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Abstract--Structural overprinting relationships indicate that two discrete terranes, Mt. Stafford and Weldon, 
occur in the Anmatjira Range, northern Arunta Inlier, central Australia. In the Mt. Stafford terrane, early 
recumbent structures associated with D la,~b deformation are restricted to areas of granulite facies metamorphism 
and are overprinted by upright, km-scale folds (Ftc), which extend into areas of lower metamorphic grade. 
Structural relationships are simple in the low-grade rocks, but complex and variable in higher grade equivalents. 
The three deformation events in the Mt. Stafford terrane constitute the first tectonic cycle (Dr). D2 deformation 
in the Weldon terrane comprises the second tectonic cycle. The earliest foliation (S2a) was largely obliterated by 
the dominant reclined to recumbent mylonitic foliation (SEb), produced during progressive non-coaxial 
deformation, with local sheath folds and W- to SW-directed thrusts. Locally, D2b tectonites have been rotated by 
N-S-trending, upright F2c folds, but the regional upright fold event (F2d), also evident in the adjacent Reynolds 
Range, rotated earlier surfaces into shallow-plunging, NW-SE-trending folds that dominate the regional outcrop 
pattern. 

The terranes can be separated on structural, metamorphic and isotopic criteria. A high-strain D E mylonite 
zone, produced during W- to SW-directed thrusting, separates the Weldon and Mt. Stafford terranes. 1820 Ma 
megacrystic granites in the Mt. Stafford terrane intruded high-grade metamorphic rocks that had undergone D~a 
and Dlh deformation, but in turn were deformed by Sic, which provides a minimum age limit for the first 
structural-metamorphic event. 1760 Ma charnockites in the Weldon terrane were emplaced post-D2a, and 
metamorphosed under granulite facies conditions during D2b , constraining the second tectonic cycle to this 
period. 

Each terrane is associated with low-P, high-T metamorphism, characterized by anticlockwise P-T-t paths, 
with the thermal peaks occurring before or very early in the tectonic cycle. These relations are not compatible 
with continental-style collision, nor with extensional tectonics as the deformation was compressional. The 
preferred model involves thickening of previously thinned lithosphere, at a stage significantly after (>50 Ma) the 
early extensional event. Compression was driven by external forces such as plate convergence, but deformation 
was largely confined to and around composite granitoid sheets in the mid-crust. The sheets comprise up to 80% of 
the terranes and induced low-P, high- T metamorphism, including migmatization, thereby markedly reducing the 
yield strength and accelerating deformation of the country rocks. Mid-crustal ductile shearing and reclined to 
recumbent folding resulted, followed by upright folding that extended beyond the thermal anomaly. Thus, 
thermal softening induced by heat-focusing is capable of generating discrete structural terranes characterized by 
subhorizontal ductile shear in the mid-crnst, localized around large granitoid intrusions. 

I N T R O D U C T I O N  

MANY P r o t e r o z o i c  fold be l t s  a re  cha rac t e r i zed  by  high- 
g rade  r e c u m b e n t  myloni t ic  fo l ia t ions  p r o d u c e d  by  duc-  
t i le shea r  a t  mid-  to deep -c ru s t a l  levels ,  du r ing  granul i te  
facies m e t a m o r p h i s m .  T h e s e  fabr ics  can s o m e t i m e s  be  
r e l a t ed  to  con t inen ta l - s ty le  col l is ion (e.g.  P a r k  1981), 
pa r t i cu la r ly  where  t r a n s p o r t  d i rec t ions  are  cons t an t  ove r  
large a reas ,  as in the  G r e n v i l l e  Prov ince  ( M o o r e  et al. 
1986). H o w e v e r ,  the  p r o g r a d e  P - T - t  pa ths  a re  com-  
monly  an t ic lockwise ,  and  ind ica te  i sobar ic  cool ing  
assoc ia ted  with compre s s ion ;  examples  inc lude  the  
B r o k e n  Hi l l  Block  (Phi l l ips  & Wal l  1981), the  O l a r y  
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B lock  (C la rke  et al. 1987) and  the  Eas t  A n t a r c t i c  Shield 
(C la rke  et al. 1989b, St i iwe & Powel l  1989a,b).  These  
P - T - t  pa ths  are  i n c o m p a t i b l e  with moun ta in -bu i ld ing  
p rocesses  and  a l t e rna t ive  exp lana t ions  inc lude  exten-  
s ion o f  n o r m a l l y - t h i c k e n e d  crust  (e .g.  W i c k h a m  & 
O x b u r g h  1985) o r  co l l apse  o f  o v e r t h i c k e n e d  crust ,  p ro-  
d u c e d  ea r l i e r  by  e i the r  t ec ton ic  accre t ion  (Sand i fo rd  
1989) o r  m a g m a t i c  unde rp l a t i ng  (S t0we & Powell  
1989b). N o n e  of  these  m o d e l s  expla ins  the  a bno rma l ly  
high g e o t h e r m s  exis t ing p r io r  to ,  o r  synchronous  with,  
compres s iona l  d e f o r m a t i o n  in the  P ro t e rozo i c  nor the rn  
A r u n t a  In l ie r ,  cent ra l  A u s t r a l i a  (C la rke  et al. 1989a). 
This  p a p e r  descr ibes  mul t ip le ,  in tense ly  de ve lo ped ,  
compres s iona l  d e f o r m a t i o n a l  s t ruc tures  f rom the 
A n m a t j i r a  R a n g e  in the  n o r t h e r n  A r u n t a  In l ie r  in o r d e r  
to p lace  cons t ra in ts  on  the  tec tonic  evo lu t ion  of the 
region .  
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Two Proterozoic tectonic cycles, defined by a 
sequence of repeated structural events, affected rocks in 
the Anmatjira Range (Fig. 1), each showing a pro- 
gression from early reclined to later upright folding. The 
cycles are spatially restricted and temporally definable, 
and each was associated with low-P, high-T (LP-HT) 
metamorphism, culminating in a discrete granulite 
facies metamorphic (GFM) event, outlined by isograds 
(Fig. 1) and metamorphic overprinting criteria (Clarke 
etal .  1989a). These events have been dated by ion-probe 
U-Pb analysis of zircons (Collins et  al. in press), con- 
firming that each cycle was temporally separate. 

To simplify the structural nomenclature, successive 
structural cycles are designated Dr, D2, D3 and separate 
fold and/or fabric forming events produced by progress- 
ive deformation during the one structural cycle are 
designated 'a, b . . . .  n' (e.g. DI~, Dlb . . . .  ). We use the 
term 'terrane' to describe an area affected by different 
structural-metamorphic cycles (cf. Howell et  al. 1985). 
Although the terranes are fault-bound, they also share a 
similar stratigraphy, which suggests they are para- 
autochthonous, rather than the allochthonous or 'sus- 
pect' terranes that have been involved in Cordilleran- 
style collision, as implied in the definition of Howell et 

al. (1985). 

REGIONAL GEOLOGY 

The Artinta Inlier is an extensive, multiply deformed 
and metamorphosed complex of Proterozoic age. A 
three-fold tectonostratigraphic subdivision was made by 
Stewart et  al. (1984). The oldest 'Division One' rocks 
comprise mafic and felsic granofelses that are possibly 
metavolcanic, with minor psammopelites and calc- 
silicates. 'Division Two' rocks are mainly metasedi- 
ments of turbiditic origin and 'Division Three' rocks are 
platform-style sediments that unconformably overlie the 
two other divisions. Granitoids have intruded all div- 
isions, but are mainly seen in Division Two. 

All assigned divisions crop out in the NW-trending 
Anmatjira Range and adjacent Reynolds Range. The 
granulite facies Weldon and Aileron metamorphics 
(Fig. 1) were both placed in Division One by Stewart 
(1981) and Warren & Stewart (1988). Division Two is 
represented by greenschist to amphibolite facies psam- 
mopelites of the Lander Rock beds (LRB), which are 
ubiquitous throughout the northern Arunta Inlier; they 
were locally metamorphosed up to granulite facies at 
Mt. Stafford (Stewart 1981, Vernon et  al. 1990) and 
throughout the Anmatjira Range (Clarke et  al. 1989a). 
The type-section for Division Three is in the Reynolds 
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Fig. 1. Locality map of the Anmatjira and Anmatjira Range Region, Arunta Inlier, showing distribution of major rock 
types, areas of granulite facies metamorphism (GFM), and location of detailed maps (Figs. 3, 5 and 6). 
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Fig. 2. Generalized structural map showing domain boundaries, axial traces of major folds and orientation data. 

Range, where basal quartzites and metaconglomerates 
are conformable with carbonates and shales. All have 
been subjected to granulite facies metamorphism in the 
southeastern part of the range (Stewart 1981, Warren & 
Stewart 1988, Clarke & Powell 1990). The type 
sequence rests unconformably on LRB in the NW 
Reynolds Range (Stewart 1981), but further southeast at 
Harverson Pass and beyond, both divisions are conform- 
able (Collins & Vernon 1987). 

The range is subdivided into four broad structural 
domains (Fig. 2). The Mr. Stafford, Ingellina Gap and 
Mt. Weldon domains represent the northwest, central 
and southeast sections of the range. The Algamba 
domain, to the south of the range and separated from it 
by the Yalbadjandi shear zone, forms the valley between 
the Anmatjira and Reynolds ranges. The structural 
evolution of the Mt. Stafford domain is described first, 
followed by the Weldon and intervening Ingellina 
domains. Structures from the adjacent Algamba domain 
and Reynolds Range are also briefly discussed. 

MT. STAFFORD DOMAIN 

The Mt. Stafford domain (Fig. 3) comprises meta- 
pelites and metapsammites of the LRB, which are com- 
monly well-bedded, although local, laterally persistent 

slump horizons also exist. Sedimentary structures, such 
as graded bedding and ripple cross-laminations, are 
uncommon but occur at all metamorphic grades and 
indicate that the sequence is generally right-way-up. The 
rocks are typically at muscovite grade, but show a 
spectacular metamorphic transition over a 10km 
interval to peak GFM assemblages of cordierite- 
orthopyroxene-K-feldspar, indicating high- T (>700°C) 
at very low pressure of the order of 2.5 kb (Vernon etal. 
1990). Undeformed migmatites are abundant at maxi- 
mum grade (Vernon & Collins 1989). The metamorphic 
zones appear to form a regional aureole around large 
intrusive granitoid sheets, dated at 1820 Ma (Collins et 
al. in press). 

D1 deformation 

Rocks of Mt. Stafford underwent three phases of 
deformation, ascribed to a single tectonic cycle (Dj: 
Table 1). Rare Fla folds occur only in high-grade rocks 
where an axial planar Sla foliation is defined by biotite 
and migmatitic segregations in pelitic gneisses. Locally, 
it is associated with boudinage (Fig. 4a). In some slump 
breccia zones, small (m-scale or less) sedimentary blocks 
are aligned in an asymmetrical pattern, suggesting W- 
directed transport, but a lack of lineations preclude 
definitive analysis. Nonetheless, Fla folds show consist- 
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Fig. 3. Geology of the Mt. Stafford domain showing generalized structural trends (defined by So). 

Table 1. Table of main structural events of the first tectonic cycle (D1) in the Mt. Stafford domain 

Mt. Stafford domain 
Dta Dlb Dlc 

Fla 
Metre-scale; close to tight; reclined to 

recumbent 

Sla 
Not strongly developed; confined to 

high-grade rocks 

Lla 
Very weakly developed 

Fib 
Similar to Fla but fold $1; confined to 

high-grade rocks 

Sit, 
Localized in fold hinges 

Flc 
Kilometre-scale; open to isoclinal; upright 

Sic 
Slaty cleavage in low-grade rocks; schistosity 

at higher grades; not developed in 
granulite facies rocks 
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Fig. 4 (continued). (e) Recumbent F2b folds in migmatitic cordierite-sillimanite gneisses, Weldon domain. Note folding of 
leucosome and S2a in adjacent sillimanite-rich metapelitic layers. Knife 9 cm long. (f) F2b sheath folds in quartzofeldspathic 
gneisses, Weldon domain. Pen (15 cm long) points to 'eye' of sheath fold. (g) F2b folds refolded by inclined F2d, southeast 
end of Anmatjira Range, Weldon domain. Lens cap 5 cm diameter. (h) Pelitic gneiss, Mt. Weldon, in which S2h crenulates 
S2a, but is itself folded into F2d orientation. Scale bar = 200~um. (i) High strain D 2 boundary fault between Mt. Stafford and 

Ingellina domains. Late-tectonic pegmatite suggests deformation and magmatism were synchronous. 
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ent asymmetry on a regional scale, irrespective of 
whether they are open to tight, and geopetal structures 
indicate inversion only on the short limb, which indi- 
cates transport in the direction of vergence (cf. Ramsay 
et al. 1983), which is westward. 

Sx~ is folded about W-verging recumbent folds (F~b) in 
high-grade areas (Fig. 4b). These uncommon folds are 
absent from the lower grade rocks further west and we 
infer that the localization of subhorizontal foliations in 
the high-grade zones is due to mechanical weakening 
during high grade metamorphism (e.g. Weertman & 
Weertman 1975)• 

Ftc folds control the outcrop pattern and change 
progressively toward and through the zones of highest 
metamorphic grade (Fig. 3). From west to east, axial 
surfaces fan from NW- to N-trending; fold tightness 
changes from open to isoclinal and plunges change from 
subhorizontal and shallowly doubly-plunging to moder- 
ately steep (40--60°NE). $1~ also varies in style with 
metamorphic grade; in low-grade areas it is a slaty 
cleavage, but at higher grades it is a schistosity defined 
by cordierite-biotite or fine, cm-scale migmatitic leuco- 
somes. Stc is not developed in the highest grade gneisses, 
where F~c folds merely rotate earlier fabrics. 

D2 deformat ion 

F~c folds have been reorientated into N-S attitudes at 
the eastern periphery of the Mt. Stafford domain. Pro- 
gressive eastward tightening and tilting results in local 

overturning on F~¢ fold limbs (Fig. 3). Mz isograds are 
also folded and telescoped, so that they are most nar- 
rowly spaced in the SE. An axial planar foliation is 
locally strongly developed in granitoids to the east (Fig. 
3), culminating as S - C  fabrics (Berth6 et al. 1979) in 
steep narrow mylonite zones that show both westward 
and eastward transport directions. The orientation of $2 
is parallel to the major thrust boundary of the IngeUina 
domain to the east (Figs. 1 and 2). The metamorphic 
response to loading during D2 thrusting is the growth 
of sillimanite-bearing assemblages over andalusite 
porphyroblasts, indicating up-pressure conditions 
(Vernon et al. 1990). 

WELDON DOMAIN 

The Weldon domain (Fig. 5) comprises megacrystic 
granitoids on the northern side of the range and granu- 
lite facies rocks of the Weldon Metamorphics on the 
southern side, separated by the Finniss Fault (Fig. 1). A 
suite of orthopyroxene-bearing 'charnockitic' meta- 
granitoids and mafic granofelses forms a distinctive 
subhorizontal marker unit in the Weldon Metamorphics 
(Fig. 5), which comprise a sequence of quartzofelds- 
pathic gneisses, garnet-sillimanite migmatites, cordier- 
ite gneisses and minor cordierite-rich quartzites. Mega- 
crystic granitoid sheets have intruded all rock types, but 
are dominant in the uppermost sections. On the north 
side of the range, where granitoids are abundant, xeno- 
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Table 2. Table and correlation of main structural events of the second tectonic cycle (/)2) in the Weldon, Ingellina and Algamba domains (see text 
for discussion) 

O2a 

Weldon domain 
F2a 

Rare, isoclinal, intrafolial 
folds in marie granofelses 

S2a 
Preserved as inclusion trails 

(Fig. 4c) 

Ingellina domain 

Algamba domain 

D2b D2¢ D2d 

F2b 
m- to km-scale; tight to isoelinal; 

reclined to recumbent local 
sheath folds (Fig. 4 0 

S2b 
Strongly developed gneissosity; 

mylonitic in granites 

Leb 
Strongly developed stretching 

lineation 

F2b 
m- to km-scale; usually isoclinal, 

rare sheath folds 

S2b 
Mylonitic in granites; usually 

reclined 

Strongly developed stretching 
lineation in high strain zones 

S2b? 
Low-grade layer parallel foliation 

to west. High-grade schistosity to 
east, mylonitie in granites 

Lzb? 
Local, strong extension lineation in 

eastern area 

F2c 
km-scale; open to tight; uptight 

N--S-trending 

S2c 
Strong erenulation cleavage in 

schistose rocks. Local high- 
strain, mylonite zones 

Locally developed crenulation 

F2c 
NNW-trending uptight; open to 

tight; variable plunge 
(western area); absent to east 

S2c 
Slaty to spaced cleavage in 

western area 

F~ 
km-scale, uptight open to tight 

NW--SE-trending 

S2d 
Locally developed cm-scale 

crenulation cleavage 

L20 
Intersection and crenulation 

lineation in F2d hinges 

F2d 
km-scale, E- SE-trending. 

Variable plunge. Open to 
tight 

S2o 
Weakly to strongly developed 

spaced cleavage. Local 
crenulation cleavage 

L2o 
Local crenulation lineation; 

steep to shallow plunge 

liths of the granofelses are common and vary from m- to 
km-scale. All were deformed during the D2 tectonic 
cycle (Table 2). 

Compositional layering (So) is defined by rhythmic 
alternation of high-grade minerals with granoblastic 
microstructure; it is commonly rotated parallel to an 
intense, composite shear foliation (S2b), except in lower- 
strain zones where it is preserved in the hinges of F2 
folds. 

D 2 deformation 

F2a structures are usually restricted to two-pyroxene 
granofeises, where they occur as isoclinal, intrafolial 
folds defined by migmatitic leucosomes. In other  rock- 
types, F2a folds are obliterated by later structures. SEa is 
defined by sillimanite-biotite--quartz, and is commonly 
preserved as inclusion trails in garnet and/or cordierite 
(Figs. 4c & d). 

The dominant structures in the Weldon domain were 

produced during D2b deformation, including meso- 
scopic FEb folds (Fig. 4e) and a strong foliation (Szb), 
defined by aligned cordierite-sill imanite-garnet-biotite 
in pelitic gneisses and by an S-C mylonitic foliation 
(Berth6 et al. 1979) in granitoids. A strong mineral 
rodding lineation (L2b), defined by quartzofeldspathic 
aggregates and quartz ribbons in granites, is commonly 
dominant over S2b in D2 high-strain zones and produces 
L-tectonites. 

FEb fold axes show a variable relationship to L2b. In 
high-strain zones, F2b is parallel to L2b and locally forms 
sheath folds (Fig. 40,  but in lower-strain zones, F2b fold 
axes are usually curved and highly oblique to L2b. Fold 
asymmetry suggests bulk westerly tectonic transport, 
consistent with S2b S-C asymmetry in mylonitic grani- 
toids. The observations indicate progressive, hetero- 
geneous, non-coaxial strain during D2 SW- to W- 
directed shear. 

F2c N--S-trending folds occur in the Ingellina domain 
(Fig. 2), but not in the Weldon domain. They predate 
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regional, shallow to doubly-plunging, NW-SE-trending 
folds (FEd) seen throughout the Weldon domain and 
adjacent Reynolds Range. 

FEd folds become progressively tighter from north to 
south across the range, becoming locally isoclinal. At 
Mt. Weldon, an F2d doubly-plunging antiform refolds an 
earlier reclined to recumbent major F2 antiform (Fig. 5), 
which also occurs on a mesoscopic scale (Fig. 4g). The 
S2d axial plane foliation is best developed in pelitic 
gneisses, defined by sillimanite-biotite enclosing 
porphyroblasts of ME cordierite and garnet (Fig. 4h). S2d 
occurs in granitoids as era-scale leucosomes that outline 
F2d axial surfaces, or as a mesoscopic crenulation cleav- 
age. An intersection lineation (L2d) is also well devel- 
oped, defined mainly by siUimanite-biotite. An L2d 
crenulation lineation is the only D2d structural element 
seen in mafic granofelses. 

INGELLINA DOMAIN 

The Ingellina domain, between Mts Stafford and 
Weldon, is best exposed near Ingellina Gap, north of the 
Yalbadjandi shear zone (Figs. 1 and 6). This region is 
dominated by intrusive granitoids that contain large 
xenoliths of metapelites. The rafts are remnants of LRB 
that have undergone several metamorphic events, 
characterized by (M1) cordierite-K-feldspar assem- 
blages overprinted by (M2) sillimanite-biotite + garnet 

assemblages (Clarke et al. 1989a), but the rocks record 
only two phases of deformation (Table 2). 

D1 deformation 

The effects of the early deformation (D1) are seen in 
the LRB xenoliths, which occur only near Ingellina Gap. 
Within the xenoliths, D1 is evident as inclusion trails in 
elongate porphyroblasts of andalusite and K-feldspar, 
which have been enveloped by a penetrative foliation 
considered to be S2b. The intensity of recrystallization 
during D2 has obliterated most of the M1-D~ effects 
(Clarke et al. 1989a). 

D 2 deformation 

A well-developed biotite schistosity in LRB meta- 
pelites is concordant with a strong mylonitic fabric in the 
granitoids. The mylonitic foliation can be traced con- 
tinuously from the Weldon domain and is therefore 
considered to be S2b. S-C asymmetry and lineation 
orientation in D2b mylonitic fabrics have been used to 
determine a sense of structural facing in the granites, 
which allows two types of F2 folds to be distinguished. 
The asymmetry remains unchanged around some large 
fold closures south of Yalbadjandi Hill, suggesting that 
they are sheath folds (cf. Cobbold & Quinquis 1980) and 
therefore F2b. Locally, S2b is complexly folded about 
L2b, producing L-tectonites. In contrast, a later set of 

D 3 S h e a r  Z o n e  " - = ~ e t r o g r e s s i o n  v ::i2b I r a n s p o r l  d i r e c t i o n  - - - = - - - - - -  T e r r a n e  b o u n d a r y  
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Fig. 6. Geology of the Ingellina domain. Note the systematic rotation of L2b from west to east across macroscopic F2c folds. 
On F2b limbs (centre of map) S2b is variable, but L2b is relatively constant, typical of mylonitic fold development. See Fig. I 

for location. 
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macroscopic (F2~) folds systematically reorient L2b (Fig. 
2) and S2b (Fig. 6), indicating a macroscopic antiformal- 
synformal pair. 

Parasitic folds in the schistose xenoliths in the major 
Fz~ antiform (Fig. 6) trend N-S and plunge moderately 
(10-40 °) to the NNW, similar to the plunge of the major 
synform to the west. A strong crenulation cleavage 
(S2b), which strikes 160 ° and dips steeply NE, is devel- 
oped in the schists, but an axial planar foliation is absent 
in the synform. 

A high-strain shear zone, trending N-S, parallel to the 
F2c axial trace, forms the western boundary of the 
domain. It is characterized by progressive rotation of S 
and C foliations into near-concordance (Fig. 4i) and by 
the localized development of L-tectonites. Strain pat- 
terns determined from the shape of mafic enclaves in 
granite, indicate that X: Y: Z ratios reach 8:1:1, sugges- 
ting that constrictional strain locally developed. The 
zone dips eastward at 30-60 ° and S-C asymmetry clearly 
indicates reverse movement, requiring that the Ingellina 
domain has overridden the Mt. Stafford domain to the 
west. 

strikes generally E-W, dipping steeply northwards. The 
orientation is close to that of D2d folds in the Weldon 
domain. 

ALGAMBA DOMAIN (EAST) 

South of the Yalbadjandi shear zone, near Mt. Wel- 
don (Fig. 5), upper-amphibolite facies rocks of the LRB, 
containing sillimanite-muscovite assemblages, are 
intruded discordantly by megacrystic granites. ME meta- 
morphic grade decreases rapidly southward from mig- 
matitic schists to muscovite-biotite metapelites and 
metapsammites (Clarke etal. 1989a). Earlier (M1) anda- 
lusite and K-feldspar porphyroblasts are pseudo- 
morphed by M2 sillimanite and muscovite, respectively. 
Structures in this domain are complicated by zones of 
extensive shearing and retrogression, which produced 
kyanite-muscovite-quartz in some late-formed pegma- 
tites. 

D 2 deformation 

ALGAMBA DOMAIN (WEST) 

South of the Yalbadjandi shear zone (Figs. 1 and 6), 
multiply deformed, muscovite--quartz-bearing LRB are 
intruded by a weakly deformed granitoid, the Ingallan 
Granite, which extends continuously to the Weldon 
domain in the SE and forms the northern limit of the 
Algamba domain. The change from high- to low-grade 
metamorphic rocks across the shear zone, which separ- 
ates the Ingellina and Algamba domains, is consistent 
with north-side-up movement as inferred from S-C 
asymmetry. 

D 2 deformation 

The earliest discernible foliation in the LRB is a layer 
parallel foliation defined by biotite-muscovite. Whether 
this foliation is related to D1 or D2 is unclear as it lacks a 
distinctive metamorphic assemblage; all foliations in this 
domain are defined by muscovite + biotite and quartz. 
However, pseudomorphs of muscovite after andalusite 
were strongly flattened after retrogression, indicating an 
earlier metamorphism (Ma), presumably related to D1. 
We therefore consider the layer-parallel foliation to be 
$2, related to the strong fabric forming event, OEb (Table 
2). Furthermore, S2b is folded into 100 m-scale upright 
folds (F2c) that have a similar N-S trend to FEc folds 
directly to the north in the Ingellina domain. These F2c 
folds define the outcrop pattern of the LRB, as high- 
lighted by a felsic amphibolite sill of metadiorite. F2c 
fold axes vary considerably from subvertical through 
shallow to doubly-plunging, although the effect of later 
refolding on plunge attitudes is not well known. 

FEc structures are folded into open folds that produce 
km-scale Type 3 interference structures (Ramsay 1967). 
A disjunctive or spaced axial planar cleavage ($20) 

Directly south of Mt. Weldon, the LRB schists have a 
strong biotite-sillimanite foliation that strikes uniformly 
NW and dips moderately ( -50  °) NE. A strong sillima- 
nite elongation lineation trends 060 °, parallel to L2b in 
the adjacent Weldon domain and therefore correlated 
with it (Table 2). To the south, megacrystic granites 
contain a flat-lying mylonitic foliation (S2b), which pro- 
gressively diminishes in intensity further south and the 
associated lineation also trends towards 060 °. S-C asym- 
metry indicates SW-directed transport, consistent with 
the nature of SEb elsewhere. These D2b fabrics are gently 
folded about E-W-trending folds (F20). Several kilo- 
meters further to the SW, the S2b foliation is not observ- 
able, but there is a very weak vertical NE-SW-trending 
foliation. This foliation can be traced westward through 
the Harverson Granite (Fig. 1), where it is associated 
with open folding of synplutonic granitic dykes. No 
evidence of the recumbent $2 foliation exists in the 
Harverson Granite. 

REGIONAL DEFORMATION 

D2d deformation 

The only structures that appear correlatable across 
the Anmatjira and Reynolds ranges are NW-SE- 
trending, shallow- to doubly-plunging folds (Fig. 2), 
considered to relate to D2d deformation (Table 1). In the 
Reynolds Range, FEd folds are outlined by prominent 
basal quartzite units of the Division Three rocks (Figs. 1 
and 2) and have been termed FII2 folds by Dirks & 
Wilson (1990). S2d is defined by a weak, biotite- 
sillimanite-cordierite foliation or by small, migmatitic 
leucosomes in F20 hinges in GFM rocks at the southeast 
end of the range. To the northwest, S20 is a slaty 
cleavage defined by muscovite, biotite and/or chlorite 
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alignment in upper greenschist-lower amphibolite facies 
rocks. 

FEd folds are also seen in the adjacent Giles Range 
(Figs. 1 and 2), and are similar to those of the NW 
Reynolds Range. They can be traced further northward 
into the Mt. Stafford domain, where gentle Flc folds are 
tightened to steep orientations by FEd folds (Fig. 3). 
There, the fold generations are generally coaxial with 
Fie and can only be distinguished by overprinting cri- 
teria, namely, the folding of $1~ axial surfaces to produce 
a crenulation cleavage (SEd). 

D3 deformation (mylonite zones) 

The Anmatjira and Reynolds ranges are extensively 
transected by numerous greenschist and lower amphibo- 
lite facies shear zones that strike NW-SE, although less 
common zones branch E-W to form a macroscopic 
anastomosing pattern. In the Anmatjira Range, major 
E-W zones are spaced - 5  km apart and include the 
Yalbadjandi shear zone at Ingellina Gap. This zone 
separates the Mt. Stafford domain from the Giles Range 
in the west and the Weldon from the Algamba domain in 
the east (Fig. 1). It extends approximately 100 km along 
the south side of the Anmatjira Range and defines the 
southern limit of high grade rocks associated with M1- 
D1 and M2-D2. The mylonites have been regarded as 
Paleozoic in age by Collins & Teyssier (1989), but some 
may represent reactivated Proterozoic shear zones 
(Dirks & Wilson 1990). 

D3 shear zone development is more intense at the 
southeastern end of the Anmatjira Range, where ultra- 
mylonite and S-C mylonites zones are spaced only tens 
of meters apart. In the central part of the range, at 
Ingellina Gap, many mylonite zones dissipate north- 
westward into narrow branching zones that ultimately 
lose definition in the host granitoid (Fig. 6). Only the 
largest zones, spaced several kilometers apart, exist at 
the northwest end of the range. 

The orientation of the shear zones varies systemati- 
cally across the Weldon domain. To the south, the zones 
are N-dipping, and to the north they are S-dipping, 
indicating a fanning geometry. All zones show a strong 
down-dip lineation and reverse sense of movement, 
indicating a 'pop-up' structure (Collins & Teyssier 
1989). The 'pop-up' terminates several kilometers north 
of Mt. Weldon, where major N- and S-dipping mylonite 
zones merge (Fig. 1). 

DISCUSSION 

Structural correlations, tectonic cycles and structural 
terranes 

In the Mt. Stafford domain, early meter-scale, ductile 
shear zones and Fla,1 b folds are poorly developed and 
are localized to areas of GFM. Early F1 folds are 
reclined to recumbent, and tectonic transport direction 
was probably W-directed, based on Fla.b fold asym- 

metry and younging directions, but later (Fie) are 
upright. The structural events constitute a single tecto- 
nic cycle, a conclusion supported by the same mineral 
assemblages defining all fold surfaces. The age is con- 
strained by post-Slb, pre-Slc megacrystic granitoids, 
dated at 1820 Ma (Collins et al. in press). 

The Weldon domain was also deformed during a 
single tectonic cycle. An early foliation (SEa), preserved 
as inclusion trails in porphyroblasts, was largely oblit- 
erated during development of a penetrative, reclined to 
recumbent foliation (S2b). L2b stretching lineations and 
S-C asymmetry indicate dominant W-directed ductile 
shear during D2b deformation. D2b fabrics were folded 
into later upright F2c and regional F2d folds. 

Although the Weldon and Ingellina domains are 
separated by an extensive area of alluvium (Fig. 1), 
similarities of rock-type, metamorphic grade and struc- 
tural evolution suggest that they are a single terrane. 
Mylonite augen gneisses in both domains show consist- 
ent W- to SW-directed transport, considered to result 
from D2b mylonitic deformation. Tectonic transport 
direction in the Algamba domain is also to the SW, as 
defined by D2b mylonitic S-C fabrics in granitoids. 
Together, the three domains are considered to form a 
single structural entity, the Weldon terrane, extending 
some 60 km along the Anmatjira Range, and character- 
ized by W- to SW-directed ductile shear. 

Westward thrusting of the Weldon terrane during D2b 
deformation has resulted in tectonic overriding of the 
Mt. Stafford domain on a 100 m to km-wide, E-dipping 
(30-60°), high-strain mylonite zone that shows clear 
reverse movement. Subsequent tectonic loading is con- 
sistent with metamorphic overprinting relationships in 
the Mt. Stafford domain, where poorly aligned 
sillimanite-bearing assemblages, pseudomorphous after 
andalusite, indicate an increase in pressure from 2.5 to 
4 kb after Dlc deformation (Vernon et al. 1990). 

The structural and metamorphic data indicate that the 
Mt. Stafford area is a separate entity from the Weldon 
terrane and has a distinctive tectonic cycle. U-Pb  iso- 
topic data from syntectonic D2b charnockites in the 
Weldon terrane yield a 1760 Ma age (Collins et al. in 
press), and confirm that the Weldon terrane is much 
younger than the 1820 Ma tectonic cycle at Mt. Stafford. 
Thus, the structural, metamorphic and isotopic con- 
trasts, the overprinting relations, and the major fault 
contact between the two areas, are sufficient criteria to 
define the latter as the Mt. Stafford terrane, according to 
the definition of Howell et al. (1985). 

The regional NW-SE-trending folds, common to both 
terranes and to the Reynolds Range, were considered by 
Dirks & Wilson (1990) to be equivalent to F2b, rather 
than F2d. The subvertical axial surface of these folds 
(FII2 of Dirks & Wilson 1990) was locally rotated into 
subhorizontai attitudes by ENE-WSW crenulation 
bands (FII3) in the Reynolds Range, and Dirks & 
Wilson (1990) used this analogy to suggest that S2b was 
originally subvertical in the Anmatjira Range. The pres- 
ent reclined to recumbent S2b orientation in the latter 
would then result from FII3 crenulation bands. Part of 
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the confusion appears to result from Dirks & Wilson 
(1990) equating So in the Reynolds Range with the 
(S2a,2b) foliations in the Anmatjira Range, which result 
from earlier intense deformation events. Also, if the 
NE-SW-trending folds in the Anmatjira Range are F2b, 
the axial surfaces should be folded, but they consistently 
dip subvertically and strike NW-SE, indicating a later 
(F2d) generation (Fig. 2). Thus, we contend that F2a is 
correlatable between the two ranges, and that the effects 
of the D2 tectonic cycle (DII of Dirks & Wilson 1990) 
were not identical. 

Relationship o f  de format ion  to me tamorph i sm  

Zones of greatest structural complexity are associated 
with areas of highest metamorphic grade. In the Mt. 
Stafford terrane, at least two recumbent fold gener- 
ations (Fla,b) are evident in the granulite facies rocks, 
but in the lower grade rocks these structural elements 
diminish in intensity even though intervening major 
structural breaks do not exist and the enveloping So 
surface is broadly horizontal (Fig. 3). Similar features 
are seen in the Algamba domain directly south of Mt. 
Weldon (Fig. 1), where metamorphic grade associated 
with M2 decreases rapidly to the SSW (Clarke et al. 
1989a) and D2b fabrics in the granitoids are lost over a 
5 km interval. To the southwest, only a weak S2d folia- 
tion is observed in the older (1820 Ma) Harverson 
Granite (Fig. 1), which is metamorphosed only to 
muscovite-quartz grade (Clarke et al. 1989a). In con- 
trast, the Possum Creek Charnockite, metamorphosed 
to granulite facies, shows evidence of multiple D2 defor- 
mation and yet is considerably younger (-1760Ma, 
Collins et al. in press). Thus, although D2 strain might 
have been partitioned into discrete zones at lower grade, 
complex plastic deformation is restricted to areas of 
high-grade metamorphism, suggesting that the two pro- 
cesses are closely related. 

Peak temperatures were reached prior to, or during, 
the earliest deformation event in each tectonic cycle 
(Clarke et al. 1989a, Vernon et al. 1990). In the Mt. 
Stafford terrane, wrapping of Sla around andalusite 
suggests pre- to syn-Sxa prograde metamorphism, con- 
sistent with the presence of very small, random in- 
clusions in cordierite which indicate a lack of foliation 
development before deformation. All structures in the 
high-grade rocks are delineated by high-grade minerals, 
indicating that the rocks were hot during all phases of D1 
deformation (Vernon et al. 1990). In the Weldon ter- 
rain, sillimanite-biotite inclusion trails (S2a) in pre-S2b 
garnet and cordierite porPhyroblasts also indicate that 
the thermal peak was reached during the first defor- 
mation (D2~) in that area (Clarke et al. 1989a). 

Temperatures of 750-800°C occurring at mid- to 
upper-crustal depths (2.5-5.5 kb) indicate very high 
geothermal gradients during GFM and the sharp lateral 
metamorphic zonations suggest localized, transient heat 
sources, consistent with the fine-grained nature of many 
GFM rocks. The data suggest that the low-P, high-T 
(LP-HT) metamorphism was characterized by discrete, 

short-lived thermal pulses that were intimately associ- 
ated with the tectonic cycles. 

The regional metamorphic zonations are centred on 
granitoid intrusions. At Mt. Stafford, the zone of highest 
metamorphic grade is concordant with a 3 kin-thick 
composite folded granite sheet that plunges to the north- 
east. The isograds, which exist on the southwest side 
(Fig. 3), occur below the sheet and define an inverted 
metamorphic isograd. Thus, the LP-HT metamorphism 
is a result of heating by granitoid intrusion. Localized 
hybrid zones of mixed felsic and mafic magmas exist at 
the base of the sheet, so some heat input is derived from 
mantle material, but it is minor. Similarly, the granite 
sheets of the Weldon terrain are concentrated in the 
zone of highest metamorphic grade, although no basal 
hybrid zones were found. Thus, the major source of heat 
for the thermal pulses was the granitoid sheets. 

Given that the granites from both terranes are pre- 
and syn-tectonic, that the metamorphism is also pre- and 
syn-tectonic, and that deformation is most complex in 
the zones of highest metamorphic grade, it is clear that 
the thermal effects of granite intrusion and associated 
GFM influence the style and intensity of deformation. 

Tectonic models  

The association of deformation and early LP-HT 
metamorphism, and the induced anticiockwise P - T - t  
paths for both terranes (Clarke etal. 1989a, Vernon etal. 
1990), is inconsistent with structural models that invoke 
continental collision to produce the early major reclined 
to recumbent folds. It may have resulted from exten- 
sion, either of normal thickness crust (e.g. Wickham & 
Oxburgh 1985, Sandiford & Powell 1986, Buck et al. 
1988) or of previously thickened crust, the thickening 
having been produced either by crustal shortening (Bell 
& Johnson 1989, Sandiford 1989) or magmatic over- 
accretion (Stiiwe & Powell, 1989b). In the Anmatjira 
Range, early-formed, high-T mineral assemblages 
occurring at mid-crustal depths (5--6 kb) do not indicate 
initial crustal overthickening, but more importantly, 
deformation is compatible with compression rather than 
extension. Kinematic indicators on the boundary fault 
confirm that the higher-grade Weldon terrane was thrust 
over the Mt. Stafford terrane, consistent with the late 
up-pressure metamorphic mineral assemblages in the 
latter (Vernon et al. 1990). Also, tectonic transport 
directions are invariably toward areas of lower meta- 
morphic grade, rather than away from them, and upright 
folding continued during cooling of the terranes (Clarke 
et al. 1989a). Therefore, in the Anmatjira Range, LP- 
HT metamorphism was associated with thickening, 
rather than thinning of the crust. 

Coeval LP-HT metamorphism and crustal thickening 
may be explained by contemporaneous mantle litho- 
spheric thinning (Houseman et al. 1981, Loosveld & 
Etheridge 1990). In this model, crustal convergence 
produces a thickened mantle lithospheric root that be- 
comes gravitationally unstable, detaches and sinks, 
allowing influx and underplating of the asthenosphere 
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onto the lower crust. To achieve the prograde 
andalusite-sillimanite assemblages typical of the 
Anmatjira Range GFM events, the model requires sub- 
stantial crustal thickening (~60%), which must be re- 
flected by a delay between the earlier stages of defor- 
mation and the onset of metamorphism. However, in 
the Anmatjira Range, the rocks were already under- 
going peak thermal conditions during the earliest defor- 
mation. 

Crustal thickening during LP-HT metamorphism, 
generating anticlockwise P - T - t  paths, can be achieved 
by compression of a previously thinned crustal sub- 
strate, soon after heating of the terrane. Etheridge et al. 
(1987) appealed to crustal delamination, triggered by 
cooling of the lithospheric slab immediately after exten- 
sion, to generate sufficient heat before deformation, 
whereas Thompson (1989) considered that heating 
would be a natural consequence of basin formation and 
sedimentation. Both models require that compression is 
a direct consequence of extension, and cannot explain 
the localized high-grade metamorphism in the Weldon 
terrane, 60 Ma after a similar episode in the Mt. Stafford 
terrane. A discrete thermal pulse is required, which is 
considered to be the intrusion of numerous granitoid 
(and minor mafic) sheets into the mid-crust. 

Repeated intrusion of granite sheets into the mid- 
crust induces thermal softening in the high-grade, 
subhorizontal regional aureoles, and is facilitated by 
generation of fluids during metamorphism and migmati- 
zation. Plastic deformation is accelerated in these zones, 
a form of "melt-enhanced deformation" (Hollister & 
Crawford 1986), although the melts (and fluids) are 
considered to only reduce the yield strength of the host 
rocks, rather than lubricate the shear zones. Rheological 
contrasts between subconcordant granitoid sheets, 
incompetent migmatitic, and competent granofelsic 
layers, promotes subhorizontal ductile shear during 
compression and leads td complex deformation in the 
zones of highest metamoi~phic grade, centred on grani- 
toid intrusions. 

The model is similar to that proposed by Stiiwe & 
Powell (1989a), but differs in two important aspects: (1) 
the thermal perturbation in the Stiiwe & Powell model 
assumes conduction to be the dominant process, with 
passive behaviour of granites during intrusion; and (2) 
thickening directly follows extension, which implies the 
heat was associated with extension, rather than com- 
pression (Stfiwe & Powell 1989a, p. 461). We consider 
that compression can occur anytime after extension, but 
it is the intrusion of granite sheets into the mid-crust that 
induces regional LP-HT metamorphism (cf. Hanson & 
Barton 1989), thermally softens it, and thereby localizes 
zones of complex deformation. 

Early geological history o f  the Anmatjira Range 

In Proterozoic northern Australia, the earliest rocks 
are typically rift-fiU sediments deposited during exten- 
sion of pre-existing, possibly Archaean, continental 
crust (Etheridge et al. 1987). In the northern Arunta 

Inli~r, these sediments a re  represented by the LRB, 
which probably formed at -1880-1870 Ma, based on 
lithological correlations with the Warramunga Group in 
the adjacent Tennant Creek Inlier (Blake & Page 1988) 
and U-Pb ages of individual zircon grains from the LRB 
(work in progress). Thus, the age of initial thinning of 
the crust is considered to be -1880-1870 Ma (Fig. 7a). 
D1 and D2 tectonic cycles followed approximately 60 
and 120 Ma later, at 1820 Ma in the Mt. Stafford terrane 
and at 1760 Ma in the Weldon terrane (Collins et al. in 
press). The cycles required discrete thermal pulses 
separate from that associated with basin formation, 
as extensional events usually take only several tens 
of Ma to cool (McKenzie 1978, Loosveld & Etheridge 
1990). 

The discrete thermal pulse associated with emplace- 
ment of a composite - 3  km-thick granite sheet in the 
Mt. Stafford terrane, induced a localized tectonic cycle 
(Dr). The 'regional aureole' (cf. White et al. 1974) 
around the granite sheet shows a dramatic decrease in 
metamorphic grade, reflecting a 75°Ckm -1 lateral 
gradient (Vernon et al. 1990). Dla and Dlb structures are 
confined to the aureole and highlight the relation of 
deformation and metamorphism (Fig. 7b). However, 
km-scale Fie folds extend beyond the aureole (Fig. 7c) 
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Fig. 7. Cross-section sketches showing evolution of the Mt. Stafford 
and We|don terranes (1880-1760 Ma). The pressure increase from 
-2.5 to 4 kb in the 1820 Ma Mt. Stafford terranc (Vernon etal. 1990) 
was caused by D2 thrusting at 1760 Ma. Earliest assemblages in the 
We|don terrane define S2a and record peak temperatures before 
deformation began. Isobaric cooling ensued (Clarke et al. 1989a). See 

text for explanation. 
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and occur  10-15 km to the  south in the Reyno lds  Range  
(Dirks & Wilson 1990), a l though they die ou t  fur ther  
southeast  near  Harve r son  Pass where  the general  30-40 ° 
angular  unconformi ty  reduces  to  a pa raconformi ty  
(Collins & Vernon  1987, Dirks  & Wilson 1990). Appar -  
ently, thermal  softening associated with granite-sheet  
intrusion at Mt. Stafford (Vernon  et al. 1990) was 
sufficient to localize small-scale deformat ion  during the 
first tectonic  cycle (Dr) ,  but  not  large-scale crustal 
deformat ion .  

In contras t ,  the 1760 M a  G F M  event  in the Weldon  
ter rane  was associated with much more  extensive sheet- 
like intrusion (Fig. 7d),  and  was widespread  th roughout  
the no r the rn  Arun t a  Inlier.  It might  also represent  the 
G F M  event  in the St rangways  Range ,  100 km to the SE 
in the central  Arun t a  Inl ier  (Warren  1983, N o r m a n  et al. 

1989), also dated at 1 7 6 0 M a  (Collins unpubl ished) .  
Approx ima te ly  80% of  the Weldon  ter rane  comprises  
granite  sheets of  this age. This 1760Ma  tectono/  
magmat ic  event ,  character ized by early, large-scale, 
reclined to r ecumben t  ductile shear  associated with 
thrust ing (Fig. 7e), was capable  of  substantially weaken-  
ing the crust,  thereby p romot ing  complex regional  com-  
pressional  deformat ion .  T he  tectonic cycle te rmina ted  
with the genera t ion o f  Dzc and D2d upright  folding (Fig. 
7f). 

C O N C L U S I O N S  

Two  distinct terranes are  recognized in the Anmat j i ra  
Range ,  central  Aus t r a l i a - - t he  1820 Ma Mt.  Stafford 
ter rane  and the 1760 Ma  Weldon  terrane.  E a c h  terrane 
underwen t  a similar s tructural  history of  early recum- 
bent  folding and thrust ing fol lowed by upright  folding, 
forming two discrete tectonic  cycles. De fo rm a t i on  was 
int imately associated with L P - H T  me tamorph i sm in 
bo th  terranes  at mid-crustal  levels, with the zones of  
highest me tamorph ic  grade  centered on grani toid intru- 
sions. 

D e f o r m a t i o n  began after  heating and cont inued  as 
each te r rane  began to cool ,  producing anticlockwise 
P - T - t  paths.  Complex  deformat ion ,  character ized by 
ductile shear ,  was localized to regional aureoles  a round  
the granites,  which were  composed  of  numerous  sheet- 
like bodies  that  occupy up to 80% of the terranes.  The  
de format ion  is considered to result f rom thermal  soften- 
ing of  the mid-crust,  confined to areas of  granitoid 
intrusion and sur rounding  regional aureoles ,  where 
magmat ic  and me tamorph ic  fluids marked ly  reduce  the 
yield s t rength of  the rocks,  thereby facilitating plastic 
deformat ion .  The  result  is the product ion  of  discrete, 
complex  structural ter ranes ,  character ized by anticlock- 
wise P - T - t  paths,  and localized in zones of  granite 
intrusion. A likely m o d e r n  tectonic env i ronment  is the 
axis o f  a magmat ic  arc along an active cont inental  
margin.  
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