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Abstract--The Strangways Orogenic Belt of 1800 Ma granulites in the central Arunta Block was completely 
reworked at granulite-facies grades during the Middle Proterozoic (1400-1500 Ma). The bulk strain regime of the 
initial episodes of this reworking is presented. Ductile reworking involved non-coaxial deformation on a regional 
scale and produced map-scale sheath folds. High bulk shear strains are inferred on microscopic and macroscopic 
scales and the spatial variation in bulk shear strain throughout the region is discussed. The high bulk shear strains 
were accommodated by east-over-west ductile ramping and fold repetition, resulting in easterly inclined 
structures, crustal shortening and crustal over-thickening. 

INTRODUCTION 

GRANULIa~ gneisses of the Arunta Block (Fig. 1) under- 
went intense ductile reworking during the Middle Pro- 
terozoic (1400-1500 Ma), subsequent to Early Protero- 
zoic metamorphism (1800 Ma). Regional deformation 
has been named the Proterozoic reworking and has been 
divided into two distinct episodes (Goscombe 1987). 
Initial reworking involved an episode of inclined pro- 
gressive shear during compression (D2-Dj) and was 
followed by a more upright transpressional episode 
(D4-Ds) (Table 1). Initial reworking produced a com- 
plex outcrop pattern of steeply inclined sheath folds and 
refolded sheaths on the map scale. Similar scale sheath 
folds have been previously described from only a few 
localities (Henderson 1981, Lacassin & Mattauer 1988, 
Park 1988, N. Culshaw 1988 personal communication). 

This paper presents the first detailed structural analy- 
sis undertaken in the Strangways Range. Prior to this, 
the true nature of the high-grade Proterozoic orogenesis 
of this portion of the Arunta Block was unknown. This 
study is based on detailed mapping in the NE Strang- 
ways Range and reconnaissance work in granulites from 
all portions of the Central Tectonic Province (CTP) 
(Fig. 1). This paper defines the nature of the deforma- 
tional regime during only the initial stages of the 
Proterozoic reworking (DE-Dj) (Table 1). Analysis of 
the type and sense of shear, and bulk shear strains 
experienced, is presented and the tectonic framework of 
deformation discussed. 

REGIONAL GEOLOGY AND TECTONIC 
FRAMEWORK 

The NE Strangways Range is a small portion of the 
E-W-trending belt of CTP granulites named the Strang- 
ways Orogenic Belt (James & Ding 1987) (Fig. 1), which 

*Present address: Tasmanian Department of Mines, P.O. Box 56, 
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is a layered sequence of supra-crustal gneisses. The 
lithological layering on m- to km-scale is denoted So 
(Table 1). The sequence is dominated by two pyroxene 
mafic gneiss and garnet-orthopyroxene-biotite-bearing 
quartzo-feidspathic gneisses. These have tholeiitic and 
rhyolitic compositions, respectively, and have field re- 
lationships consistent with a bimodal volcanic pile (War- 
ren 1983, Windrim 1983, Stewart et al. 1984) which has 
been dated by Sm-Nd systematics at approximately 
2000-2100 Ma (Windrim & McCulloch 1986). Inter- 
layered with the volcanic pile are indisputable meta- 
supracrustals such as banded iron formation, quartzite, 
carbonates, calc-silicates and a wide variety of alumi- 
nous and meta-pelitic gneisses (Fig. 2). 

Prior to the development of the first recognized tec- 
tonic fabrics ($2-L2), the Strangways Range supracrus- 
tals were buried to 21-25 km depth and subjected to 
peak temperatures of 850-9500C (Warren 1983, Gos- 
combe 1989) at 1800 Ma (Black et al. 1983, Windrim & 
McCulloch 1986). This granulite-facies metamorphism 
(M1) was responsible for the total recrystallization of the 
whole region to medium- to coarse-grained (0.1--60 cm) 
polygonal granoblastic and porphyroblastic textures. 
Fine-scale (ram to tens of cm) compositional gneissic 
layering and quartzo-feldspathic partial melt segre- 
gations were developed during M1, both constitute $1 
and are concordant with lithological layering (So). Units 
of quartzo-feldspathic gneiss were variably migmatized 
during M~, some were completely melted giving rise to 
large concordant in situ granitic orthogneiss units (Gos- 
combe 1989). 

As a consequence of M1 annealing, deformational 
structures and kinematic indicators from the tectonic 
episodes responsible for burial to, and metamorphism 
in, the middle-lower crust, have not been recognized. 

MI mineral parageneses record an anticlockwise P - T  
path from lower pressure conditions (Goscombe 1989). 
Retrogressive reaction coronas and symplectites record 
an isobaric cooling path to at least 700°C with concomi- 
tant partial hydration (Warren 1983, Goscombe 1989). 
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Fig. 1. Regional geological features (based on Shaw & Wells 1983) and locality of area studied. Inset of the tectonic 
provinces of the Arunta Block and adjacent Proterozoic-Palaeozoic sedimentary basins. 

Pervasive post-M 1 hydration was responsible for the 
crystallization of significant amounts of biotite, phlogo- 
pate, hornblende and gedrite at approximately 1670- 
1720 Ma (Allen & Stubbs 1982, Windrim & McCuiloch 
1986). Retrogressive fluids were sourced from crystalliz- 
ing m situ partial melts (Hensen & Warren 1985) and 
produced the metasomatic signatures that are character- 
istic of the Arunta Block granulates (Allen 1979, Gos- 
combe 1984, 1989). 

Both granulate gneisses and granitic orthogneisses 
were completely reworked, subsequent to M1, by in- 
tense ductile deformation (Dz-Ds) on a regional scale at 
approximately 1400-1500Ma (Goscombe 1989). To 
avoid confusion with previous Arunta Block literature, 
orogenesis of the Strangways Orogenic Belt has been 
termed the Proterozoic reworking, which comprises two 
distinct periods of contrasting style of deformation 
(Table 1). These are: 

(1) D2-D3: progressive non-coaxial shear with the 
development of two definable isoclinal fold generations 

and intense layer-parallel L2-S 2 tectonic fabric. The 
nature of D2-D 3 deformation is the subject of this paper: 

(2) D4-Ds: upright folds (F4), syn-tectonic granite 
emplacement at 1430-1490 Ma (Fig. 2 and Table 1) and 
steeply inclined granulate-facies shear zones ($5) , all 
formed essentially coevally as a result of regional scale, 
E-W-trending, sinistral transpression. 

All episodes of the Proterozoic reworkmg occurred 
under granulate-facies conditions (M e and Ms, Table 1). 
Me occurred at higher pressures (>9 kbar) and lower 
temperatures (800--850°C) than M]. Mineral parage- 
neses in $5 shear zones (Ms) record a retrogressive 
decompression P - T  path from 850°C and 9 kbar to 
600°C and 6.5 kbar (Goscombe 1989). Thus M2 and M 5 
outline a clockwise P - T  path during the Proterozo]c 
reworking, involving burial during Dz--D 3 and decom- 
pression to middle crustal levels during the later trans- 
pressional (D4-Ds) phase. 

The Strangways Orogenic Belt remained at depth 
throughout the Late Proterozoic and Early Palaeozoic, 
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Table 1. Simplified framework of tectonic events experienced in the NE Strangways Range 
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Age (Ma) 
Igneous events Metamorphism Deformation and fabrics [Ref.]* 

Supracrustal rocks Scr--lithological 2100-2000 
and volcanic deposits layering [1] 

Migmatites and Ml--granulite facies, $1 --gneissic layering ] Lithospheric 1800-1750 
in situ granitic anticlockwise J extension? [1,2] 
orthogneiss P - T  path 

Dolerite dykes 

Pegmatites and 
granites 

Pegmatites 

Proterozoic reworking 
Mz--granulite facies D2--isoclines and sheaths ] Non-coaxial ductile 1500-1400 

D3--isoclines and sheaths crustal shortening [3,4,5] J 
clockwise 
P - T  path 

D4-----open folds ] Transpression 1490--1425 
My---lower granulite Dr---shear zones J [2,6] 

Late Proterozoic events 
M6--Amphibolite facies ] 1050-900 

isobaric heating and ] Lithospheric [3,7] 
cooling D6--shear zones extension 1050-930 

[2,8,9] 

Alice Springs Orogeny 
M7--amphibolite to Wallaby Knob Schist ] >400 

greenschist facies, Zone ] Intra-continental [10] 
clockwise crustal shortening 340-310 
P-T path and uplift [11] 

* [1] Windrim & McCulloch 1986; [2] Black etal. 1983; [3] Allen & Stubbs 1982; [4] Iyer et al. 1976; [5] Woodford etal. 1975; [6] Black 1980; [7] 
Black et al. 1980; [8] Allen & Black 1979; [9] Marjoribanks & Black 1974; [10] Collation of published cooling ages (Goscombe 1989); [11] 
Mortimer et al. 1985. 

experiencing limited crustal extension and the emplace- 
ment of scattered dolerite dykes. The granulites were 
exposed prior to the Tertiary (Wells & Moss 1983) as a 
consequence of the intra-continental (Teyssier 1985) 
Alice Springs orogeny (Forman 1971, Shaw et al. 1984a) 
at approximately 400 Ma (Table 1). 

D2-D 3 STRUCTURAL ELEMENTS 

Two episodes of isoclinal folding, on all scales (mm- to 
km-scale), are recognized in the NE Strangways Range. 
F2 folds, the earliest deformational structures, are de- 
fined as those with a penetrative axial planar L2-$2 
fabric (Fig. 3a). Whereas F 3 folds refold both F2 folds 
and the regional L2-$2 fabric without penetrative fabric 
development (Figs. 4a & b). 

Mesoscopic fold structures 

F 2 folds are tight to isoclinal, have rounded and 
thickened hinges and attenuated limbs (Fig. 3a), with 
fold axes parallel to the mineral elongation lineation 
(L2). Mesoscopic F2 folds are both intrafolial within and 
fold the lithological layering (So). Asymmetrical meso- 
scopic folds (Fig. 3b) define a sense of vergence (Bell 
1981) which is consistent with the macroscopic F2 clos- 
ures (Fig. 7), thus implying the coeval generation of both 
these scales of folding. 

Mesoscopic F2 sheath folds are common in macro- 
scopic F2 hinge regions and best developed in quartzo- 
feldspathic gneiss (Fig. 3c). Cross-sections normal to the 
sheath fold long axes have flattened ellipse shapes with 

orthogonal dimensions of 1-8 cm by 2-20 cm with shape 
ratios (B/C, Fig. 8) ranging from 2 to 6. The long axes of 
sheath folds are parallel to the mineral elongation linea- 
tion (L2) (Fig. 3d) and up to 50 cm long. Throughout 
their length there is only minimal change in the cross- 
sectional area of sections orthogonal to the sheath long 
axis (Fig. 8). The plane of sheath flattening is parallel to 
the tectonic fabric ($2). There appears to be a predomi- 
nance of antiformai sheaths as a result of their having 
more rounded noses, whereas synforms are typically 
sheared out. Sheath terminology and the relationship 
between D2 tectonic fabrics and F2 fold geometry are 
summarized in Fig. 9. 

F3 folds are isoclinal with rounded hinges. Hinge 
thickening and limb attenuation is not as pronounced as 
in the F2 folds. A crenulation lineation, defined by 
mm-scale parasitic folds, is developed parallel to F3 fold 
axes. Mesoscopic/73 sheath folds have irregular cross- 
section shapes (Fig. 4c) and are commonly developed in 
the tightest macroscopic F3 hinge regions. 

F2 and F3 folds are nearly co-planar and co-linear (Fig. 
10), both plunge steeply (50-80*) towards the NE and 
SE and are inclined 50-80 ° to the ESE. F2 fold axes and 
the long axes of sheaths are contained within the plane of 
the regional tectonic foliation ($2) and tightly scattered 
symmetrically around the average L2 orientation. F3 
fold axes are more widely scattered around the average 
L2 direction than F2 folds (Fig. 10). 

Macroscopic fold structures 

Macroscopic F2 structures are very tight to isoclinal 
with rounded hinges (Fig. 11). Large-scale lithological 
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layering (So) is folded around F2 closures, whereas 
intense $2 fabric development, in quartzo-feldspathic 
and pelitic lithologies, masks pre-existing mesoscopic 
gneissic layering ($1) in the hinge regions. This destruc- 
tion of gneissic layering, makes the recognition of map- 
scale F2 hinge regions difficult. 

Macroscopic F2 structures have two distinct outcrop 
geometries; 

(1) plunging, inclined isoclinal folds (Fig. 11) with 
axial surfaces parallel to the regional $2 foliation and 
with fold axes sub-parallel to the regional L2 orientation 
(Figs. 10 and 11); 

(2) F2 structures form km-scale closed outcrop pat- 
terns with flattened ellipse shaped horizontal sections 
(Figs. 2 and 11). Marginal hinges (Fig. 9) at both ends of 
these closed structures plunge sub-parallel to each other 
and are parallel to the fold axes of adjacent macroscopic 
F2 folds and L2 (Figs. 10 and 11). The marginal hinges of 
these structures meet either above or below the surface 
of outcrop (at the terminal closure or 'nose') to be 
consistent with the closed outcrop patterns (Figs. 2 and 
11). As such, these structures define an elongate and 
flattened sheath fold geometry. The inter-marginal 
hinge angle (Fig. 8) of these mega-sheaths range 6-34 ° 
and the degree of ellipticity (B/C), of sections ortho- 
gonal to their length, range from 2.2 to 8.5. Like meso- 
scopic sheath folds, these structures are flattened in the 
regional $2 foliation and elongate parallel to L2. 

Macroscopic F 3 sheaths have flattened elliptical cross- 
sections similar to F 2 sheath folds (Fig. 11). L2 lineations 
are refolded by mesoscopic (Fig. 4d) and macroscopic F 3 
folds, resulting in nearly co-linear L2 orientations on 
both F 3 limbs (C, Fig. 11). Schematic representation of 
the F 3 refolding of D 2 structural elements is summarized 
in Fig. 9. Of significance is the common occurrence of 
large bodies of M1 orthogneiss and mafic gneiss in the 
cores of sheath folds (Fig. 2), suggesting that these 
inhomogeneities in the gneissic pile controlled nuclea- 
tion of the fold (Minnigh 1979, Berth6 & Brun 1980, 
Cobbold & Quinquis 1980). 

The three-dimensional geometry of individual F 2 and 
F3 sheath folds cannot be the result of fold interference 
between any number of cylindrical folds formed in a 
coaxial deformational environment. This is illustrated 
by the development of isolated sheath structures. For 
example, the axis of symmetry, orthogonal to the fold 
axial plane ($2), does not extend beyond the margin of 
individual sheath fold into adjacent ones with the same 
sense of closure along its length (domain G, Fig. 12). 
Thus this axis cannot be a second-stage fold axis of a 
dome and basin pattern of two isoclinal fold events. 
Furthermore, the sub-parallel nature of marginal hinges 
and sides of sheath folds, as well as the same shear sense 
on each limb, are incompatible with their generation by 
refolding of two or more coaxial fold generations. Con- 
sequently, these structures are true sheaths and must 
have involved stretching and rotation of the marginal 
fold hinge into parallelism with L 2. Other examples of 
sheaths developed on a similar scale exist, for example; 
Hudsonian Orogen in northeast Canada (Henderson 

1981), the Swiss Alps (Lacassin & Mattauer 1985), 
Svecokarelides, eastern Finland (Park 1988) and poten- 
tial structures in the Grenville Province, Canada (N. 
Culshaw 1988 personal communication). 

Refolding of macroscopic F2 fold structures by F 3 
folds, gave rise to complex fold interference patterns 
(Figs. 2 and 11). Three-dimensional interpretation of 
two regions of macroscopic F2 and F 3 fold interference, 
from domains D and F (Fig. 10), are presented (Fig. 12). 
These F2-F 3 interference patterns have no analog with 
the classical interference patterns of Ramsay (1967) and 
Thiessen (1986), because of the non-coaxial nature of 
deformations involved (see later discussion) and the co- 
linearity of both F2 and F 3 structures. The F2-F3 inter- 
ference pattern is more analogous (though on a larger 
scale) to that observed in ductile shear zones that have 
undergone progressive non-coaxial shear (Berth6 & 
Brun 1980, Cobbold & Quinquis 1980). 

D 2 tectonic fabrics and microstructure 

A very pronounced L2-S 2 tectonic fabric is developed 
throughout the region. The regional elongation linea- 
tion (L2) is defined in pelitic, quartzo-feldspathic and 
calc-silicate gneisses by elongate lenses of quartz- 
aggregate (Fig. 6a), boudinaged and stretched feldspar, 
orthopyroxene and garnet porphyroblasts (Figs. 5a & 
b), elongate pressure shadows consisting of aggregates 
of quartz, feldspar and biotite, and by fine-grained 
prismatic sillimanite. In mafic gneiss, L2 is defined by 
elongate pressure shadows consisting of fine-grained 
aggregates of hornblende, plagioclase and pyroxene. 

L2 is sub-parallel to F2 sheath folds on all scales (Figs. 
3d and 7). Despite two subsequent fold generations, L2 
orientation is tightly constrained throughout the region; 
plunging 60 ° towards 100 ° (Fig. 10). Thus L 2 accurately 
outlines the direction of transport during D2. 

The pervasive tectonic foliation ($2), is defined by 
intense grain size reduction of pre-existing textures. $2 
typically parallels the gneissic and lithoiogical layering 
(So-Sl) (Fig. 10), but overprints So-Sx in F 2 fold hinges 
(Figs. 3a & d). $2 is coeval with F2 folding because of its 
axial planar development (Figs. 3a and 8). $2 is defined 
by the preferred shape orientation of biotite, gedrite and 
sillimanite, elongate pressure shadow tails and by planar 
to lenticular ribbons of fine-grained aggregates of 
quartz, feldspar, garnet and pyroxene (Figs. 4b and 5a- 
c). These aggregate ribbons formed by recrystallization, 
at grain boundaries, of M 1 phases. No undulose extinc- 
tion or any other deformational feature is preserved in 
L2-$2 aggregate mineral grains (Fig. 4b). 

In meta-pelites, quartzo-feldspathic gneisses and 
orthopyroxene-rich granulite, the L2-$2 fabric is mylo- 
nitic to proto-mylonitic with up to 100% grain refine- 
ment. Quartz and feldspar ribbons (Figs. 4a and 5c) in 
these lithologies are laterally extensive (on cm-scale) 
and thin (0.05-1.3mm). Grain refinement in meta- 
pelitic gneisses and orthopyroxene-rich granulite is typi- 
cally 60-95%, resulting in $2 being the only recognizable 
planar fabric, other than partial melt segregations. Such 
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Fig. 7. Simplified structural data map of the NE Strangways Range, for D2-D3 structural cicmcnts only. 

intense grain r e f i n e m e n t  gives rise to a texture  of  iso- 
lated Mj p o r p h y r o b l a s t s  within a f ine-grained fol iated 
and l ineated  mat r ix  (Figs• 5c & d). 

Mafic and caic-si l icate gneisses display little or  no 

grain re f inement .  W h e r e  p resen t ,  grain bounda ry  rec- 
rystal l izat ion defines an incipient  $2 fabric. In the hinges 
of  folded mafic  gneisses,  S 2 fabrics are more  intense,  
though grain r e f i nemen t  is not  as great  as exper ienced  by 
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Fig. 8. Tracings of gneissic layering (S0 in spaced sections through a 
sheath fold in quartzo-feldspathic gneiss. Sections are normal to L2. 
Note late-D2 partial melt segregations elongate parallel to L2. Bulk 
shear strain calculations based on the intermarginal hinge angle (2a) 
and degree of ellipticity (B/C) of this sheath are defined by the 
relationship; a = arctan [(B/C). (yz + 1)-i] (Lacassin & Mattauer 
1985). Shear strain estimates are; section (1) 7 = 21, section (2) 7 = 25, 

section (3) X = 22, averaging 7 = 23. 
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Fig. 9. Schematic block diagrams summarizing: (a) D2 structural 
elements, (b) F3 folding of D2 structural elements, (c) the idealized 
relationship between a general (ol) finite strain ellipsoid for Dz--D3 

and principal compressive stress in a simple shear environment. 

typical mylonites (i.e. <50%). In domain C (Fig. 10), 
however, the $2 fabric in mafic gneisses is mylonitic 
(>50% grain refinement) and asymmetrically encloses 
M 1 mineral grains. 

C-planes (Berth6 et al. 1979) are developed at low 
angles (7-25 °) to the Sz foliation (Fig. 5d) in the least 
deformed quartzo-feldspathic and meta-pelitic gneisses. 
However, C-planes are commonly absent in intensely 
mylonitized quartzo-feldspathic and meta-pelitic 
gneisses and orthopyroxene-rich granulite. In these 
cases, the laterally continuous nature of quartz and 
feldspar ribbons (>>4 cm) comprising $2 may be parallel 
to the plane of shear (C-planes). 

In thin-section, M 1 orthopyroxene, K-feldspar and 
plagioclase porphyroblasts are asymmetrically stretched 
into highly elongate augen. Stretching is accommodated 
by normal displacements along high-angle micro-faults 
(Etchecopar 1974, 1977, Platt & Vissers 1980, Simpson 
1984), defined by thin (<0.05 mm) planar zones of sub- 
grains (Fig. 5a). Garnets are also stretched, but develop 
sharper micro-faults with less sub-grain crystallization 
(Fig. 5b). 

In addition to grain boundary recrystallization of pre- 

existing phases, new minerals are developed within the 
$2 fabric, e.g. gedrite, anthophyllite, biotite, orthopyr- 
oxene and sillimanite in orthopyroxene-rich granulite 
and meta-pelitic gneisses, and garnet, scapolite, horn- 
blende and biotite in quartzo-feldspathic and mafic 
gneisses. The development of new phases within $2 
fabrics is indicative of M2 assemblages having crystal- 
lized, not only in response to deformation, but under 
different metamorphic conditions to M1 (Goscombe 
1989). 

D 3 microstructure 

No new mineral phases crystallized during D3, nor 
was there any grain refinement. Biotite platelets, quartz- 
aggregate and feldspar-aggregate ribbons, aligned in $2, 
are isoclinaily folded by F3 folds. However, no undulose 
extinction or kinking of $2 mineral grains is apparent 
(Fig. 4), nor alignment of $2 mineral grains within the/73 
axial plane. Thus the deformational features inherited 
by SH mineral grains during D 3 must have been annealed 
out subsequent to/73 folding. 
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Fig. 10. Lower hemisphere, equal-area, stereographic projections of structural data from the domains outlined in the inset. 

D 2 boudinage 

Boudinage, within the plane of S2, occurs  on all scales 
(mm to hundreds of m). Outcrop boudins and boudi- 
naged mineral grains (Figs. 5a & b and 6a) indicate L2 as 

the axis of maximum elongation. This is further sup- 
ported by the highly elongate shape (X/Z >> 4) of mafic 
xenoliths in quartzo-feldspathic orthogneiss, where 
their long axes parallel L 2. Only minor boudin separ- 
ation orthogonal to L~ within the $2 plane is noted on a 
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mesoscopic (Fig. 6a) scale but absent on a microscopic 
(mineral grain) scale, thus deformation is considered 
close to plane strain. 

D2-D 3 partial melts  

Small volumes of post-M~ anhydrous quartz-feldspar 
segregation occur in a variety of textural relationships. 
These include; thin (3-12 ram) planar segregations that 
are sub-parallel to the axial surface of mesoscopic F 2 
folds, elongate shaped bodies aligned parallel with the 
long axis of mesoscopic sheaths in highly sheared 
quartzo-feldspathic gneisses (Fig. 8) and infillings be- 
tween boudins (Fig. 6a). As such, the melts collected in 
zones of maximum dilation associated with D2 struc- 
tures. Such alignment of post-M1 segregations with D 2 
structural elements, suggests that minor anhydrous 
melting occurred during D 2. Some of these segregations 
develop S2-L  2 fabrics (Fig. 6a), while others do not (Fig. 
8). Thus partial melting and melt crystallization con- 
tinued subsequent to D2. 

Coarse-grained (1-20mm), orthopyroxene-bearing 
charnockite segregations in quartzo-feldspathic 
gneisses, cross-cut F 3 structures and do not develop $2 
fabrics. These segregations are interpreted to be late-D 3 
partial melts. Their presence, along with post-D2 partial 
melts, suggests that D2-D 3 deformation was on a pro- 
grade (M2) metamorphic path and that the peak of 
metamorphism during the Proterozoic reworking (M2) 
was attained subsequent to D2-D3. 

NATURE OF D2--D 3 DEFORMATION 

Coaxial  vs non-coaxia l  shear 

There are two general end-member cases of homo- 
geneous deformation, not involving spin (Lister & Wil- 
liams 1983); rotational or non-coaxial shear (simple 
shear) and irrotational or coaxial shear (pure shear) 
(Hobbs et al. 1976). Natural deformational systems 
experience a combination of these two end-members, 
though one may predominate over the other (Bell 1978, 
Lister & Snoke 1984). The significance of non-coaxial 
deformation during the development of discrete shear 
zones is universally accepted (Bell 1978, Simpson 1984, 
Choukroune et al. 1987). Whereas, on a regional scale, 
the bulk strain regime (Choukroune et al. 1987) of 
portions of orogens is rarely quantified (Sandiford 1984, 
Clarke 1987). 

D2 and D 3 structures, on all scales, preserve evidence 
for non-coaxial shear. These are as follows. 

(1) Boudinage on both mesoscopic and microscopic 
scale is governed by slip along high-angle micro-faults 
with normal displacements (Figs. 5a & b and 6b). The 
same movement sense along consistently inclined micro- 
faults, must involve rotation of the individual boudins 
that the faults separate (Etchecopar 1974, 1977). Asym- 

metrical stretching such as this, is indicative of rotational 
shear (Simpson & Schmid 1983, Lister & Snoke 1984). 

(2) $2 asymmetrically augens M l porphyroblasts 
(Fig. 5c), with both o-types, where the foliation asym- 
metrically encloses a static porphyroblast, and h-types 
(or rolling structures, Van Der Driesche & Brun 1987), 
where the porphyroblast has rotated with respect to the 
median foliation orientation (Passchier & Simpson 
1986). Both asymmetrical geometries are indicative of 
non-coaxial shear (Choukroune & Lagarde 1977, 
Berth6 et al. 1979, Burg et al. 1981, Simpson & Schmid 
1983, Lister & Snoke 1984, Passchier & Simpson 1986). 

(3) S-C fabrics are present in the least deformed 
tectonites, such fabrics are indicative of non-coaxial 
shear (Berth6 et al. 1979). The majority of intensely 
foliated gneisses are interpreted to have co-planar S - C  
fabrics that have formed by high bulk shear strains in a 
non-coaxial deformational environment (Simpson 
1984). 

(4) Mesoscopic folds are asymmetrical (Fig. 3b) and 
intrafolial (Fig. 3a), thus implying rotational shear 
(Berth6 et al. 1979, Hanmer 1984). 

Sheath folds are commonly reported from shear zones 
that have experienced non-coaxial shear (Quinquis et al. 
1978, Minnigh 1979, Berth6 & Brun 1980, Cobbold & 
Quinquis 1980, Henderson 1981, Mattauer et al. 1981, 
Skjernaa 1989). Thus the presence of sheaths of all scales 
in the NE Strangways Range is supportive but not 
diagnostic of non-coaxial shear (Carreras et al. 1977, 
Quinquis et al. 1978, Cobbold & Quinquis 1980, Berth6 
& Brun 1980, Mattauer et al. 1981, Lacassin & Mattauer 
1985). Furthermore, the symmetrical scatter of both F2 
and F 3 fold axes around L 2 within the $2 plane is 
consistent with extreme rotation of fold axes towards L 2 
with progressive non-coaxial shear (Sanderson 1973, 
Escher & Watterson 1974, Bell 1978, Berth6 & Brun 
1980, Cobbold & Quinquis 1980). The outcrop pattern is 
analogous to a dome and basin pattern that has been 
flattened in the $2 plane and stretched parallel to L 2 so 
that all limbs and hinges of F 2 and F 3 structures are 
subparallel. This outcrop pattern cannot be duplicated 
by refolding any number of isoclinal coaxial fold gener- 
ations (as discussed earlier), but is analogous to 
regional-scale deformation by non-coaxial shear. 

Low-angle discordance between the major marble 
unit and adjacent lithological units (Fig. 2) and a consist- 
ent east-over-west shear sense throughout the whole 
area (Fig. 7), imply a regional shear regime involving 
sub-concordant displacements between lithological 
units. Such displacements define the $2 fabric as being a 
true mylonite (Lister & Snoke 1984) and having formed 
by non-coaxial shear. 

All these features imply that non-coaxial shear oper- 
ated on all scales in the NE Strangways Range. There is, 
however, evidence for a component of flattening strain. 
For example, a component of dilation, between bou- 
dins, orthogonal to L2 within the plane of $2 and the 
highly flattened shape of macroscopic sheath folds. 
However, stretching of M~ porphyroblasts orthogonal to 
L2 is not recognized. Thus the component of flattening 
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Fig. 12. Three-dimensional block diagrams of lithological form sur- 
faces in two F2-F 3 fold interference patterns from domains D and F 

(Fig. 10). 

strain was not as significant as the non-coaxial defor- 
mation experienced. 

Progressive nature of  deformation 

Co-planarity, co-linearity and the similar style of F2 
and F 3 folds (Figs. 10 and 11), suggest that both DE and 
D 3 are sequential episodes of the same progressive shear 
deformation. A continuous series of essentially coeval 
fold generations is postulated where F 2 folds preserve 
only the first increment of folding. Whereas F 3 folds 
could potentially comprise many generations of fabric- 
less isoclinal folds (Fig. 6c). Specific generations of F 3 
folds could not be correlated throughout the region 
because of the absence of tectonic fabrics associated 
with post-F 2 isoclinal folding. 

The extensive marble units of the area (Fig. 2) are 
particularly illustrative of the progressive nature of 
shear during D2-D 3. Compositional layering, defined by 
thin (0.5-10 cm) quartz-rich calc-silicate within the mar- 
ble, is highly contorted and disrupted (Figs. 6c & d). The 
discontinuous nature of the layering is due to extreme 
stretching and boudinage, the tails of which show very 
ductile thinning (Figs. 6c & d). Calc-silicate layers out- 
line both refolded F 2 and F3 isoclines and sheath folds, 

some of which have been refolded through >180 ° and 
have formed 'rolling' structures and isolated ball-shaped 
structures (Figs. 6c & d). 

All these features illustrate the highly ductile nature 
of the carbonate matrix. Consequently, these marble 
units are interpreted to be zones of considerable high 
D2-D 3 shear strain, relative to the surrounding gneisses. 
The laterally extensive nature of these marble units and 
low-angle discordances with lithological layering (So) in 
adjacent gneisses (Fig. 2), suggests that these units acted 
as drcollements during D2-D3. 

Sense ofshear 

Shear sense during the development of S2-L 2 fabrics 
has been derived in thin-section and in the field by S-C 
relationships (Simpson 1984), asymmetrical boudinage 
(Etchecopar 1974, 1977) and by both o-type and 6-type 
porphyroblasts (Passchier & Simpson 1986, Van Der 
Driessche & Brun 1987). D 2 sense of shear is consist- 
ently east-over-west throughout the region (Fig. 7). Shear 
sense is the same on both limbs of either F 2 and F3 
macroscopic structures (Fig. 7), this feature has also been 
recorded in the Svecokarelides eastern Finland (Park 
1988). The generalized relationships between D 2 shear 
sense and F2 and F 3 fold closures (Fig. 9) illustrate the 
progressive non-coaxial nature of D2-D 3 deformation. 

L2 lineations define a consistent E-W- to NE-SW- 
trending axis of transport throughout the Strangways 
Orogenic Belt as far east as the South Harts Ranges (Fig. 
13). Consistent transport direction and sense of shear, in 
conjunction with identical fold style, fold orientation 
and nature of tectonic fabrics throughout the Strang- 
ways Orogenic Belt (Goscombe 1984, Shaw & Lang- 
worthy 1984, Shaw et al. 1984b, Norman et al. 1989), 
suggests that the Proterozoic reworking was responsible 
for deformation of, at least, the Strangways Orogenic 
Belt portion of the CTP (Fig. 1). Consistent shear sense 
over such a large region can only be rationalized by some 
form of crustal scale over-riding of the E-NE over the 
W-SW. 

Bulk shear strain 

Qualitatively, the near co-linearity of both F 2 fold 
axes and marginal hinges of sheath folds with L2, 
suggests that the NE Strangways Range has undergone 
intense shear strain (Sanderson 1973, Coward & Potts 
1983). In addition, sheath folds on either mesoscopic or 
macroscopic scales are uniquely associated with high 
bulk shear strains (y > 10) (Carreras et al. 1977, Wil- 
liams & Zwart 1977, Bell 1978, Lister & Price 1978, 
Quinquis et al. 1978, Minnigh 1979, Berth~ & Brun 
1980, Cobbold & Quinquis 1980). High bulk shear 
strains are supported by the very elongate nature (low 
inter-marginal hinge angles) and flattened ellipse 
shaped cross-sections (high B/C ratios) of F2 and F3 
sheaths (Lacassin & Mattauer 1985). F3 fold axes are not 
as tightly constrained around the regional L2 orientation 

Sg 13:3-[ 
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as F 2 folds (Fig. 10), thus the bulk shear strain during D 3 
is interpreted to be less than during D 2. 

Microstructural fabrics qualitatively illustrate the high 
bulk shear strains experienced. The acute angle between 
C and S planes ranges from 7 to 25 ° suggesting only 
moderate  shear strains. However ,  most gneisses de- 
velop co-planar S - C  fabrics. Co-planar S - C  foliations 
are indicative of high shear strains (Berth6 et  al. 1979, 
Ramsay 1979) and have been suggested to result from 
shear strains >2.3 (Burg & Laurent  1978). The extreme 
stretching of garnet, or thopyroxene and feldspar 
porphyroblasts (Figs. 5a & b), as illustrated by their 
aspect ratios (Table 2), is illustrative of moderately high 
shear strains. However ,  in thin-section the majority of 
shear strain is considered to have been partit ioned by the 
less viscose matrix of enclosing quartz- and feldspar- 

aggregate ribbons (Cobbold & Gapais 1983) and by 
grain boundary recrystallization of MT porphyroblasts. 
The extreme length (>>4 cm) and laterally continuous 
nature of these aggregate ribbons and the presence of 
aggregate ribbons of typically more competent  phases 
such as pyroxene,  garnet and hornblende,  illustrates the 
high temperature,  high shear strain and/or low strain 
rate, ductile nature of D e deformation.  

Map-scale sheath fold morphology offers a qualitative 
illustration of spatial shear strain variation across the NE 
Strangways Range. The extremely flattened sheath folds 
in domains C and D (Figs. 2 and 10) are indicative of 
high shear strain. Fur thermore ,  the degree of grain 
refinement experienced during D2 is similarly illustra- 
tive of shear strain variation across the area. Domains C 
and D, in contrast to the rest of the NE Strangways 
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Table 2. Shape ratios of stretched Mt porphyroblasts, X is parallel to L 2 and Z is orthogonal to $2 
(Nicolas & Poirier 1976) 

Aspect ratios 

Sample Augen phase X I Z  X / Z  Y I Z  X :  Y:  Z K* R t  

7-415A orthopyroxene 6.7 2.98 2.25 30:10:4 1.58 4.23 
orthopyroxene 5.3 2.65 2.00 27 : 10:5 1.65 3.65 
orthopyroxene 4.6 1.84 2.50 18:10:4 0.56 3.34 
orthopyroxene 4.1 2.05 2.00 20:10:5 0.64 3.05 

7-415 garnet 4.4 1.76 2.50 18:10:4 0.51 3.26 
garnet 3.5 1.67 2.10 17:10:5 0.61 2.77 

6-25 garnet 5.0 3.33 1.50 33 : 10:7 4.70 3.83 

5-87 orthopyroxene 4.7 2.24 2.10 22:10 : 5 1.13 3.34 
orthopyroxene 3.8 2.11 1.80 21:10:6 1.39 2.91 

6-47 K-feldspar 3.0 1.76 1.70 18:10:6 1.10 2.46 
K-feldspar 3.1 1.72 1.80 17:10:6 0.90 2.52 

4.4 

5-425 garnet 3.1 1.55 2.00 16:10:5 0.55 2.55 
5-383A orthopyroxcne 3.5 

orthopyroxene 3.8 

5-314 garnet 2.5 1.70 1.50 17:10:7 1.33 2.20 
K-feldspar 4.2 

5-270D garnet 3.8 2.50 1.50 25:10:7 3.10 3.00 

7-155 garnet 4.0 2.70 1.48 27:10:5 0.30 3.18 
4.4 2.00 2.20 20:10:5 0.80 3.20 

* K = [ ( X / Y )  - I I / [ ( X I Y )  - 1] (Flinn 1%2). 
t R  = ( X / Y )  - 1 (Watterson 1968). 

Range, have predominantly mylonitic to ultra-mylonitic 
S2-L 2 fabrics in all lithologies, except marie gneiss. Thus 
the region east of the major carbonate unit is considered 
to have partitioned considerably more strain than the 
rest of the area mapped. 

On a smaller scale, there is variation in the shear strain 
partitioned by different lithologies as illustrated by both 
the degree of grain refinement and disaggregation of 
pre-existing St gneissic layering. For example, all mar- 
ble units are interpreted to have partitioned the greatest 
shear strains (see earlier discussion). Meta-pelites, 
quartzo-feldspathic gneiss, orthopyroxene-rich granu- 
lite and mafic gneiss partitioned progressively less strain, 
in that order. Significantly, all lithoiogical boundaries 
are mylonitized in all domains, suggesting zones of 
layer-parallel shear between units of differing rheology. 

Recumbent  vs inclined and extensional vs 
compressional tectonics 

The orientation of the isoclinal folds (D2-D3) in the 
NE Strangways Range at the time of their formation 
needs to be established. Some ancient high-grade ter- 
rains have been shown to have been deformed in a 
recumbent orientation (Enderby Land, Sandiford 1984; 
Olary Block, Clarke et al. 1986; and the Rayner Com- 
plex, Clarke 1987). Whereas most orogens (mountain 
belts are dominated by inclined to upright structures 
(e.g. Alps, Himalayas, Appalachians, etc.). 

Significant differences in tectonics have been attribu- 
ted to terrains deformed in recumbent vs inclined en- 
vironments. Tectonic models for recumbently deformed 
terrains employ either compressional (very low angle 

ductile over-riding) (Park 1981, Clarke 1987) or exten- 
sional (collapsing crust) (Sandiford 1989) tectonics. 
Whereas orogens that produced deformational struc- 
tures of an inclined orientation, can only have involved 
crustal shortening and so must have formed in a com- 
pressional regime. Thus the development of folds in a 
steeply inclined orientation, uniquely defines defor- 
mation as having occurred in a eompressional regime. 

The well stratified nature of the NE Strangways 
Range, with laterally continuous and concordant litho- 
logical layering (So), gneissic layering (St),  partial melt 
segregations and orthogneiss units, is interpreted as 
having comprised a recumbent terrain prior to D2 (Gos- 
combe 1989). However, the whole of the region is now 
inclined 50-80* to the ESE. The timing of re-orientation 
of the NE Strangways Range gneisses is argued to have 
occurred during D2-D 3 deformation by compressional 
tectonics. This is in contrast to D2-D3 deformation being 
recumbent in nature and subsequently tilted into steep 
orientations by either mega-warping or as fault-bound 
blocks, during uplift (i.e. during the Alice Springs Orog- 
eny). 

Throughout the Strangways Range and as far east as 
the south Harts Range, both lithological layering and 
the regional L - S  tectonic fabric, consistently dip and 
plunge to the E or NE (Fig. 13). Thus N-S-trending 
upright folding on the scale present in the Himalayas 
(Coward et al. 1982) is not recognized. Peak metamor- 
phic conditions, from west to east across the Strangways 
Orogenic Belt, involve only a 1-2 kbar decrease in 
pressure and approximately 100-150"C decrease in tem- 
perature. Peak metamorphic conditions do not vary 
significantly across the individual fault-bound blocks 
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Fig. 14. Schematic cartoon of progressive shear of the crustal litho- 
sphere during the initial stages (D2-D3) of the Proterozoic reworking. 
Dashed line represents the palaeo-M1 8 kbar isobar after folding by 
D2-D3 deformation, cube represents the NE Strangways Range that is 

presently exposed at the surface. 

that constitute the Strangways Orogenic  Belt (Fig. 13). 
Some of these blocks are up to 50 km wide (in E - W  
section), thus block rotation of 50-80 ° to the east, 
subsequent to the peak of (Ml)  metamorph ism,  would 
expose a pained-Mr pressure gradient of at least 10 kbar  
across individual blocks. Such pressure gradients do not 
exist, thus the Strangways Orogenic  Belt as a whole and 
the fault-bound blocks comprising it, cannot  have been 
tilted significantly. 

Consequently,  D 2 - D  3 structures are responsible for 
rotating recumbent  gneisses into easterly inclined orien- 
tations on a local scale (that is, on a macroscopic fold 
scale). Re-orientation of gneisses by folding on this scale 
occurred throughout the whole Strangways Orogenic 
Belt and so gave rise to a steeply inclined terrain while 
gneisses remained essentially at the same crustal level 
(Fig. 14). As a corollary of this, D 2 - D  3 deformat ion can 
only have occurred with concomitant  crustal shortening 
and so must have involved compressionai  tectonics and 
crustal thickening. Fur thermore ,  in support  of  such a 
model,  isostatic rebound in response to crustal over- 
thickening gave rise to a clockwise P - T p a t h  during and 
immediately subsequent to the Proterozoic reworking 
(Goscombe 1989). 

CONCLUSIONS 

The NE Strangways Range offers a well-exposed 
section of middle- lower  continental crust that has 
undergone compressional  tectonics at granulite-facies 
grades. Style and orientat ion of tectonic elements  and 
the sense of shear during the early episodes (D2-D3) of 
the Proterozoic reworking,  are similar over  a large 
portion of the Strangways Orogenic  Belt (Rankin 1983, 

Windrim 1983, Glikson 1984, Goscombe  1984, 1989, 
Norman et al. 1989). Consequent ly,  this analysis of  the 
NE Strangways Range may be typical of  the Proterozoic 
reworking that was experienced by the whole of  the 
Strangways Orogenic  Belt. 

Bulk shear strains during the initial episodes of  the 
Proterozoic reworking ( D 2 - D 3 )  are large and result 
from predominant ly  non-coaxial deformat ion within a 
regional shear regime involving westerly transport.  
Non-coaxial deformat ion  is accommodated  throughout 
such a large port ion of  crust by ductile over-riding and 
fold repetition. This mechanism of inclined thick 
skinned tectonics is i l lustrated by a schematic cartoon in 
Fig. 14. 

Crustal shortening,  by such a mechanism,  will be 
manifested in upper-crustal  sections by less steeply in- 
clined nappe and thrust sheet stacking. For example,  
low-angle Proterozoic structuring in the Iwupataka 
Complex in the south Arunta  Block (Amri  et  al. 1987). 
A decrease in the inclination of deformational  structures 
towards more  upper-crustal  sections of  the Strangways 
Orogenic Belt supports  the model  of orogenesis pre- 
sented above.  For example ,  there is a decrease in plunge 
of mineral elongation lineations and isoclinal fold axes 
from the Strangways Range to the south Harts  Ranges 
(Goscombe  1984), with a concomitant  decrease in M1 
metamorphic  grade (Fig, 13). However ,  ductile defor- 
mation of the middle - lower  crust by the mechanism 
proposed,  can only be accommodated ,  volumetrically, 
by detachment  f rom the more  rheologically rigid upper- 
mantle l i thosphere (Sonder  & England 1986, Dunbar  & 
Sawyer 1988). 
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