rounded to sub- 
rounded, upright folds (class lc, Ramsay 1967) with 
wavelengths of up to 6 km (Figs. 4 and 5). In the south, 
F 4 folds deform S 2 and overprint F 3 folds of similar scale, 
resulting in characteristic 'dome and basin' structures 
(Fig. 2). Elsewhere, Fa folds deform $3 and are generally 
the earliest recognizable folds in outcrop. 

/:4 folds are associated with a discrete, axial planar 
crenulation cleavage in which metamorphic differen- 
tiation and new growth of mica and amphibole grains has 
taken place to define Sa (Fig. 8b). In the south, $4 is 
mainly defined by muscovite in mica schist and chlorite- 
actinolite in metabasite, whereas further north, biotite 
and hornblende are dominant. Usually $4 is enhanced by 
seams of opaques that resulted from solution transfer of 
soluble material away from the cleavage planes. Mineral 
elongation lineations or asymmetrical features within $4 
are almost completely absent, and the largest-scale F 4 

folds are essentially symmetrical (Fig. 4). 
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Although/'4 folds are commonly overprinted by F5 
folds of similar scale, $4 generally remains planar (Figs. 
4 and 5). This is apparent on every scale, and is directly 
reflected in stereoplots of $4 (Fig. 9). Its significance will 
be discussed with D 5 deformation. In general, $4 is 

subvertical, trends east and varies slightly as a result of 
/76 folding, whereas F4 fold axes (L4) are variable within 
$4 due to F5 folding (Fig. 9). In outcrop, L4 almost 
invariably parallels L3,, which seems to suggest a genetic 
relationship between D 3 and D4. 
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D5 deformation 

Ds is the last penetrative deformation in the Tia 
Complex, and its effects are best preserved. Going east, 
D5 structures gradually increase in intensity and culmi- 
nate in a 5 km wide shear zone at the eastern boundary of 
the complex where $5 is the form surface (Figs. 4 and 6). 
Other syn-Ds events include the emplacement of the Tia 

Granodiorite (Dirks et al. in press a), aplite dykes and 
numerous quartz veins. 

On the basis of the Ds intensity, four domains may be 
distinguished (Fig. 10). Domain 1 occurs along the 
western boundary of the Tia Complex and lacks macro- 
scopic F5 folding and a penetrative $5 foliation. Domain 
2 is characterized by abundant F5 folding, both meso- 
scopic and macroscopic, and a generally penetrative, but 
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cleavages that have developed in its vicinity, 
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not dominant,  Ss foliation. In Domain  3, $5 constitutes 
the form surface and a mineral elongation lineation, Lsx, 
is strongly developed.  Domain  4, completely lies within 
Domain  2 but covers the Tia Granodiorite, which does 

M |4=~ 

not display the same intensity of deformation as the 
surrounding rocks, as it intruded during D 5. 

In Domain 1, Ss is only locally developed as a spaced, 
discrete, solution enhanced crenulation cleavage, 
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occasionally accompanied by some new growth of mica 
or amphibole. Ss dips to the northeast and is axial planar 
to F 5 folds that are distinctly asymmetrical, verge 
towards the southwest and have subhorizontal fold axes 

with a northwest azimuth (Fig. 10). It is common to find 
two sets of ~ folds in one outcrop; one shallowly dipping 
and one steeply dipping, both with the same vergence 
and fold axis (this has been illustrated in Fig. 4, profile B, 
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Fig. 7. Equal-area plot, showing both the scatter and contour distri- 
bution of L3x. The observed spread away from a general southwest 

plunge is mainly due to F 5 folding. Contour intervals are 5%. 

where they are labelled Ssa and Ssb), and generated from 
the same discontinuity in the rock (e.g. a boudin neck), 
suggesting a progressive development. 

In Domain 2 the intensity of mesoscopic and macro- 
scopic F5 folding dramatically increases. In general there 
is only one set of F5 folds developed, which are upright, 
open to closed, rounded, symmetrical folds (class lc, 
Ramsay 1967) (Fig. 8c) with maximum wavelengths of 
2 km (Fig. 6). Ss dips steeply E to SE, and F 5 fold axes 
(Ls) are highly variable within $5 (Fig. 10). The spread 
of L 5 along two separate great circles (Fig. 10-II) is a 
result of F6 folding. The spread of L5 within $5 results 
from Fa-F 5 interference folding and the non-cylindrical 
nature of high-strain F5 folds. 

Apart from their orientation, F4 and F 5 folds are 
indistinguishable in outcrop. In general $4, L4, and $5, 
L5 are at high angles, which results in type 1 interference 
patterns dominated by basins and domes (Ramsay 1967, 
Thiessen & Means 1980, GR 785430, Fig. 8d). Because 
$4 is generally not folded, the D5 shear direction causing 
F5 folding must have been close to the subvertical $4-$5 
intersection. Pseudo-'dome-and-basin' structures, with 
no regularly spaced distribution of domes or basins, 
occur in zones where F4 folding is absent (e.g. GR 
761578) and illustrate the non-cylindrical to sheath-like 
nature of some of the F5 folds (more frequently so as 
Domain 3 is approached). 

$5 is a solution enhanced, discrete crenulation cleav- 
age (Fig. 8b) generally defined by oriented quartz 
domains, micas, amphiboles and seams of opaques. A 
subvertical Lsx mineral stretching lineation may be pres- 
ent and is defined by rodded quartz or oriented mica 
flakes. 

Other typical structures in Domain 2 include boudin 
trains in $3 which have been folded in Fs, and a large 
number of overprinting quartz veins that generally are 
subvertical and display progressively more intense F5 

effects as they are offset relative to one another in an 
anticlockwise sense (viewed within the horizontal, Fig. 
8e). Both features illustrate the progressive, non-coaxial 
nature of D5 deformation. 

In Domain 3, $5 has a N- to NW-striking, subvertical 
orientation, and contains a well developed, subvertical 
mineral elongation lineation, Lsx, generally defined by 
quartz rods and mica flakes. /:5 folding of $3 is only 
visible on outcrop-scale and is generally sheath-like with 
L5 parallel to Lsx (Fig. 10). Asymmetrical features in $5 
are common and include asymmetrical micro-folds, S-C 
and C' fabrics, all of which indicate a W-over-E sense of 
movement parallel to Lsx. 

Domain 4 is restricted to the Tia Granodiorite, which 
contains a penetrative $5 foliation defined by stringers of 
biotite and a quartz grain shape fabric, both of which 
also define a generally weakly developed Lsx. Orien- 
tations of $5 and Lsx in the granodiorite are consistent 
with the surrounding schist in Domain 2 (Fig. 10). The 
granodiorite was emplaced late syn-D5 (Dirks et al. in 
press a) because: (1) the granodiorite truncates F5 folds 
as the contact itself is mildly folded in the same folds and 
the axial planar $5 foliation passes coherently across the 
contact; (2) schistose xenoliths contain truncated F5 
folds and an internal $5 foliation which is aligned with $5 
in the granodiorite; and (3) contact metamorphic mus- 
covite clots are oriented in $5. 

In general, D5 deformation resulted from W-over-E 
movement on a shear zone along the eastern boundary 
of the Tia Complex and most of the complex represents 
the coherent but plastically deformed hanging wall (note 
drag of Ssa in Fig. 4, section A). 

D 6 deformation 

D 6 deformation involved large-scale folding of all 
previously described foliations, illustrated in Fig. 10(II) 
which displays two clear orientation concentrations of $5 
and Ls. F6 folds are angular, vertical folds with a 
wavelength of 15-20 km and an axial trace that runs E -  
W (e.g. Fig. 5). In outcrop, very few F6 effects have been 
identified, apart from some E-W-trending crenulation 
zones. Possible 0 6 structures include steeply dipping 
sets of quartz veins, which are commonly parallel to S 5. 
Marker horizons truncated by the veins are generally 
offset along an orientation that contains a W-down 
component, which is opposite to the sense of movement 
during Ds. 

D7 deformation 

D 7 is manifested in the Tia Granodiorite as a NNW- 
trending, steeply E-dipping, foliation, $7 (Fig. 11), 
which truncates $5. Outside the intrusion $7 is difficult to 
identify due to its similarity in orientation to $5. $7 is a 
spaced cleavage, outlined by thin seams of opaques and 
enhanced by new growth of fine-grained biotite and 
muscovite, which together with quartz rods define a 
down-dip mineral elongation iineation, L7x (Fig. 11). $7 
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is completely lacking in the western half of the Tia 
Granodiorite, but becomes progressively more intense 
towards the east. In the microlithons between two $7 
surfaces, S~ is generally sigmoidai, giving single outcrops 
a S-C appearance in which $7 is invariably associated 
with W-over-E movement. However, S 5 and $7 are not 
co-genetic because $5 in the granodiorite is openly 
folded in F~, whereas $7 is not (Figs. 6 and 11) (Dirks et 
al in press a). The occurrence of biotite and muscovite 
along $7, the eastward intensification of Sv, and its 
non-coaxial nature suggest that D 7 may involve reacti- 
vation of the D~ shear zone at relatively high grades. 

D s deformation 

Throughout the Tia Granodiorite, but especially 
along its eastern margin, numerous subvertical, NNW- 
trending ultramylonite and pseudotachylyte veins over- 
print all previous foliations (Fig. 8f). The higher density 
of these features in the eastern part of the complex 
suggests they resulted from brittle-ductile reactivation 
of the D 5 shear zone. The exact position of such a fault 
has not been identified, but probably coincides with the 
sudden drop in metamorphic grade to the east that 
occurs close to the western margin of the D5 shear zone. 

The western boundary of the Tia Complex is the 
Nowendoc Fault (Gunthorpe 1970), which is probably a 
Ds structure. No exposure of the fault has been found, 
but the schists close to the fault show a distinct fracturing 
and reorientation (Fig. 4). which overprints F 5 and 
indicates an E-over-W displacement sense. 

D~ deformation 

In quartzitic and pelitic schist, $2 is generally a pene- 
trative foliation defined by fibrous (length <100/~m), 
phengitic white mica and chlorite crystals set in a matrix 
of fine-grained, equant (<20 ~m) quartz + albite + 
epidote. Locally, in more competent, quartzitic rocks, 
$2 is a mm-scale differentiated layering, with alternating 
bands of quartzite and mica schist and remnants of an 
earlier, $1, mica foliation. The strength of the $2 folia- 
tion in metabasite is variable and igneous textures are 
common. Depending on bulk rock composition (espe- 
cially Fe 3+ content), clinopyroxene (Cpx) is either re- 
placed by spongy aggregates of strongly pleochroic pum- 
pellyite (sample 122) or by sodic amphibole (e.g. sample 
120), as both mineral phases generally do not occur 
together. Where $2 in metabasite is strongly developed, 
it is generally defined by evenly distributed needles of 
actinolite (length <300 ~m) and to a lesser extent sodic 
amphibole, with fine-grained (length <100 ktm), pris- 
matic to blocky epidote, pumpellyite, chlorite and stitp- 
nomelane in the groundmass. Cpx asad D2 actinolite 
(e.g. samples 115 and 120) are commonly fragmented 
and extended in the foliation, and fibrous, crossitic to 
riebeckitic sodic amphibole or chlorite has grown paral- 
lel to S, in the cracks and along pressure shadows of 
individual clasts (Fig. 12a). Therefore, the stable D~ 
mineral assemblage in the southern Tia Complex in- 
cluded phengite--chlorite-quartz + aibite + epidote in 
metasediments, and sodic amphibole-actinolite- 
chlorite-stilpnomelane-epidote-quartz-albite, and epi- 
dote-actinolite-chlorite-pumpellyite-quartz in meta- 
basic rocks. 

MICROSTRUCTURE AND METAMORPHISM D3 deformation 

D1 deformation 

$1 generally occurs as remnant foliation traces, trans- 
posed into a spaced, S~ crenulation cleavage. S1 and S~ 
commonly display asymmetric relationships reminiscent 
of S-C fabrics, suggesting that in many instances they 
formed coevally or progressively during a DI-D2 non- 
coaxial (subduction) event. 

In phacoidal fragments, SI is a differentiated foliation 
defined by phengitic white mica _+ epidote in 
metaquartzitic rocks, and by sodic amphibole, actino- 
lite, epidote and chlorite in metabasite. Matrix minerals 
include fine-grained (<20/~m) aggregates of quartz and 
albite, whereas sphene is common in metabasite. Relic, 
igneous clinopyroxene grains with rims of sodic pyrox- 
erie and beards of crossitic sodic amphibole aligned in S1 
are locally preserved in metabasite (sample 13609). 
Blocky aggregates of albite in one sample (13609). 
suggest that iawsonite may have been a stable phase 
during D1 (Hand 1988a). The mineral assemblages that 
formed during DI are therefore quartz-albite-phengite 
__+ epidote in metasediment, and quartz-albite-crossitic 
sodic amphibole-actinolite-epidote-chlorite + jadeitic 
pyroxene _+ lawsonite in metabasite. 

D3 effects occur throughout the Tia Complex, but 
mineral assemblages in the northern half have been 
poorly preserved as a result of D4-5 amphibolite facies 
grade overprint. Where $3 is the form surface (Fig. 1), 
the rocks are dominantly metasedimentary, and S 3 con- 
sists of a penetrative slaty cleavage defined by fine- 
grained (length <5(J urn) muscovite and chlorite flakes 
in the south and west, and by slightly coarser-grained 
(length <300 1~m) biotite, muscovite + chlorite else- 
where. The first appearance of D3 biotite coincides with 
the first appearance of D4 biotite as shown in Fig. 5. 
Although $3 is generally an even-layered, homogeneous 
foliation, it locally contains clear myionitic character- 
istics, most notably asymmetric, recrystallized tails of 
quartz on chert fragments (Fig. 12b). These clasts are 
generally of a o-type (Passchier & Simpson 1986), 
suggesting that the rotation rate of the clast was low 
relative to the recrystallization rate. In metabasite in the 
higher-grade areas (e.g. sample 88, GR 798267), $3 is 
defined by accicular aggregates of pale blue-green horn- 
blende with less common brown biotite. Outside the 
biotite zone for metapelite, $3 is defined by accicular 
actinolite, chlorite _+ green biotite which occurs in a 
matrix of epidote, quartz and chlorite. Locally (e,g. 
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Fig. 8. Mesoscopic structures; the pencil used for scale is 15 cm long. Apart from photograph (a) all other photographs were 
taken on horizontal surfaces. (a) A $3 foliation containing a strongly developed L3x defined by rodded quartz grains are 
folded in F5 (GR 778388). (b) F4 folding with a typical, discrete, axial planar, $4, crenulation cleavage defined by 
metamorphic differentiation and new growth of biotite (GR 742558). Within isolation, this foliation is indistinguishable 
from $5 apart from the fact that its orientation is E-W. (c) Typical, open to closed, rounded, ~ymmetrical F 5 folds belonging 
to class lc of Ramsay (1967, GR 810402). (d) 'Dome-and-basin' type, F4-F5, interference folding (GR 806455). (e) Several 
generations of syn-D 5 quartz veins which are progressively folded and rotated in an anticloekwise sense illustrating the 
progressive, non-coaxial nature of Ds. (f) A thin Ds ultramylonite band, parallel $7 in the granodiorite, offsets a syn-D5 

quartz veinlet in a sinistral, top-of-photograph-up sense (GR 824514). 
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Fig. 12. Microscopic structures and metamorphic textures; all scale bars arc 0.5 mm except (a) which is 0.1 mm. (a) /~, 
actinolite (act) extended in S,, displays new growth of fibrous, crossitic amphibole (cro) in the boudin necks, illustrating the 
stable coexistence of sodic and calcic amphibole (sample 120). (b) Syn-D 3 o-clasts of pink chert with recrystallized quartz 
tails illustrate the non-coaxial nature of $3. (c) S 3 actinolite overgrowth crenulated S, crossite (sample 101). (d) Discrete. 
Ss fracture solution cleavage is accompanied by new growth of fine-grained muscovite and corrodes/)4 garnet (sample 90). 
(e) Close to the boundary with the T a Granodiorite, all biotite, muscovite and quartz grams 5re ormnted parallel $5, (E-  
in photograph), even those which occur along S 3 or S 4 (NW-SE in-photograph) reflecting penetrative, D~, dynamic 

recrystallization of the entire rock (sample 25). 
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sample 101, GR 826205), actinolite contains cores of 
crenulated, D 2 crossite (Fig. 12c). 

In the southern Tia Complex, narrow D 3 mylonite 
zones are texturally comparable to, although finer- 
grained (<30/~m) than, $3 described above. Elsewhere, 
$3 is restricted to the hinge zones of tight F3 folds, where 
it occurs as a variably developed, zonal crenulation 
cleavage associated with seams of opaques and some 
new growth of white mica, chlorite + epidote in mica 
schist and actinolite, chlorite, epidote and possibly 
minor sodic amphibole (sample 13579) in metabasite. 

Stable D3 mineral assemblages in the southern Tia 
Complex include white mica-chlorite-albite-quartz + 
epidote in metasediment and actinolite-chlorite- 
epidote _+ sodic amphibole in metabasite. Due to over- 
printing thermal metamorphism further north, it is hard 
to assess what minerals were stable during D3 other than 
biotite-muscovite in metasediment and hornblende- 
brown biotite in metabasite. 

D 4 deformation 

In the lower-grade areas, S 4 is generally a discrete 
crenulation cleavage defined by seams of opaque 
material enhanced by the new growth of minor musco- 
vite and chlorite (length <300/~m) in mica schist, and 
fine actinolite needles, chlorite + epidote _+ green 

biotite in metabasite. In mica schist in the higher-grade 
areas, the $4 crenulation cleavage becomes zonal, in 
which a fine-grained $3 foliation is generally openly 
folded and overgrown along limb regions by coarser- 
grained (length <200-500/zm), idioblastic, $4 biotite 
and minor muscovite. Individual mica grains along these 
seams are not necessarily oriented in $4 (e.g. sample 3) 
reflecting late syn- or post-D4 static recrystallization. 
Fine-grained (<100/~m), idiomorphic, inclusion-free 
garnet (almandine) crystals are intergrown with, and 
occur as inclusions in, S 4 biotite. Because garnet blasts 
have overgrown $3, are intergrown with $4 and are 
wrapped by S 5, they formed during D 4. A similar re- 
lationship exists for rare, relic, D 4 andalusite grains 
(sample 89). Matrix minerals include oligoclase and 
quartz in the highest grade zones. $4 in metabasite is 
generally weakly developed and restricted to new 
growth of prismatic, coarse-grained (length <1500/~m) 
hornblende which occurs as isolated, individual crystals 
overgrowing fibrous $3 hornblende (e.g. sample 88). 

0 4 metamorphic grades increase towards the Tia 
Granodiorite, and D 4 assemblages include biotite- 
muscovite-albite-quartz-almandine (metasediment) in 
the transition zone, and biotite-muscovite-oligoclase- 
quartz-almandine _+ andalusite (metasediment) and 
hornblende-andesine (metabasite) in the highest-grade 
zones. 
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D5 deformation 

$5 in Domain 1 (Fig. 10) is a discrete solution- 
crenulation cleavage in quartzitic and metabasic units 
outlined by seams of opaques. In micaceous rocks, $5 
can be a discrete or zonal crenulation cleavage with 
minor new growth of fine-grained (<50 pm) chlorite and 
white mica. In F 5 fold hinges, quartz grains commonly 
display a grain shape fabric along $5. As Domain 2 is 
approached, the discrete fracture solution cleavage is 
accompanied by new growth of progressively coarser- 
grained muscovite, chlorite and eventually biotite, 
whereas D4 garnet is corroded (e.g. sample 90, Fig. 
12d). Likewise, quartz grain shape fabrics which parallel 
$5, become more pronounced as the matrix, quartz- 
mica grain size increases from <50 to <200 pm, reflect- 
ing recrystallization of the quartzitic domains. Metaba- 
sic rocks have not been observed within the transition 
zone. 

Domain 2 shows effects of syn-deformational contact 
metamorphism. As the granodiorite is approached 
quartz and mica domains are progressively recrystaUized 
as all biotite-muscovite grains become oriented in $5, 
even those which occur along $3 or $4 mica seams (e.g. 
sample 25, Fig. 12e), and mica grain sizes increase to 
300-600/~m. In the vicinity of the Tia Granodiorite, K- 
feldspar occurs in the matrix (Gunthorpe 1970) and 
poorly oriented muscovite blasts (length <2000 #m) 
overgrow $5 mica grains, though locally, in more in- 
tensely developed $5 cleavage domains, they are envel- 
oped in S 5. Similar relationships exist with euhedral, 
inclusion free, D5, almandine-spessartine garnet grains, 
which only occur within 300 m of the granodiorite 
contact, and are generally nucleated on D4 garnet, 
which may be outlined by circular inclusion trails of 
quartz. 

In Domain 3, $5 is strongly developed, evenly foliated 
and defined by biotite and muscovite in metasediment, 
and by fibrous hornblende (length <300/~m) and plagio- 
clase in metabasite. Intrafolial folds and shear band 
cleavages outlined by finer-grained mica grains are com- 
mon and illustrate the non-coaxial nature of the fabric. 
In some metabasic rocks directly east of the granodior- 
ite, $5 hornblende wraps around domains of variably 
imbricated, coarse-grained (<1500/~m) hornblende of 
D 3 or D4 origin; diopside may be present. Staurolite has 
been reported from Domain 3 (Gibbons 1989) although 
the exact location and structural position is unknown. 

$5 in the Tia Granodiorite (Domain 4) is generally 
weak and defined by discontinuous stringers of aligned, 
coarse-grained (1-4 mm), serrated biotite grains, which 
separate quartzofeldspathic domains that contain 
strongly undulose quartz, and mildly unduiose equant 
plagioclase (30-35% An) and perthitic microcline. 
Quartz domains commonly display a grain shape fabric, 
whereas feldspar grains are weakly aligned in $5 and 
display some recrystallization along their grain bound- 
aries. No primary muscovite appears to have formed 
during the emplacement of the granodiorite. 

Stable mineral assemblages in the highest-grade, D5 

areas include quartz-oligoclase, K-feldspar-biotite- 
muscovite-garnet (metasediments) and hornblende- 
plagioclase-diopside (metabasite), whilst migmatitic 
structures occur on the very edge of the granodiorite 
(e.g. GR 763515). 

D6, D 7 and D8 deformation 

Unequivocal D 6 microstructures have not been 
found. Clear-cut D 7 microstructures are restricted to the 
Tia Granodiorite. $7, is defined by narrow (<1 mm), but 
distinct zones which contain crystaUographically 
aligned, fine-grained (<1 mm) muscovite and biotite, 
and strongly undulose, dynamically recrystallized 
quartz. $7 bends around feldspar crystals and limited 
recrystallization of plagioclase involving new growth of 
oligoclase (An +20%) occurs. $5 biotite grains are 
generally dragged into $7, and are strongly undulose, 
lozenge-shaped and partly replaced by muscovite and 
brown biotite. 

D8 effects are restricted to a number of pseudotachy- 
lyte veins and associated fracture zones. Where the 
latter transect quartz veins, they are associated with 
limited dynamic recrystallization of quartz. 

TECTONIC IMPLICATIONS OF THE 
STRUCTURAL-METAMORPHIC HISTORY 

Timing of  the structural-metamorphic events 

Available Rb/Sr and K/Ar data from the Tia Complex 
provide most of the age constraints for the area. Many of 
the dates are mineral ages that do not necessarily date 
the deformational events during which the mineral 
formed but rather the time at which a closing tempera- 
ture for a certain isotope system was passed. 

Watanabe et al. (1988) dated samples from the 
southern Tia Complex, and obtained K/Ar ages of 312.3 
_+ 6 Ma and 318.5 _+ 9.3 Ma for white micas (phengite ?) 
from a chlorite schist (GR 87051065) and a sodic amphi- 
bole schist (GR 8975115), respectively, which were 
interpreted as the age of high-P metamorphism. Both 
samples were collected from outcrops where S 2 is the 
form surface and little new growth of 53, S 4 and S 5 micas 
had occurred. The dates probably approximate the age 
of the $2 foliation because syn-D4, peak-metamorphic 
temperatures in this area were 350-400°C (Hand 1988a, 
see below), close to the blocking temperature for Ar 
diffusion in phengitic white mica (310-410°C; Purdy & 
Jaeger 1976, Sisson & Onstott 1986, Schermer et al. 
1990). 

A K/Ar date of 311 + 3 Ma was obtained from 
phengitic white mica from a D 3 mylonite zone (GR 
863126; Dirks & Offler unpublished data) in the low- 
grade part of the complex. Therefore, the date probably 
approximates the age of D 3. 

D 5 deformation was coeval with the emplacement of 
the Tia Granodiorite. A combination of several plutons 
including the Tia Granodiorite, provided Rb/Sr whole 
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rock isochron ages of 295 + 25 Ma (Flood & Shaw 1977) 
and 312 + 12 Ma (Hensel 1982), which were interpreted 
to approximate the emplacement age of the Hillgrove 
Suite (Hensel etal. 1985). Watanabe etal. (1988) recom- 
bined their data and obtained a better constrained age of 
290 + 4 Ma. Recent U-Pb ages from magmatic zircon 
from the Tia Granodiorite yield well constained ages of 
-300 Ma (Collins & Of-tier unpublished data). Con- 
sidering the S-type nature of these granites (Flood & 
Shaw 1977, Shaw & Flood 1981), which suggests em- 
placement shortly after magma generation, and the high 
blocking temperature for U-Pb systems in zircon, it 
appears that 300 Ma approximates the age of granite 
emplacement and thus D 5. 

Rb/Sr biotite data obtained from two samples of Tia 
Granodiorite (GR 798493 and GR 802545) give model 
ages of 264 _+ 1.3 Ma and 262 + 1.3 Ma (Dirks et al. in 
press b) assuming a 87Sr/86Sr ratio of 0.706 (Watanabe et 
al. 1988). As the Rb/Sr blocking temperature for biotite 
is 320 _+ 40°C (Harrison & McDougall 1980), the dates 
record cooling from the metamorphic peak. Since bio- 
tite was stable in the granodiorite during D7 but not 
during Ds, 260 Ma probably reflects uplift during D7 and 
Ds (Dirks et al. in press a). 

Pressure-temperature estimates 

D~ assemblages are incomplete and P-Testimates are 
tentative. However, the possible occurrence of lawso- 
nite + quartz, now replaced by albite + pumpellyite + 
epidote, the coexistence of sodic and calcic amphiboles 
rather than barroisite (Ernst 1979), and the jadeitic rims 
on mafic pyroxene (Xjj = 0.25), indicate conditions of 
200--250°C and 6-6.5 kbar (Hand 1988a; using the ideal 
sodic pyroxene mixing model of Essene & Fyfe 1967, 
and the AI203 content in sodic amphibole, Maruyama et 
al. 1986). 

During D2, the apparent stable coexistence of pum- 
pellyite, actinolite and epidote (Nitsch 1971, Liou et al. 
1985), the coexistence of sodic amphibole, calcic amphi- 
bole and epidote (Brown 1977), and the absence of sodic 
pyroxene are all indicative of pressure-temperature 
conditions of approximately 280-320°C and 5.5--6 kbar 
(Hand 1988a; using Fe/Mg ratios in coexisting chlorite- 
actinolite, Cho M. in Laird 1988, and the A1203 content 
in sodic amphibole, Maruyama et al. 1986). 

In the lower-grade, southern Tia Complex, $3 as 
compared to S 2 white mica is generally enriched in 
paragonite and celadonite (Hand 1988a) reflecting an 
increase in temperature and possibly a decrease in 
pressure (Guidotti & Sassa 1976, Massone & Schreyer 
1983). The limited new growth of $3 sodic amphibole, 
and the generally observed replacement of sodic amphi- 
bole by actinolite, suggests that intermediate pressures 
(3-5 kbar) prevailed during D 3, as the terrain moved 
from blueschist to greenschist facies conditions. In the 
higher-grade parts of the complex, biotite and horn- 
blende assemblages indicate temperatures in excess of 
400°C (e.g. Yardley 1989). Towards the northeast, 
pressures are expected to be progressively lower, be- 

cause $3 is essentially a mylonitic fabric recording a 
southwest-up sense of movement. 

During D 4 in the southern Tia Complex, sodic amphi- 
boles and pumpellyite are no longer stable, and green 
biotite formed in metabasite, but not in metapelite. This 
suggests D 4 conditions shifted well into the greenschist 
facies at temperatures of 350--400°C and pressures of less 
than 4 kbar (e.g. Yardley 1989). Using Fe/Mg ratios in 
coexisting chlorite-actinolite pairs a pressure estimate 
of 2-3 kbar could be derived (Hand 1988a, Laird 1988). 
D4 assemblages in the higher-grade areas, in which 
muscovite + quartz is stable and andalusite is present, 
indicate that amphibolite facies conditions were attained 
with maximum temperatures of ~550--600°C and press- 
ures of between 1.5 and 3.5 kbar (Turner 1981). This is 
consistent with the observation that during D4 and 
subsequent events the Tia Complex behaved as a rela- 
tively coherent unit, so that pressure estimate of 2-3 
kbars from the southern Tia Complex should be similar 
to the pressure conditions further north. 

Peak D5 assemblages and limited migmatization of 
the metapelitic rocks at the granodiorite boundary, are 
indicative of upper amphibolite grade conditions with 
temperatures of 600-650°C. The presence of staurolite 
and stable quartz + muscovite, and the absence of 
magmatic muscovite in the granodiorite suggest press- 
ures of 2-3 kbar (Harte & Hudson 1979, Zen 1988). 
Because D5 was associated with uplift of the Tia Com- 
plex on the eastern thrust, pressures are expected to-be 
slightly less than during D4. 

Since no D 6 assemblages have been found, P - T  con- 
ditions are hard to estimate. D 6 presumably coincides 
with the opening of Permian extensional basins, and 
heat flow is expected to be high. The presence of 
blueschist fragments in the basal conglomerates of the 
Wards Creek formation (GR 778093), in the Manning 
Basin directly south of the Tia Complex, suggests that 
blueschist from the southern Tia Complex was at the 
surface during late D~D~,. 

The retrograde D7 association biotite-muscovite- 
oligoclase in the granodiorite, suggests that conditions 
were still at amphibolite grade with temperatures of 
-500--600°C. There is no indication that retrogression 
occurred prior to D 7 and it appears that D4--7 are associ- 
ated with one extended thermal event. The Ds brittle 
fracture zones, which probably evolved from D 7, show 
limited dynamic recrystallization of quartz, suggesting 
they formed at the brittle-ductile transition for quartz. 

Kinematic  history 

The D~ structures noted in the rocks from the Tia 
Complex, are typical for accretionary sequences (e.g. 
Fergusson 1984, Mackenzie et al. 1987, Needham & 
Mackenzie 1988) and may reflect the results of various 
stages of non-coaxial deformation, which caused brec- 
ciation, stratal disruption (asymmetric, phacoidal fab- 
rics) and burial of the rocks to depths where blueschist 
facies conditions existed during the development of $1 
and S~ (Mackenzie et al. 1987, Hand 1988a). 
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Fig. 13. P-T-t-deformation, summary diagram for (a) the central Tia Complex which underwent maximum heating, (b) the 
transition zone from thermally perturbed rocks to the rocks with high-P assemblages and (c) rocks that preserved high-P 
asemblages. The aluminium triple point used in this diagram is the thermodynamically calculated value of Powell & Holland 
(1988, 4.5 kbar, 570°C). The stable geotherm is based on heat flow measurements in Proterozoic basement with normal 

thickness crust (e.g. Loosveld & Etheridge 1990). See text for further discussion. 

$2 is a shallowly SW-dipping, non-coaxial, blueschist 
fabric that records a normal sense of movement. Be- 
cause $2 is only preserved in the hanging wall of a 03 
thrust and may have undergone major body rotations, it 
is doubtful if this orientation represents the original 
position of $2. 

D 3 structures present a better constrained kinematic 
picture. $3 in most of the complex is mylonitic in nature, 
and although the shear strain could not be measured, the 
intensity of $3 suggests it was large. In the western half of 
the complex, where later deformation was weak, S 3 dips 
moderately WSW, and the movement sense is consist- 
ently W-over-E along a down-dip lineation. This is 
consistent with the NE-vergence of the antiformal F3 
structure east of Nowendoc, which probably represents 
a hanging wall antiform. Cross-sections indicate that the 
non-coaxial D 3 zone is at least 10 km thick (Fig. 4), 
which suggests that major uplift of the hanging wall 
occurred. 

East-over-west movement also occurred during D5 
and DT, although it was restricted to distinct, steeply 
W-dipping shear zones, above which the Tia Complex 
was coherently uplifted. Metamorphic grades stayed 
within the biotite stability field from D5 to 0 7, whereas 
grades drop sharply across the D 5 high strain zone 
(Domain 3). This suggests that juxtaposition of the 

metamorphic terrains occurred during D7-8, on a shear 
zone that parallels the D 5 shear zone (Figs. 4, 5 and 6). 

Throughout most of its history, from D 3 to Da, the 
fabrics in the Tia Complex record W-over-E movement 
on W-dipping shears in a mainly E-W compressional 
regime. Only during D6, when quartz veins appear to 
have been formed along steeply W-dipping surfaces that 
record a W-down sense of movement, did this kinematic 
picture change. This coincides with a relatively long time 
interval (300-260 Ma) when the Permian Basins devel- 
oped (Leitch 1988), and little penetrative deformation 
was recorded in the rocks. 

The history as presented above can be summarized in 
a P-T-t-deformation diagram (Fig. 13) which illustrates 
the clockwise nature of the P - T  path connecting two 
extremely dissimilar P - T  domains. Di-2 are associated 
with anomalously high-P, low-T, conditions, whereas 
conditions during D4-5, and probably D 6 and D7, are 
associated with anomalously high-T, iow-P. This raises a 
number of important questions regarding the tectonic 
evolution and uplift history of the Tia Complex: 

(1) What process induced the uplift from D1 to Ds? 
(2) What is the significance of the high heat flow 

during D4.. 7 in terms of uplift history and tectonic set- 
ting, and why was it maintained for - 4 0  Ma (300- 
260 Ma)? 
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(3) Where do the fault-bounded, extensional, Per- 
mian Basins fit into this tectonic story? 

Terrains similar to the Tia Complex occur elsewhere 
in the NEFB. For example, in the Wongwibinda Com- 
plex, where only an anomalously high temperature 
assemblage has been preserved (Farrel11988) associated 
with Hillgrove Suite plutons, and in the D'Aguilar  Block 
west of Gympie (Queensland),  where the situation is 
similar to Tia with blueschist, high-T amphibolites, 300 
Ma granite plutons, a 250-260 Ma cooling age and a 
faulted contact with the Permian Esk Rift sequence 
(Holcombe et al. 1990). This suggests that the high-T 
events occur along a N-S belt, parallel to the trend of the 
New England orogen. 

DISCUSSION AND CONCLUSIONS 

Rocks in the Tia Complex underwent a simple clock- 
wise P - T - t - d e f o r m a t i o n  path and moved from mid- 
crustal levels at blueschist facies conditions (DI_ 2, 
- 6  kbar-200°C) to upper-crustal levels at high-T amphi- 
bolite facies conditions (D4_5, ~2.5 kbar-600°C) in a 
relatively short time (~15 Ma, Fig. 13). The rocks 
remained under these conditions for ~40 Ma (D6) 
before they cooled and were finally brought to the 
surface (D7_8). During this period, Permian rift basins 
were opening as thermal gradients in the Tia Complex 
reached a maximum (Fig. 13). There is little information 
as to when the Permian Basins first opened,  but the 
lowermost unit of the Manning Basin (the Wards Creek 
Formation, Mayer 1972) is older than early Permian and 
possibly late Carboniferous based on fossil assemblages 
(Mayer 1972, Leitch 1988, Briggs 1991). This suggests 
that the first extensional basins opened during D ~  as 
compression and heating was going on at the 2-3 kbar 
level. Extension of the basins continued until ~266 Ma 
(Briggs 1991, Collins 1991): after that compression 
occurred which coincided with the final cooling and 
uplift of the terrain. 

The early, pre-D~ to D2 history of the Tia Complex 
was associated with accretion-subduction processes 
such as progressive tilting of the foliations, disruption of 
bedding, melange formation and blueschist facies meta- 
morphism, similar to other terrains in the New England 
orogen (e.g. Fergusson 1984, Cross et al. 1987, Fergus- 
son et al. 1990). The later, D~_7 uplift and thermal 
history cannot be directly related to accretion- 
subduction processes. D~7 uplift of the Tia Complex 
occurred in response to compression (thrusting) and 
erosional denudation,  and was at a maximum during D3 
when a sharp rise in geothermal gradients occurred that 
must have resulted in heating and weakening of the 
lithosphere. Uplift practically stopped as geothermal 
gradients reached a maximum and extensional basins 
opened,  but continued again after the terrain cooled 
during DT. 

The shift from subduction-related to thermal pro- 
cesses occurred during D3-4 uplift of at least 3--4 kbar 
(~10-15 km) around 300-310 Ma (Fig. 13). This shift 

roughly coincided with the termination of the NNW- 
trending volcanic arc 100 km west of the Tia Complex 
and the initiation of a new arc to the east, incorporating 
the Gympie Volcanics of southeast Queensland (Day et 

al. 1978, Harrington & Korsch 1985, Waterhouse & 
Sivell 1987, Murray 1990). It suggests that subduction 
associated with the accretion of the Tableland Complex 
stopped (Murray et al. 1987) as the locus of subduction 
shifted east (Waterhouse & Siveil 1987, Murray 1990). 
Thus, during D3-5, the Tia Complex changed its tectonic 
setting from an accretionary prism to a back-arc position 
in which it was directly overlying the remains of a 
subducted slab. The terrain essentially remained in 
compression, probably because convergent subduction 
processes continued farther east. 

In its back-arc position, the Tia Complex was heated 
and remained anomalously hot for close to 40 Ma (Dirks 
et al. in press a) (Fig. 13). A possible explanation for the 
inferred high crustal temperatures is that they resulted 
from convective heat input due to the emplacement of 
the plutons of the Hillgrove and Bundara Suites (Ver- 
non 1982). However,  in this way high temperatures 
cannot be maintained for very long (<5 Ma) unless very 
large volumes of granite are continually emplaced in the 
crust (e.g. Loosveld & Etheridge, 1990). Since no large 
volumes of granite are associated with the high- 
temperature metamorphics in the Tia Complex, a more 
fundamental disturbance of the lithospheric thermal 
structure must have existed. It is generally thought that 
this requires removal of the mantle lithosphere, so that 
the asthenosphere can come in direct contact with the 
lower crust (e.g. Loosveld & Etheridge 1990, Sandiford 
& Powell 1991). Underneath the Tableland Complex 
removal of the mantle lithosphere may bc achieved if 
detachment of the subducting slab occurred after sub- 
duction stopped in the late Carboniferous and the re- 
maining slab became gravitationally unstable. The dur- 
ation of the metamorphic event may reflect the time it 
took for the subducted slab to thermally re-equilibrate. 

Heating of the crust underlying the Tia Complex must 
have resulted in thermal doming and uplift as the crust 
itself weakened. This may explain the shift in the upper 
crust from a compressional to an extensional situation as 
the Permian Basins opened around 300 Ma" a situation 
that was maintained for as long as high heat flows and 
thermal doming affected the area. 
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