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Abstract--6180 values of the Heavitree Quartzite, central Australia, vary systematically as a function of 
deformation and recrystallization in a duplex composed of 5 superposed thrust sheets which formed under 
greenschist-grade conditions. Undeformed quartzite of the basal thrust sheet 1 and moderately strained and 
partially recrystallized quartzite of thrust sheet 2 range over 4%0 in 6’*0 values and have an average value of 
-12.8%0. Entirely recrystallized quartzite of overlying thrust sheet 3 retains a similar average value of -12.3%+ 
but shows a narrow range of -1.5”& suggesting isotopic homogenization. Recrystallized quartzites of sheet 5 
have a lower a”0 value than the other thrust sheets. The homogenized 6180 values of sheet 3 relative to sheets 1 
and 2 could not have resulted from mechanical mixing, isotopic exchange during dissolution-reprecipitation, or 
exchange by diffusion between the quartzite and a fluid in microfractures or along grain boundaries. The 
homogenized dt80 values of sheet 3 and lowered values of sheet 5 are interpreted to have been produced by 
isotopic exchange during recrystallization by grain-boundary migration. This is probably an important mechan- 
ism of isotopic exchange for rocks undergoing dynamic recrystallization. 

INTRODUCTION 

The progressive deformation of quartzite under 
greenschist-grade conditions involves processes of frac- 
turing, mass-transfer and dislocation creep, the predo- 
minance of which may change for any rock body during 
the course of a single erogenic event. These processes 
create, alter, or destroy fluid pathways and, conse- 
quently, may have profound effects on isotopic 
exchange between any fluid present and the deforming 
rock. 

In this paper we correlate the deformation-related 
microstructures preserved in the Heavitree Quartzite, 
central Australia, with the measurements of oxygen- 
isotope values, and attempt to identify the processes 
responsible for isotopic exchange. The Heavitree 
Quartzite has experienced only one deformation event 
and exhibits a range of microstructures that are spatially 
arranged within the Ruby Gap mid-crustal duplex. Rela- 
tively undeformed quartzite is preserved in unconform- 
able contact with the basement in the foreland of the 
duplex. Within the duplex, dissolution seams and micro- 
fractures are the dominant microstructure in the least 

*Present address: Universite de Lausanne, Institut de Mineralogie 

et Pttrographie BFSH-2, CH-1015 Lausanne, Switzerland. 

deformed thrust sheet, and the quartzite is entirely 
recrystallized in the most deformed sheets. This system- 
atic spatial distribution of microstructures in the duplex 
is interpreted to reflect the microstructural history for 
individual thrust sheets. 

The variation in isotopic composition of the quartzite 
within the duplex is used to determine the extent of fluid 
migration through the thrust system and the local scale 
of homogenization attending deformation. Though all 
possible microstructural transformations may have fa- 
cilitated isotopic exchange, dynamic recrystallization by 
grain-boundary migration had the most pronounced 
effect on isotopic exchange within the quartzite of the 
duplex. 

GEOLOGY 

The mid-crustal Ruby Gap duplex forms a portion of 
the Arltunga Nappe Complex where south-directed 
thrusting intercalated felsic and mafic basement gneisses 
metamorphosed to amphibolite and granulite facies in 
Early Proterozoic time, with upper Proterozoic- 
Paleozoic supracrustal sedimentary strata (Forman et al. 
1967, Forman 1971, Stewart 1971, Shaw et al. 1971, Yar 
Khan 1972, Teyssier 1985, Kirschner & Teyssier 1992, 
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Fig. 1. Structure map and cross-section of Ruby Gap duplex, Arltunga nappe complex, central Australia. S-directed 
thrusting interleaved felsic and mafic basement gneisses with supracrustal Heavitree Quartzite and Bitter Springscarbonate 
to form antifo~a1 duplex composed of five thrust sheets (sheet 1 parautochthooous). Samples analyzed in this study for 
their oxygen isotope values are shown in the map as circles (quartzite), triangles (carbonate). and stars (basement gneisses). 

Map and cross section (no vertical exaggeration) reproduced with permission from Dunlap (1992). 

Dunlap 1992, Dunlap et al. in press). The basement in 
the hinterland of the orogen was substantially uplifted 
and moved southward along anastomosing networks of 
N-dipping ductile faults (Collins & Teyssier 1989). The 
sedimentary strata in the foreland of the orogen were 
folded and thrust southward along N-dipping ductile and 
brittle thrusts. 

The 100 km2 Ruby Gap duplex is composed of five 

major thrust sheets (Fig. 1). Parautochthonous sheet 1, 
the lowermost thrust sheet, is composed of gneissic 
basement unconformably overlain by Heavitree Quartz- 
ite, which is in turn overlain by Bitter Springs Formation 
carbonate, siltstone, and evaporite. Sheet 2 is composed 
only of Heavitree Quartzite and Bitter Springs Forma- 
tion. Sheet 3 consists exclusively of Heavitree Quartzite. 
Sheets 4 and 5 are composed of gneissic basement 
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overlain by thin veneers of Heavitree Quartzite. Forma- 
tion and deformation of the duplex occurred over a 20 
Ma period, from 330-310 Ma (Dunlap et d. 1991, 
Dunlap 1992). Structures and microstructures within the 
Ruby Gap Duplex have been mapped and studied in 
detail by Dunlap (1992) and Dunlap et al. (in press). 

Rocks within basement shear zones in the nappe 
complex are retrograded to the greenschist facies in the 
south and the epidote-albite amphibolite facies in the 
north. Correspondingly, the supracrustal sediments are 
metamorphosed to the greenschist facies in the Ruby 
Gap duplex. 40Ar/39Ar analyses of neoformed phengites 
in Ruby Gap yield a Devonian-Carboniferous age, 
while detrital muscovite preserves a Proterozoic age. 
The lack of reequilibration by the detrital muscovite 
constrains a maximum temperature of less than approxi- 
mately 350-4OO”C (i.e. the closure temperature of argon 
in muscovite) for the formation of the duplex (Dunlap et 
al. 1991, Dunlap 1992). Oxygen-isotope thermometry of 
quartz and neoformed micas from sheets 3 and 5 yield 
temperatures of 330_4OO”C, respectively. 

Mesoscopic structures 

Parautochthonous sheet 1 is undeformed to weakly 
deformed. A weak N-dipping foliation, defined by neo- 
formed phengite, is present in much of this sheet. This 
foliation is more pronounced in thin (<l m) phyllitic 
horizons and in more massive quartzite near the thrust at 
the base of sheet 2. Cross-beds and ripple marks are well 
preserved within thickly bedded horizons of sheet 1. 
Slickensides with N-S oriented striae are present on 
some bedding planes and on steeply-dipping fracture 
surfaces. The striae are defined either by precipitated 
quartz fibers or by rotated, elongated, and partially 
recrystallized quartz porphyroclasts. The quartzite of 
sheet 1 contains numerous en echelon quartz vein arrays 
whose orientations are consistent with formation during 
north-over-south thrusting. The overlying carbonate- 
elastic Bitter Springs Formation is moderately deformed 
and folded. 

Allochthonous sheet 2 is moderately to strongly de- 
formed. The base of sheet 2 is composed of a well- 
foliated quartzite overlain by an isoclinally folded and 
imbricated package of quartzite and carbonate. Within 
this sheet, a moderately well-developed foliation is de- 
fined by flattened quartz and neocrystallized phengite. 
A prominent N-S trending lineation is defined by 
elongated quartz grains. Within the quartzite of sheet 2, 
there are many small S-directed, bedding-parallel shear 
zones which contain N-dipping quartz veins subparallel 
to the foliation. The numerous veins outside the shear 
zones are more steeply inclined to the foliation. Most of 
these veins are sigmoidal and consistent with north- 
over-south thrusting. Few well-developed slickensides 
are preserved in the bedding-parallel shear zones of 
sheet 2. Large, tight folds on the order of 5-15 m 
wavelength are present within both the Heavitree 
Quartzite and Bitter Springs Formation of sheet 2. 

The entirely recrystallized quartzite of sheets 3,4 and 

5 contains a well-developed mylonitic foliation and N- 
trending lineation. The most prominent mesoscopic 
features of these thrust sheets, apart from the mylonitic 
foliation, are N-dipping deformed and recrystallized 
veins that crosscut the foliation at a low angle. These 
veins are locally boudinaged. Most of these deformed 
veins are subparallel to the mylonitic foliation, suggest- 
ing that they formed early in the deformation history and 
were subsequently rotated and deformed. There are 
very few veins in sheets 3-5 that crosscut the mylonitic 
foliation at moderate to high angles. 

Microstructures 

The quartzite of Ruby Gap contains a wide range of 
microstructures, which vary systematically from the 
relatively undeformed sheet 1 to the entirely recrystal- 
lized sheets 3-5 (Fig. 2). Most of the quartzite of sheet 1 
exhibits pressure-solution microstructures that resulted 
from preferential removal of quartz along N-dipping 
grain contacts. The preferred orientation of these 
straight grain boundaries in quartz, along with the align- 
ment of millimeter-size detrital muscovites and small 
neoformed phengites, produce the weak N-dipping 
foliation (Dunlap et al. 1991, Dunlap 1992). The 
millimeter(s)-size detrital quartz grains of sheet 1 con- 
tain undulatory extinction, deformation bands, and 
small recrystallized quartz grains which mantle the 
quartz porphyroclasts. Based on the microstructural 
comparison of experimentally deformed Heavitree 
Quartzite (Hirth & Tullis 1992) with the Heavitree 
Quartzite of Ruby Gap, Hirth et al. (1991) and Dunlap 
(1992) suggested that the dislocation-related microstruc- 
tures of sheet 1 quartzite are consistent with dislocation 
climb having been inoperative and with recovery domi- 
nated by grain-boundary migration recrystallization 
during deformation (i.e. regime 1 of Hirth & Tullis 
1992). Quartz c-axes in sheet 1 quartzite are randomly 
oriented, typical of relatively undeformed sandstone 
and quartzite (Fig. 4). 

The northern part of sheet 1 and the entirety of sheet 2 
show flattened and elongated quartz grains, surrounded 
by fine-grained recrystallized quartz and white mica 
(Fig. 2b). In addition, undulatory extinction, defor- 
mation bands and lamellae, subgrains and recrystallized 
grains are ubiquitous. These microstructures are consist- 
ent with climb processes having been efficient during 
deformation and recrystallization dominated by sub- 
grain rotation (i.e. regime 2 of Hirth & Tullis 1992, Hirth 
et al. 1991, Dunlap 1992). The preferred orientations of 
quartz c-axes in sheet 2 define cross-girdle patterns 
indicative of increased dislocation-related deformation 
relative to the less deformed quartzite of sheet 1 (Fig. 4). 

In sheet 3, the quartzite is entirely recrystallized, with 
an average grain size of 80,um. Within sheets 4 and 5, the 
quartzite is entirely recrystallized with grain sizes up to 
100-150 pm (Dunlap 1992). The quartz microstructure 
of sheet 3 is characterized by a grain shape fabric of the 
recrystallized grains whose long axes are inclined to the 
mica foliation plane consistent with a southward sense- 



1410 D. L. KIRSCHNER er al. 

of-shear (Lister & Snoke 1984, Burg 1986). White micas 
of sheet 3 are located along quartz grain boundaries and 
heterogeneously distributed in the quartzite mylonite 
such that mica-rich zones anastomose around pure, 
ellipsoidal quartz domains. These pure quartz domains 
are interpreted to be recrystallized relicts of quartz 
porphyroclasts in the quartzite, though in some cases 
they are rotated, recrystallized quartz veins. 

Although the asymmetric quartz grain-shape and 
crystallographic fabric is also present in the quartzite of 
sheets 4 and 5, quartz grains are more commonly equant 
with gently curving to straight grain boundaries that 
locally form -120” triple junctions. The more equant 
white mica is not restricted to quartz grain boundaries, 
such as in sheet 3 quartzite, but is commonly contained 
within quartz grains and homogeneously distributed in 
the quartzite mylonite. Hirth et al. (1991) and Duniap 
(1992) have suggested the quartz microstructure is con- 
sistent with dislocation-climb dominated recovery and 
recrystallization dominated by grain-boundary mi- 
gration (i.e. regime 3 of Hirth & Tullis 1992). The 

preferred orientations of quartz c-axes in sheets 3 and 5 
(Fig. 4) clearly define single and cross-girdle patterns 
(Bouchez et al. 1983), which are inclined toward the 
foliation, consistent with the kinematics of S-directed 
thrusting. The systematic increase in quartz fabric inten- 
sity from sheet 1 to sheet 5 indicates the increased role of 
dislocation-related mechanisms in the deformation of 
the Heavitree Quartzite from the base to the roof of the 
duplex. 

Microfractures and veins 

Sealed microfractures, as evidenced by secondary 
fluid inclusion planes, are common in the quartzite 
porphyroclasts, but are rarely present in the recrystal- 
lized quartz grains of thrust sheets 1 and 2. The inclusion 
planes in general dip steeply to the south, an orientation 
consistent with extensional formation during S-directed 
thrusting. The inclusion planes are usually spaced on the 
order of lOO-200pm, but have spacings as small as 10pm 
in the vicinity of mesoscopic quartz veins. Though some 
inclusion planes can be traced across several adjacent 
porphyroclasts, most inclusion planes within individual 
clasts are not obviously aligned with or related to in- 
clusion planes in neighboring clasts. In both cases, 
inclusion planes within clasts do not continue into the 
intervening recrystallized quartz matrix. Intragranular 
and transgranular secondary fluid inclusion planes are 
absent in the entirely recrystallized quartzite mylonites 
of sheets 3, 4 and 5. 

The absence of fluid inclusion planes in the recrystal- 
lized quartz grains of sheets 1 and 2, and in the quartzite 
mylonites of sheets 3, 4 and 5, can be explained in 
several ways. One possibility is that the majority of 
microfractures developed prior to, and were sub- 
sequently destroyed by, grain-boundary migration re- 
crystallization (cf. Kerrich 1976). Alternatively, 
microfractures contemporaneous with recrystallization 
may have localized along grain boundaries in the finer- 

grained recrystallized quartz aggregates rather than 
within or across individual grains. 

Although the relative timing between microfracturing 
and recrystallization in the quartzite cannot be defini- 
tively reconstructed, three observations are consistent 
with the inference that the majority of microfractures 
and veins formed early in the deformation history of 
each thrust sheet and subsequently were overprinted by 
recrystallization. First, the nappe complex as a whole 
formed by foreland propagation and imbrication 
(Dunlap et al. 1991, Dunlap 1992) with a corresponding 
increase in finite strain, ductile deformation, and dy- 
namic recrystallization from foreland to hinterland (Yar 
Khan 1972, Kirschner & Teyssier 1992, Dunlap 1992). 
Secondly, inclusion planes are present only within the 
partially recrystallized thrust sheets 1 and 2 of the duplex 
and not within the entirely recrystallized sheets 3,4 and 
5. Thus microfractures did not overprint the mylonitic 
fabrics (e.g. during exhumation of the duplex) but are 
related to the formation of the duplex. Finally, veins are 
undeformed to moderately deformed and oriented 
oblique to the quartzite foliation in the less deformed 
thrust sheets 1 and 2, whereas the veins of sheets 3-5 are 
highly deformed and subparallel to the mylonitic fabric. 

Temporal evolution of microstructures 

The Heavitree Quartzite has experienced only one 
orogeny; therefore, deformation and microstructural 
transformations of the quartzite must have developed 
during this event. We infer the temporal evolution of 
structures for individual thrust sheets by assuming fore- 
land imbrication of thrust sheets during duplex develop- 
ment (Boyer & Elliott 1982) and by considering the 
documented systematic spatial distribution of structures 
and microstructures. During the early stages of duplex 
development, structures and microstructures of sheet 5 
quartzite would initially have resembled the structures 
and microstructures currently observed in sheet 1 
quartzite. The structures and microstructures of sheet 5 
would have sequentially progressed to resemble those of 
sheet 2, then 3 and then sheet 4 quartzite with sub- 
sequent deformation and imbrication of new thrusts. 
The amount of fracturing and grain-shape change of 
detrital grains prior to recrystallization, however, might 
have varied for each thrust sheet. This microstructural 
evolution is similar to that documented by Yar Khan 
(1972)) Marjoribanks (1976)) and Kirschner & Teyssier 
(1992) for the Heavitree Quartzite incorporated into 
other duplex-like structures developed in the same oro- 
gen. This spatial and temporal evolution of the struc- 
tures and microstructures in the duplex will be used as a 
framework for understanding the oxygen isotope data 
recorded in the duplex. 

RESULTS OF ISOTOPIC ANALYSES 

Stable isotope analyses were made using both conven- 
tional and laser-based techniques (see Appendix 1 for 
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Heavitree Quartzite microstructures in Ruby Gap duplex. Sheet 1 quartzite (SI58) is mildly deformed with local 
-vation of ‘dust’ rims and quartz cement. Small, recrystallized quartz grains mantle the detrital grains. Fine-grained 
:ite defines weak foliation (scale bar = 0.4 mm). Sheet 2 quartzite (R768C) is moderately strained, partially 
,tallized, and extensively microfractured. Homogeneously flattened detrital grains are surrounded by recrystallized 
which frequently exhibit a grain shape fabric (scale bar = 1 mm). Sheet 3 quartzite (SIlS) is entirely recrystallized and 

Its a grain shape fabric oblique to the dominant mica foliation consistent with north-over-south thrusting (scale 
bar= lmm). 
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Fig. 3. d’*O values obtained itz r&z& on polished thick sections using laser-based extraction method (solid dots depict 
analysesin quartzite, stars in quartz veins). Top four samples arc from sheet 1: 76XC is from sheet 2: entirely recrystallized 
sample 764 is from sheet 3; and entirely recrystallized sample 7X7 is from sheet 5. Additional analyses of sample 758C arc 

reported in Kirschner YI ~1. (1993). 
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South North 

Fig. 4. Quartz c-axis crystallographic fabrics from Ruby Gap duplex 
plotted on lower hemisphere Schmidt nets. The number of c-axes is in 
parentheses and the sample numbers are the same as the SI numbers in 
Table 1. Increasing definition of fabrics from sheet 1 randomly 
oriented pattern to sheets 3 and 5 well-defined single- and cross-girdle 
fabrics is correlative with increasing finite strain accommodated by 
dislocation-related processes in quartzite of sheets 2, 3 and 5. Asym- 
metry between fabrics and foliation is consistent with kinematics of 

south-directed thrusting. 

details). The 8’0 values vary systematically within the 
duplex (Figs. 3,5 and 6; Table 1). 

Thrust sheets 1 and 2 

Quartzite of sheet 1 has an average 6180 value of 
12.7%0 (la = 0.9Y& n = 14 samples), while that of sheet 
2 is 13.Oo/oo (la = 1.0%0, n = 15, Fig. 6). Individual quartz 
porphyroclasts in four samples from the same two thrust 
sheets have an average value of 12.8Y&, (la = 0.9&, n = 
42). These 6180 values are typical of sandstones com- 
posed of variable amounts of igneous and metamorphic 
quartz. The large 4%, variation in the 8’0 values is 
thought to be representative of the undeformed Heavi- 
tree Quartzite protolith, with isotopic heterogeneity on 

quartz clasts in 

‘u 

2 512 

I 

2 726 

IA. , 

Heavitree Quartzite 

<lO 11 12 13 14 15 

8180 values 

Fig. 5. disO values of Heavitree Quartzite whole rock samples (low- 
est histogram) and individual quartz porphyroclasts from five samples 
from thrust sheets 1 and 2. Heterogeneity in B’s0 values in whole rock 
and clast populations reflects variable sedimentary mixing of quartz of 
igneous and metamorphic origin. Deformation has not altered or 

homogenized protolith 6”O values in these two thrust sheets. 

both the hand-sample (Fig. 5) and outcrop scale. This 
isotopic heterogeneity might reflect variable sedimen- 
tary mixing of quartz from the Proterozoic granite- 
gneiss provenance (Clarke 1979) prior to deposition of 
the Heavitree Quartzite. 

Quartz veins and fault slickenfibres from these two 
sheets have an average 8’0 value of 13.0%,, (la = 1. l"/,, 
n = 14). The similarity in values between the quartzite 
and these veins are consistent with the fluids having been 
rock-buffered and fluid advection having been predomi- 
nantly contained within individual stratigraphic units 
(cf. Gray et al. 1991). The lower 6D value of sheet 1 
recrystallized muscovite (6D = -83%) to those values 
obtained from white mica in the overlying sheets (6D 
between -59OA and -67”/w, Table 1) is consistent with 
minor incursion of meteoric fluid into thrust sheet 1 
(Table 1, Frey et al. 1976). 

The calcite and dolomite of the Bitter Springs Forma- 
tion of sheets 1 and 2 have 6180 values between 21 and 
240m: these values are typical for unaltered sedimentary 
carbonate (e.g. Keith & Weber 1964). If the carbonate 
and quartzite had completely equilibrated in sheets 1 
and 2 under greenschist-grade conditions ,the carbonate 
al80 values would be approximately 2 to 3%, lower than 
those of the quartzite, instead of being -10% higher as 
observed. In addition, a quartz-rich siltstone from the 
same Bitter Springs unit also retains a 6180 value -8%0 
higher than the quartzite, indicative of isotopic disequili- 
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Table 1. Isotope data of Ruby Gap Samples (excluding data presented in Fig. 3) 

Sample Powder* Rock Type 6iSO”r Methodi: Location9 

Sheet 1 
R127 
R137 
R227 
RSll 
R517 

R518 
R707 
R716A2 
R726 

R728 
R7Sl 
SI57 
SI58 
SI.59 
RIO0 
AN26 

Qz 
QZ 
Qz 
Qz 
QZ 
QZ 
QZ 
Qz 
QZ 
Qz 
QZ 
Wr 
Qz 
Qz 
Qz 
Qz 
Qz 
Qz 
Qz 
Qz 
Qz 
Wr 
Wr 
Wr 
Wr 
cc 
Do 
Qz 
Qz 
Qz 
Qz 
Qz 
Qz 

Quartzite 
Quartzite 
Quartzite 
Quartz&e 
Quartzite 
Porphyroclast 
Porphyroclast 
Porphyroclast 
Porphyroclast 
Porphyroclast 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Porphyroclast 
Porphyroclast 
Porphyroclast 
Porphyrodast 
Porphyroclast 
Quartzite 
Quartz&e 
Qtz cobble 
Quartzite 
Quart&e 
Siltstone 
Bitter Springs 

R694A 
R716A3 
R716D 
R716D 
R716Dl 
R716G3 

Vein 
Vein 
Vein-older 
Vein-younger 
Vein 
Vein 

12.5 
12.4 
12.3 
12.4 
12.9 
14.0 
13.7 
12.3 
12.5 
11.6 
12.4 
10.8 
12.9 
12.6 
12.3 
14.4 
11.9 
12.5 
11.8 
13.0 
13.3 
15.1 
12.9 
12.5 
20.5 
22.2 
21.2 
11.3 
13.6 
12.3 
12.0 
12.2 
15.9 

R520 Ph Neocrystallized 6D = -83%, 

Sheet 2 
R218 
R&96 
R697 
R703 
R704 
R710A 
R768A 
R768C 
SI36 
s139 
S142 
s145 
SI48 
SI52 
S153 
AN31 

Qz 
Qz 
Qz 
Qz 
Qz 

awL 
Qz 
Wr 
Wr 
Wr 
Wr 
Wr 
Wr 
Wr 
CC 
Do 
Do 
Qz 
Qz 
Qz 
Qz 
Qz 
Qz 
Qz 
Qz 

Quartzite 
Quartzite 
Quart&e 
Quartzite 
Quartzite 
Quartzite 
Quartz&e 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Bitter Springs 

SI35 
R696C 
R6998 
R700A 
R701B 
R702C 
R703B 
R767B 
R768B 

Bitter Springs 
Vein 
Vein 
Vein 
Vein 
Vein 
Vein 
Vein 
Vein 

11.1 
14.5 
13.2 
14.3 
12.8 
12.5 
12.7 
12.8 
13.7 
14.2 
13.0 
11.3 
13.0 
13.3 
12.4 
23.8 
21.5 
23.6 
13.6 
13.5 
13.0 
12.7 
12.6 
13.3 
13.3 
13.0 

Sheet 3 
R713 
R750 
R758 
R759 
R760 
R764 
R764A 
514 

Wr Quartz&e 11.8 
Wr Quartzite 12.6 
Wr Quart&e 12.6 
Wr Quartzite 12.0 
Wr Quartzite 12.2 
Wr Quartzite 12.1 
Wr Quartzite 12.5 
Wr Quartzite 12.4 

L 
L 

:: 
L 
L 
L 

E 
L 
L 

:: 
L 
L 
L 
L 
L 
L 
L 

k 
C 
c 
C 
A 
A 
L 
L 
L 
L 
L 
L 

L 
L 
L 

:: 
L 
L 

k 
C 
C 
C 
C 
c 
C 
A 
A 

;: 
L 
L 
L 
L 
L 
L 
L 

L 
L 
L 

1 
L 
L 
C 

UL 
UL 
UL 
UL 
UL 
UL 
UL 
UL 
UL 

:i:: 
UL 
UL 
UL 
UL 
UL 
UL 
UL 
UL 
UL 
UL 
MU 
MU 

Z:: 
MU 
MU 
UL 
UL 
UL 
UL 
UL 
UL 

UL 

UL 
UL 
UL 
UL 
UL 
UL 
UL 
UL 

Z:: 
MU 
MU 
MU 

2:: 

2: 
MU 
UL 
IJL 
UL 
LJL 
UL 
UL 
UL 
UL 

UL 
UL 
UL 
UL 
UL 
UL 
UL 

Continued 
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Sample Powder* Rock Type Pot Method+ Locationl 

SI7 
SI9 
SIlO 
Sill 
R705B 
R744B 
R756B 
R764B 

R764 

Sheet 4 
R222 
R224 
R240 
R648C 
R652 
R648B 
R649K 
S128 
S129 
SI30 

Sheet 5 
R246 
R248 
R644 
R649A 
R649E 
R797B 
R781A 
S116 
SI17 
S119 
SI21 
R785B 
s11.5 
SI22 
S123 
S124 
S125 
S126 
SI27A 
SI27B 
SI27C 
R796 
R787 
R787A 
R533 

R797B 
R533 
R796 

Wr 
Wr 
Wr 
Wr 
Qz 
Qz 
Qz 
Qz 

Ph 

Wr 
Wr 
Wr 
Wr 
Wr 

Qz 
Qz 
Wr 
Wr 
Wr 

Wr 
Wr 
Wr 
Wr 
Wr 
Q-rich 
Wr 
Wr 
Wr 
Wr 
Wr 
Qz 
Qz 
Wr 
Wr 
Wr 
Wr 
Wr 
Wr 
Wr 
Wr 
Qz 
Wr 
Qz 
Qz 

Mu 
Ph 
Mu 

Quartzite 12.3 
Quartzite 12.3 
Quartzite 12.3 
Quartzite 8.2 
Vein 13.1 
Vein 12.7 
Vein 12.0 
Vein 12.7 

Neocrystallized 6D = -67% 

Quartzite 10.9 
Quartzite 11.8 
Quartzite 12.8 
Quartzite 12.8 
Quartzite 12.8 
Vein 12.3 
Vein 12.6 
Felsic Gneiss 8.6 
Felsic Gneiss 9.4 
Felsic Gneiss 8.4 

Quartzite 12.7 
Quartzite 9.4 
Quartzite 12.1 
Quartzite 11.8 
Quartzite 10.6 
Quartzite 11.7 
Quartzite 11.8 
Quartzite 10.8 
Quartzite 10.8 
Quartzite 10.7 
Quartzite 11.3 
Vein 10.3 
Vein 10.4 
Felsic Gneiss 8.5 
Felsic Gneiss 7.8 
Felsic Gneiss 8.5 
Felsic Gneiss 8.4 
Malt% gneiss 6.0 
Mafic gneiss 6.0 
Felsic Dike 6.0 
Biotite Gneiss 4.0 
Felsic Pegmatite 9.9 
Quartzite 11.6 
Vein 11.5 
Quartzite 13.6 

Neocrystallized 
Neocrystallized 
Proterozoic age 

6D = -62”~ 

6D = -59”~ 

60 = 7.6”h 

L 
L 
L 
L 
L 
L 
L 
C 
C 
C 

L 
L 
L 
L 
L 
L 
L 
C 
C 
C 
C 
L 
C 
C 
C 
C 
C 
C 
C 
C 
C 
L 
L 
L 
L 

60 = 7.9%0 
60 = 9.6% 
60 = 6.7”~ 

MU 
MU 
MU 
MU 
UL 
UL 
UL 
UL 

UL 

UL 
UL 
UL 
UL 
UL 
UL 
UL 
MU 
MU 
MU 

UL 
UL 
UL 
UL 
UL 
UL 
UL 
MU 
MU 
MU 
MU 
UL 
MU 
MU 
MU 
MU 
MU 
MU 
MU 
MU 
MU 
UL 
UL 
UL 
UL 

UL 
UL 
UL 

*Designations: Qz = quartz separate, Ph = phengite, Mu = muscovite, Cc = calcite, Do = 
dolomite, Wr = whole rock. 

tValues corrected relative to the results of internal laboratory quartz standard, which was analyzed 
with samples. 

fExtraction method employed: L = laser ablation method; C = conventional fluorination method; 
A = acid digestion. 

QUL = Analyzed at University of Lausanne; MU = Monash University. 

brium between these two rock types. The large isotopic Thrust sheet 3 
disequilibrium is consistent with no appreciable isotopic 
exchange between the sheet 1 quartzite and the Sheet 3 quartzite has an average 6l*O value of 12.3% 
carbonate/elastic Bitter Springs Formation. There was (la = 0.2%,+ IZ = 11 excluding sample Sill), and quartz 
possibly very limited exchange between sheet 2 quartzite veins have a mean value of 12.6% (la = O.SL, it = 4). 
and its bounding carbonate, which would account for the Although these mean values are similar to those of sheet 
slightly heavier isotopic values of sheet 2 relative to 1 and 2 quartzite and veins, the range in values for the 
sheet 1 quartzite. quartzite and quartz veins of sheet 3 is significantly less 
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l Heavitree - whole rock 
o Heavitree - quartz separate 
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Fig. 6. 61R0 values of quartzite, quartz veins, and basement gneisses from Ruby Gap duplex. Within each individual thrust 
sheet, the data are horizontally arranged left-to-right according to relative position in the duplex, from south to north. 

Boxes bracket the quartzite whole rock and quartz separate 61R0 values. 

than in sheets 1 and 2 (Fig. 6). The similarity in mean more northeasterly located outcrops of sheet 4, where 
values would be consistent with the deformation occur- the quartzite horizon is very highly strained and only a 
ring in an isotopically-closed system with no significant few meters thick, two quartzite samples have lower 

isotopic exchange between the quartzite and the over- values of 11.8 and 10.9%0. Whole rock values for three 

lying basement gneisses of sheet 4, underlying carbonate samples of felsic gneisses surrounding the quartzite are 

of sheet 2, or meteoric fluids. This conclusion is sup- between 8.4 and 9.4%0. The quartz in felsic gneisses with 

ported by the 6D value of -67%0 obtained for syntec- whole rock values of g-9%, (typical values of granites 

tonically recrystallized muscovite from this thrust sheet. and felsic gneisses, cf. Taylor 1974) is generally between 
This 6D value is in the typical range for metamorphic 10 and 11%0 (cf. fig. 7 in Sharp et al. 1993). Therefore, 
muscovite that has not isotopically exchanged with where the quartzite horizon was very thin, isotopic 

meteoric fluids at elevated temperatures (cf. fig. 8 in exchange could have lowered the quartzite 6’“O values 

Sharp et al. 1993). The reduced range in 6’“O values is toward the basement quartz values. Results for sheet 5 

consistent with isotopic homogenization having support this interpretation, although we cannot rule out 

occurred within sheet 3 during deformation, assuming that the two lowest values in the quartzite are just 

the original undeformed quartzite of sheet 3 had a primary protolith values for this part of the Heavitree 
similar spread in 6180 values as sheets 1 and 2 quartzite. Quartzite. 

Thrust sheet 4 Thrust sheet 5 

In the southern portion of sheet 4, where the quartzite 
is several tens of meters thick, the quartzite has a mean 
6i80 value of 12.8%0 (la < O.l%O, IZ = 3), and two quartz 
veins have values of 12.3 and 12.6%0. These values are 
similar to those of sheet 3 quartzite and veins, and have 
not appreciably exchanged with the surrounding base- 
ment gneisses or meteoric water. In contrast, in the 

Quartzites of sheet 5 have a mean value of 11.5%0 
(la = 1.1%0, 12 = 13), while three veins have values 
between 10.3 and 11.5%0. Whole rock 6l*O values of 
four felsic gneisses are -8.3%0. The 6180 values of sheet 
5 quartzite and veins are in general 1.0-l .5%0 lower than 
samples analyzed from the other four thrust sheets of the 
duplex. As already mentioned, these values for quartz 
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dissolution-reprecipitation 
8 microfractured; 

veining associated partially recrystallized; 
w/meteoric fluid. minor isotopic exchange 

with carbonate unite. 
isotopic homogenization; 

no exchange with basement. 

Fig. 7. Isotopic exchange and fluid pathways in evolving duplex as inferred from oxygen isotope data. Though meteoric 
fluids were involved in some vein formation of sheets 1 and 2, most of the duplex experienced very limited fluid flow in a 
relatively dry intracratonic environment. Some quartzite of sheet 5 exchanged isotopically with basement gneisses. The 
structural position and fluid-rock interaction of sheet 5 would have resembled those of sheet 2,3, and then sheet 4 quartzite 

with subsequent imbrication of new thrusts. (Cross section is schematic.) 

are similar to the 6180 values of quartz in many felsic 
metamorphic rocks (Sharp ef al. 1993). Given that sheet 
5 quartzite is bounded both below and above by highly 
sheared felsic gneisses, fluids isotopically buffered by 
the gneisses could account for the lowering of the 6lsO 
values. Relatively low fluid/rock ratios on the order of 
1.3-0.8 (closed and open system exchange, respectively; 
Taylor 1977) are required to account for the isotopic 
exchange of sheet 5 quartzite. The other basement rocks 
analyzed from sheet 5 (e.g. mafic rocks, felsic pegma- 
tite) have 6180 values typical for their rock types with no 
evidence for the extensive incursion of meteoric or 
isotopically-exotic fluids. This conclusion is supported 
by the 6D value of -62%0 for neocrystallized white mica 
(cf. fig. 8 in Sharp et al. 1993). 

Isotopically-rock dominated system 

The isotopic data are consistent with the Ruby Gap 
duplex having formed and deformed ductilely under 
isotopically rock-dominated conditions (Fig. 7). Very 
little, if any, fluid could have been released during the 
low-grade metamorphism of already highly metamor- 
phosed basement gneisses. Nor did the prograde meta- 
morphism of the unmetamorphosed Proterozoic 
Heavitree Quartzite and Bitter Springs Formation pro- 
vide much fluid. In addition, very little magmatism was 
associated with the Alice Springs orogeny (Shaw et al. 
1984), eliminating a potential fluid source related to 
melt crystallization or the generation of hydrothermal 
convection systems. What little fluid was present in the 
orogen during formation of the Ruby Gap duplex could 
only have been due to the burial of water-bearing 
sediments during overthrusting of structurally higher 
nappes (Beach & Fyfe 1972), seismic pumping (Sibson 

1981, McCaig 1988), or hydraulic pressure gradients 
resulting from surface uplift of a mountain belt overlying 
the orogen. 

The two syntectonic vein arrays of sheets 1 and 2 with 
6180 values as low as 3%, require that some meteoric 
fluids infiltrated the quartzite, possibly during the initial 
stages of deformation of each thrust sheet when they 
were incorporated into the duplex. However, the re- 
mainder of the isotopic data from Ruby Gap suggests 
that the interaction with meteoric water or other 
isotopically-disequilibrium fluids was minor. The scale 
of fluid advection responsible for most of the quartz 
veins must have been limited and not associated with 
large-scale midcrustal fluid circulation (e.g. Etheridge et 
al. 1983). 

PROCESSES OF ISOTOPIC EXCHANGE 

The following processes may explain the relations 
observed in the Heavitree Quartzite deformed in the 
Ruby Gap duplex: (i) apparent isotopic homogenization 
due to strain, and enhanced isotopic exchange associ- 
ated with changes in grain shape and CPO; (ii) micro- 
fracturing and dissolution-reprecipitation; and (iii) 
dynamic recrystallization associated with dislocation 
creep. These processes are not unique to Ruby Gap but 
are typical in quartzite deformed under greenschist- 
grade conditions (e.g. Marjoribanks 1976, Bouchez 
1977). 

Strain, grain shape and CPO 

During deformation, material particles are displaced 
relative to one another, affecting the distribution of 
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- foreland hinterland- 

Fig. 8. Sheet 1 and 2 protolith 6’*0 values of quartzite homogenized 
during deformation to form sheet 3 values. This isotopic homogeniz- 
ation corresponds to microstructural transition from partial recrystalli- 
zation of sheets 1 and 2 to complete recrystallization of sheet 3 
quartzite by grain boundary migration recrystallization. Some 6”O 
values of sheet 5 quartzite have been depressed downward due to 

exchange with isotopically-lighter fclsic basement gneisses. 

isotopic heterogeneities. The higher the strain, the more 
likely it is that grains initially far apart, and potentially 
carrying different isotopic signatures, would be brought 
in close proximity, resulting in isotopic homogenization 
on the scale of the sample analyzed. This strain effect 
necessarily played a role on a centimeter scale in the 
Ruby Gap duplex, but is unlikely to have been dominant 
because it cannot explain homogenization on the scale of 
a whole sheet (as in sheet 3) or produce the shift in 
isotopic values in sheet 5 (Fig. 8). 

On the scale of individual quartz grains, deformation 
had two consequences: (1) change in grain shape, from 
subspherical to ellipsoidal, resulting in a decrease of 
distance from rim to center and an increase in surface 
area to volume ratios; and (2) quartz c-axes preferen- 
tially oriented along the short axes of grains (Figs. 2b 
and 4), with diffusion parallel to the c-axis two orders of 
magnitude faster than diffusion parallel to the u-axis 
(Dennis 1984, Giletti & Yund 1984). Although these 
changes enhanced volume diffusion, they did not result 
in significant isotopic exchange during the relatively low 
temperature deformation of the Heavitree Quartzite. 

Microfracturing and dissolution-reprecipitation 

Microfracture networks are assumed to be one of the 
primary pathways of advecting fluid through deforming 
rocks (Walther & Orville 1982, Yardley 1984), but their 
relations to oxygen isotope exchange has been poorly 
studied. The typical microfracture density in sheets 1 
and 2 of Ruby Gap is 10 fractures per millimeter. If these 
microfractures were filled by and exchanged with an 
isotopically buffered fluid for their entire lifetime (typi- 
cal maximum 10,000 years, as estimated from Smith & 
Evans 1984, Brantley et al. 1990, Brantley 1992, Fisher 
& Brantley 1992), it can be shown that there would still 
be insignificant isotopic exchange by volume diffusion 
between the fluid and the fracture walls, even if a high 
coefficient of volume diffusion for oxygen in quartz is 

micrpfracture density of sheets 1 & 2 quartzite 

g 107 
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_!Z 
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Fig. 9. Time required for isotopic exchange to proceed to 90% of 
equilibrium between solids of different geometries immersed in an 
isotopically-buffered fluid. Plate, square rod, and cube idealized 
fracture patterns formed by one, two and three orthogonal fracture 
sets. respectively. Experimental- and field-estimated lifespans of 
microfractures taken from literature (see text). Microfractures of 
Ruby Gap quartzite are not spaced closely enough to have resulted in 
signrficant isotopic exchange with a fracture-filling fluid even for 
relatively fast diffusion rates. Time required for isotopic exchange 
would be significantly shorter if dissolution and reprecipitation of 

quartz occurred within the microfractures. 

assumed (D,,, = 10P’s cm*/s; Giletti & Yund 1984, 
Farver & Yund 1991a). Only for a fracture density 
exceeding -100 fractures per millimeter would volume 
diffusion associated with microfracturing become sig- 
nificant (Fig. 9). This trend is consistent with the obser- 
vation that fractured quartz porphyroclasts have 
retained the 6180 value of relatively undeformed quartz 
grains, except in high fracture density domains (40-100 
fractures/mm), where quartz porphyroclasts show 6’*0 
values as low as S%,. These lighter isotopic values might 
have resulted from diffusional exchange, though local- 
ized dissolution-reprecipitation during crack healing or 
the addition of new, isotopically light (-3%0) quartz that 
seals the microfractures was probably the dominant 
reason for the measured isotopic shift (Kirschner et al. 
1993). The (re)precipitated quartz seals, which would 
have to be thicker than several microns to account for 
the 6’“O depletion, are not evident, however, under 
conventional optical and cathodoluminescence micro- 
scopy 

Oxygen in quartz isotopically exchanges with an aque- 
ous fluid during the process of dissolution and reprecipi- 
tation (pressure solution). The isotopic value in the 
newly precipitated quartz can be drastically changed 
relative to that in the quartz source, depending on the 
relative isotopic compositions of the fluid and dissolving 
quartz, and the change in temperature between the time 
of dissolution and reprecipitation. In a situation anala- 
gous to mass transfer processes in metamorphic tecto- 
nites, quartz cementation of quartz arenites during 
compaction and low-temperature diagenesis can alter 
whole 
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rock 6180 values up to several per mil (e.g. Fisher & 
Land 1986). In the quartzite of Ruby Gap, pressure 
solution has not homogenized the isotopic heterogeneity 
of sheets 1 and 2 quartzite even though up to 10% of the 
quartz might have locally gone through the pressure- 
solution cycle (visual estimate). It is impossible to quan- 
tify in the entirely recrystallized quartzite of thrust 
sheets 3-5 the percentage of quartz that participated in a 
pressure-solution cycle or the resulting isotopic 

exchange. 
It is conceivable that microfracturing and dissolution- 

reprecipitation played an important role in isotopic 
exchange of thrust sheets 3-5. Transient microfracturing 
might have occurred during seismic events, and 
dissolution-reprecipitation might have accommodated 
the stress-strain incompatibilities at grain contacts dur- 
ing ductile deformation by dislocation creep. However, 
the effect of fracturing and mass transfer cannot be 
quantified because dynamic recrystallization has oblit- 
erated most physical traces of these processes. 

Increased diffusivity due to dislocations 

The production and migration of dislocations during 
deformation is known to increase bulk (volume) dif- 
fusion in metals, alkali halides, and silicates (Harrison 
1960, Cohen 1970, Le Claire & Rabinovitch 1984, Yund 
et al. 1981, Yund et al. 1989). The dislocation density in 
the quartzite can be estimated from experimentally 
derived density-differential stress relations. Estimated 
differential stresses for the Heavitree Quartzite in the 
Ruby Gap duplex range from 10 to 200 MPa (data from 
Dunlap 1992 using the recrystallized grain size-stress 
relationship of Koch 1983). Dislocation densities in 
equilibrium with these stress levels are on the order of 
106-lo9 cm-’ using the calibration of Weathers et al. 
(1979) and Kohlstedt & Weathers (1980). 

Volume diffusion of the Heavitree Quartzite would 
have only increased by a factor of -2-4 (Fig. 10; calcu- 
lated using the equation of Hart 1957). This minor 
increase in bulk diffusion due to rapid diffusion through 
dislocations reflects the paucity of dislocations relative 
to undisturbed lattice area (i.e. adjacent dislocations are 
separated by several hundred unit cells at a dislocation 
density of lo9 cmp2; cf. Yund et al. 1981). This slight 
enhancement in bulk diffusion cannot account for the 
observed isotopic patterns in Ruby Gap unless the 
dislocation density in the quartz were several orders of 
magnitudes higher in sheets 3-5 relative to sheets 1 and 2 
for the time necessary for significant isotopic exchange 
by diffusion. There is no reason to think this was ever the 
case, and it is in fact opposite to the decrease in dislo- 
cation density preserved from sheets l-5. 

Recrystallization and grain-boundary migration 

Dynamically recrystallized grains are the product of 
either progressive subgrain rotation or nucleation and 
growth of new strain-free regions within otherwise 
strained grains (Poirier & GuillopC 1979, Poirier 1985, 

Differential stress (MPa) 

6 7 8 9 10 11 

Log [dislocation density] (cm-*) 

Fig. 10. Lower set of curves delineates theoretical relationship be- 
tween dislocation density and enhanced bulk (effective) diffusion in 
quartz for dislocation pipe radii of 0.2-0.4 nm (solid and hatched lines, 
respectively) and diffusion coefficient ratios between dislocation and 
lattice diffusion of l@-10”. Inferred equilibrium dislocation densities 
in quartzite from thrust sheets l-5 range from lo”-10’ cme2 corre- 
sponding to flow strengths of 10-200 MPa (stress levels from Dunlap 
1992). Differential stresses probably never greatly exceeded 200 MPa 
during the quartzite deformation. Increase in bulk diffusion due to 
stationary dislocations would have been much less than one order of 
magnitude and cannot account for isotopic variations in quartzite 

between thrust sheets. 

Urai et al. 1986, Drury & Urai 1990). The relative 
importance of these processes in recrystallization 
depends on the rates of dislocation production, grain- 
boundary migration and dislocation climb, which are 
principally a function of temperature, stress, strain rate 
and fluid involvement. Hirth & Tullis (1992) have identi- 
fied three dislocation creep regimes of quartz aggregates 
in experimental deformation where temperature and 
strain rate were systematically varied. Grain-boundary 
migration recrystallization dominates deformation at 
lower temperatures or higher strain rates (thus higher 
stresses), where the rate of dislocation production is 
much greater than the recovery provided by dislocation 
climb, so that grain boundary migration recrystallization 
is the dominant recovery mechanism (regime 1). At 
higher temperatures or lower strain rates, recovery by 
climb keeps pace with dislocation production resulting 
in recrystallization by subgrain rotation (regime 2). At 
even higher temperatures or slower strain rates, recov- 
ery is accomplished by both grain-boundary migration 

and subgrain rotation recrystallization (regime 3). 
There is evidence that these three regimes of dislo- 

cation creep were operative during deformation of the 
quartzite in Ruby Gap. Hirth et al. (1991) and Dunlap 
(1992), based on observations of microstructures in over 
80 samples, have suggested that the quartzite in sheet 1 
deformed predominantly in regime 1 conditions, the 
quartzite in sheet 2 deformed predominantly in regime 
2, and the quartzite of sheets 3-5 in regime 3. These 
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Fig. 11. Approximate diffusion and grain boundary migration rates 
for quartz at greenschist-facies conditions. Isotopic exchange between 
fluid and quartz is facilitated by grain-boundary migration. Each 
material point can be transferred many times across migrating bound- 
aries during one erogenic event, leading to partial or complete isotopic 
equilibration. The effectiveness of this process depends, in part, on 
rate of boundary migration relative to oxygen transport rate to the 
grain boundary through adjacent fluid-filled grain boundary pores and 
tubules. Secondary fluid inclusions entrained in migrating boundary 

may enhance both boundary migration and oxygen diffusion rates. 

conclusions, however, might only be appropriate in 
describing the late stages of deformation, especially for 
entirely recrystallized sheets 3-5, since grain-boundary 
migration could have overprinted earlier phases of sub- 
grain rotation recrystallization (cf. Means & Ree 1988). 
Dynamic recrystallization resulted in grain-size re- 
duction by one order of magnitude or more (Dunlap 
1992), but did not produce the fine grainsize (<lo pm) 
for which exchange by volume diffusion would be signifi- 
cant. 

It is only in sheets 3-5, where recrystallization in 
regime 3 was by grain boundary migration and subgrain 
rotation, that the 6180 values were homogenized or 
shifted relative to undeformed protolith values. We 
propose that the principal isotopic exchange process in 
the quartzite of Ruby Gap, which resulted in the homo- 
genization and depletion of sheets 3-5, occurred during 
recrystallization by grain-boundary migration when 
material was transferred across highly disordered grain 
boundaries. 

The effectiveness of grain boundary migration recrys- 
tallization in affecting isotopic exchange depends on the 
rate of grain-boundary diffusion, the scale of isotopic 
heterogeneity, the presence and distribution of fluid, the 
effective width of the migrating grain boundary, the 
boundary migration rate, and the number of times a 
material point is transferred across a boundary (cf. Yund 
& Tullis 1991, Fig. 11). Oxygen self-diffusion along 

stationary quartz grain boundaries is four to six orders of 
magnitude faster than through grain interiors (e.g. Dgb 
= lo-l2 cm*/sec relative to DvOl = lo-‘s cm2/sec for 
450°C; Farver & Yund 1991b). The rate of diffusion 
along migrating grain boundaries is probably of the same 
order of magnitude as that along stationary grain bound- 
aries (Balluffi 1984). Fast grain-boundary diffusion rates 
can result in isotopic exchange along narrow (-1-10 nm 

wide; White & White 1981, Brady 1983, Joesten 1991) 
but long &m-mm) grain boundaries. In the limit where 
the grain-boundary migration rate is zero, the extent of 
isotopic exchange is limited by the rates of grain- 
boundary and volume diffusion (Cahn & Balluffi 1979)) 
and exchange will occur on a scale less than several 
centimeters for typical geologic conditions (Joesten 
1991). 

Only when grain boundaries are migrating can 
exchange occur over more significant distances. The 
presence of a grain shape fabric and the ubiquitous 
occurrence of mica enclosed in the center of recrystal- 
lized quartz indicates significant grain boundary move- 
ment during deformation of the Heavitree Quartzite, 
although it is impossible to constrain the number of 
times that material points have been traversed by grain 
boundaries based solely on these microstructures. The 
migration rate of a grain boundary is a linear function of 
the driving force times the grain-boundary mobility in 
the simplest case (cf. Nicolas & Poirier 1976, Poirier 
1985). The driving force resulting from strain-energy 
gradients between adjacent grains can be estimated (i.e. 
-102-lo4 N/m* for dislocation densities of 106-10’ 
cm-*, respectively; calculated using the appropriate 
values for quartz in the formulation of Nicolas & Poirier 
1976, p. 86); however, as far as we know, there are no 
studies that have calculated the mobility of quartz grain 
boundaries related to strain-induced migration. Follow- 
ing a different approach, Prior et al. (1990) have esti- 
mated the velocity of strain-induced subgrain boundary 
migration to be on the order of 1O-y-1O-‘1 pm/s, based 
on differences in quartz subgrain sizes around porphyr- 
oclasts in mylonites from New Zealand (temperature of 
deformation between -30&5Oo”C; Craw 1988; Prior 
1988). At such velocities, (sub)grain boundaries would 
traverse 100,~m grains in 103-lo5 years. If similar veloci- 
ties prevailed during a portion of the prolonged defor- 
mation of the Heavitree Quartzite, then material would 
have been transferred many times across migrating grain 
boundaries. 

The efficiency of strain-induced grain boundary mi- 
gration in affecting chemical exchange has been docu- 
mented in deformation experiments of plagioclase 
aggregates composed of An1 and AnT9 (Yund & Tullis 
1991). Variable, intermediate plagioclase compositions 
were contained in the regions traversed by migrating 
boundaries. Similarly, Hay & Evans (1987) demon- 
strated for chemically-induced grain boundary mi- 
gration in calcite bicrystals that transfer of material 
across one migrating boundary facilitated the approach 
but not the attainment of chemical equilibrium (see also 
fig. 4 in Cahn et al. 1979 for partial exchange in Cu-Au 
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alloy). Chemical equilibrium was more nearly attained 
in some regions that had been transferred across several 
grain boundaries. 

The lateral extent of isotopic exchange in quartzite is 
limited by the transport of oxygen to the migrating 
boundaries, which is critically dependent on the distri- 
bution and interconnectivity of pore fluid. Oxygen 
transport would be predominantly by grain boundary 
diffusion in low-porosity (< 1%)) hydrostatically- 
stressed quartzite when the fluid is nonwetting (e.g. pure 
water below -8 kbar, Watson & Brenan 1987, Holness 
1992) and consequently confined to isolated pores 
(Farver & Yund 1992). In this case, isotopic exchange 
would be greater than for static grain boundaries but still 
be on the order of centimeters (Joesten 1991). Aqueous 
fluids above 8 kbar pressures can wet quartz and form an 
interconnected tubule network along three-grain junc- 
tions in the quartzite (Watson & Brenan 1987, LaPorte 
& Watson 1991, Holness 1992). Replenishment of oxy- 
gen to the migrating interface would be significantly 
enhanced by the presence of this fluid-filled network 
(Farver & Yund 1992). Isotopic exchange would be 
limited to the scale of meter(s) if the fluid is static 
(Fletcher 1982, Rubie & Thompson 1985) and possibly 
kilometers if the fluid is advecting. 

The time required to obtain equilibrium wetting angle 
and pore shape geometry is on the order of hours to 
days, much shorter than the time required for significant 
movement of grain boundaries or alteration of pore 
geometry due to dislocation creep. Given this large 
disparity in rates between competing processes (Watson 
& Brenan 1987), the fluid distribution and pore geom- 
etry in undeformed quartzite and in quartzite undergo- 
ing dislocation creep and recrystallization are probably 
similar. Migrating boundaries are quite effective, how- 
ever, in concentrating intracrystalline fluid inclusions 
(Kerrich 1976, Wilkins & Barkas 1978) and may contain 
more fluid lenses than stationary boundaries. The col- 
lection of fluid-filled lenses would effectively increase 
diffusivity along the grain boundaries and thus enhance 
the effectiveness of isotopic exchange during grain- 
boundary migration with a possible positive feedback on 
the migration rate (Urai 1987). 

The variation in 6180 whole rock values of sheets 3-5 
(Fig. 6) may be related to heterogeneous fluid migration 
from the basement gneisses into the mylonitized quartz- 
ite. The recrystallized samples, which retain protolith 
6180 values of 12-13%0, must not have been in extensive 
contact with fluids from the basement gneisses. The 
recrystallized samples with isotopically-depleted values 
of lO-ll%o must have extensively exchanged with such 
fluids. The heterogeneity of 6r*O in quartz mylonites 
that have undergone extensive grain-boundary mi- 
gration recrystallization is only possible where the defor- 
mation occurred in a relatively dry environment such as 
the intracratonic Alice Springs Orogen. 

CONCLUSIONS 

The results of oxygen isotope analyses of Heavitree 
Quartzite, quartz veins, and basement gneisses of Ruby 
Gap duplex are consistent with deformation having 
occurred in a relatively closed system with minor fluid 
advection. Isotopic exchange and homogenization in the 
mylonitized quartzite are correlated with intensity of 
deformation and recrystallization and cannot be 
accounted for solely by juxtaposition of different iso- 
topic reservoirs due to strain and shear displacement. 
Diffusional exchange between quartz grains and fluid- 
filled microfractures and grain boundary pores is also 
too sluggish at the temperatures of deformation (300- 
400 “C) to explain homogenization, unless isotopically- 
buffered fluids resided in these pores for millions of 
years or oxygen self-diffusion in quartz is faster than 
predicted experimentally. 

Dissolution-reprecipitation probably played an im- 
portant role in isotopic exchange of the quartzite mylon- 
ites by accommodating stress-strain incompatibilities at 
grain contacts during ductile deformation by dislocation 
creep. However, the effect of mass transfer cannot be 
quantified because dynamic recrystallization has oblit- 
erated most physical traces of these processes. Where 
dynamic recrystallization was accompanied by grain 
boundary migration, significant isotopic exchange 
occurred. Isotopic exchange was probably facilitated 
when material was transferred across the highly disor- 
dered and possibly fluid-bearing migrating grain bound- 
aries. Although only partial isotopic equilibration might 
have occurred during any single transfer across a migrat- 
ing boundary, individual material points in the recrystal- 
lized quartz were probably transferred across many 
migrating boundaries during the course of the orogeny, 
resulting in significant isotopic exchange. This com- 
monly overlooked phenomenon is probably an import- 
ant mechanism of isotopic exchange in rocks undergoing 
dynamic recrystallization. 
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APPENDIX 1 

Analytical methods and errors 

Conventional oxygen isotope analyses of ground rock powder were 
performed in the stable isotope laboratory at Monash University 
(Australia). Standard procedures were used in extracting oxygen from 
silicates by reaction with ClFs and converting to CO* (Borthwick & 
Harmon 1982). The standard used during the analyses of these samples 
was the Caltech Rose Quartz (accepted value 8.45%) which gave a 
at*0 value of 8.43% + 0.08%, (44 analyses). Carbonate samples were 
analysed following the conventional phosphoric acid method of 
McCrea (1950). The 6’*0 values are oresented in terms of standard 
mean ocean water V-SMOW. - 

Additional powder and in-situ oxygen isotope analyses were made 
at the Universite de Lausanne (Switzerland) following the procedures 
of Sharp (1990, 1992). A 20 W CO, laser was used to heat -1 mg 
powder sample and to produce 15@300pm diameter holes in -2OOpm 
thick plates in a BrF, atmosphere. The liberated oxygen was cryogeni- 
cally purified, converted to COz by combustion of a heated carbon rod 
using a platinum catalyst and introduced directly on-line to the micro- 
inlet system of the mass spectrometer. An inhouse quartz standard or 
NBS-28 quartz standard was analyzed for every three or four powder 
samples analyzed. Data are adjusted to agree with a NBS-28 6180 
value of 9.6%+, with a la error of 0.17% (35 analyses). The long term 
analytical precision of the in-situ data is difficult to assess since no 
standard quartz plate was analyzed in situ during the course of this 
study. Although reproducibility of analyses for one microstructurally 
homogeneous sample (R674) in this study is better than 0.1%0 (3 
analyses), a conservative estimate for the loerror for in-situ analyses is 
+0.2-0.4%,. Temperatures were calculated for the oxygen isotope 
fractionations between quartz and white mica by combining the 
quartz-water fractionation of Sharp & Kirschner (1994) with the 
muscovite-water fractionation of O’Neil & Taylor (1969). 

Hydrogen isotope analyses were made on pure mica separates at the 
Universite de Lausanne following the procedure of Vennemann & 
0’Neil(1993). The -20 mg samples were evacuated at 180°C for 4-12 
h to remove adsorbed water. Samples were then melted, and water and 
other condensible gases were frozen on a liquid nitrogen cold trap. 
Evolved Hz was converted to Hz0 by reaction with a heated CuO 
furnace. The Hz0 was separated from other gases crvozenically and 
frozen in silica glass tubes-with -50 mg of zincmetal.The tubes-were 
sealed and reacted at 480°C for 30 min to auantitativelv convert H,O 
to Hz via oxidation of the zinc. The hydrogen gas was introduled 
directly into the inlet system of the mass spectrometer with a simple 
cracking device. The resulting values are relative to standard mean 
ocean water V-SMOW, and adjusted to NBS-30 biotite standard 
(accepted 6D value of 650~; la = 6%0 for set of analyses). 


