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Abstract

Sheath folds in pelitic schists of the Tia complex of the Yarrowitch block are described.
Multiple deformations and their kinematic interpretation in the complex are re-examined. Two
major mesoscopic deformation cycles (D, and D,) are identified. D, is associated with the forma-
tion of sheath folds and probably represents the earliest deformation in the region which occurred
during high P/T metamorphism of 310-320 Ma. D, formed asymmetrical open~gentle fold with
veins of biotite-quartz during the Tia granodiorite emplacement of 265 Ma. The sheath folds
seem to have occurred along a nappe boundary between the Oxley and Brackendale metamor-
phics.

Introduction

Since the first description of sheath-like folds (Quinquis et al., 1978) and subse-
quent experimental studies on the formation of sheath folds (Cobbold and Quinquis,
1980), descriptions of sheath folds have been rapidly accumulated from regional
metamorphic belts. In most cases a kinematic interpretation including simple
shear component has been adopted for these belts (Henderson, 1981 ; Mattauer et
al., 1983 ; Lacassin and Mattauer, 1985; Faure, 1985 etc.). Progressive deforma-
tion involving the formation of sheath folds has revised earlier interpretations using
traditional chronological notation of structural elements such as S;, S, etc. In
many cases structure that can be separated into independent phases on geometric
ground, are in fact recognized as belong to one continuous deformation process
during progressive deformation with increasing shear strain (Gottachalk, 1990 ;
Malavieille, 1987 ; Goscombe, 1991 ; Vollmer, 1988 ; Wallis, 1990). Thus, recogni-
tion of sheath folds in metamorphic belts gives new interpretations of the
kinematics of regions showing multiple deformations that were formerly described
in terms of a simple sequence of independent deformation phases. In this paper,
the author describes mesoscopic scale sheath folds found in pelitic schists of the
Tia complex in the western Yarrowitch block, southern New England Fold Belt
and re-examines the deformation sequence in the complex.
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Outline of Geology

The southern part of the New England Fold Belt comprises a series of fault-
bounded blocks made up of stratified Middle-Late Paleozoic rocks. Serpentinized
ultramafic rocks are concentrated close to the boundaries of blocks and Permian
and Triassic granites occur widely (Text-fig.1). The Yarrowitch block is com-
posed mainly of multiply deformed foliated regional metamorphic rocks and the
western part of the metamorphic rocks was named the Tia complex (Gunthorpe,
1970) ; the central part of the Tia complex has been intruded by the Tia granodio-
rite. The metamorphic rocks of the Yarrowitch block were divided into two major
units on the basis of lithology by Gunthorpe (1970), i. e. Oxley metamorphics
(siliceous and mafic rocks predominate) and Brackendale metamorphics (pelitic
rocks predominate). Both groups of metamorphic rocks have suffered thermal
metamorphism at 265 Ma by the Tia granodiorite (Fukui et al., 1990). The south-
ern Oxley metamorphics have suffered 310-320 Ma glaucophanitic metamorphism
(Watanabe et al., 1988).

Mesoscopic structure of the Tia complex

Multiple deformation of the Tia complex was studied by Gunthorpe (1970) and
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Leitch et al., 1990)



SHEATH FOLDS IN EASTERN AUSTRALIA 249

Morand (1982). They identified several deformation phases for the both Oxley and
Brackendale metamorphics, and mentioned the difference of deformation sequences
between them. In the area of Brackendale metamorphics, they did not identified
the equivalent fold to the earliest fold in the Oxley metamorphic rocks. Hand
(1989) studied the structure in the southern Oxley metamorphics and recognized six
deformation phases including nappe formation. Watanabe and Naka (1988) stud-
ied structure of the metamorphic rocks and reported steeply plunging lineation in
the southwestern and western marginal zones in the Oxley metamorphics. They
also mentioned rotation of fold axes on the basis of their field observation and
recognized only a few major deformation phases.

Subsequently, Watanabe et al. (1988) mentioned gently curved lineation and
suggested occurrence of sheath folds.

Although multiple deformation in the Tia complex has been examined by some
geologists mentioned above, it is still open to question due to its complicated fold-
ing geometry. Understanding the formation of sheath folds is one of the keys to
solve the confusion concerning the multiple deformation.

Geometry of sheath folds of mesoscopic scale

Typical sheath folds (Plate 1) in biotite schists are found in a few localities
along Tia river in the western margin of the Oxley metamorphics area (Text-fig.
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Text-fig. 2 Distribution of the Oxley and Brakendale metamorphics in the Tia area (after
Gunthorpe, 1970) and localities of sheath folds (star symbols).
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2). In the area, main trend of foliation plane is approximately N-S to NE-SW
and dips steeply to the east. Oblique cross-cutting cleavages and obliglue linea-
tions are common. At one locality involving sheath folds, main foliation strikes
N30° E with steep dipping of 82° to the east. Two directional lineations, which are
slightly oblique, are observed and predominant lineation (NE14°, plunging 80°) indi-
cates the shear direction, though it may not be original situation, producing sheath
folds (Platela). In a cross-section parallel to the lineation (Plate 1b), S-plane
(main foliation, see an arrow sign) involving isoclinal fold-axial plane is dislocated
by asymmetric small fold. Along the axial plane cleavage (see a white line) of
the amall fold, biotite-quartz veins are observed. Under the microscope, rotated
refolding strucure is also observed. The structure is explained to be refolding of
terminal nose during progressive stage as shown in Goscombe (1991, Fig. 9, b).

In a cross-section normal to the lineation (Plate lc), eye structure proving
sheath folds is rarely observed and is flattened due to pure shear component (vor-
ticity, 0{Wn<1). Fracture cleavages obliquely cross the foliation plane. This later
cleavages are equivalent to the cleavages in Plate 1b. The duplication is con-
sidered to have formed appearance of complicated deformation and a flattenned
sheath folds surface is gently bent as a tongue (Plate 1a).

Discussion

Biotite K-Ar ages of the Oxley metamorphics around the sheath folds localities
are ca. 265 Ma (Fukui et al., 1990) and the ages become older southward (ca. 310-
320 Ma ; Watanabe et al., 1988; Fukui et al, 1990). Biotite in the sheath folds
occurs along cleavages by later deformation as described above; therefore sheath
folds are considered to be produced by earlier deformatin. Biotite has been
produced by thermal effect of the Tia granodiorite partially showing gneissosity.
So, later cleavages are considered to have been produced during the emplacement
of the Tia granodiorite. As Gottschalk (1990) illustrates coaxial continuous defor-
mation with sheath folds, sheath folds formation and oblique cleavage development
can be produced by a continuous deformation (one cycle by Tobisch and Paterson,
1988). If it is non-coaxial, the sheath folds with later cross-cutting cleavages in
the Tia complex can be formed. However, quartz grains in the biotite schist do
not have a grain shape fabric in any direction. Contrarily they are roughly
equidimensional with straight grain boundaries. This indicates that the primary
elongate grain shape fabric has been obliterated by annealing due to the thermal
effects of the Tia granodiorite.

The sheath folds were therefore formed during the deformation of the southern
Oxley metamorphics, i. e., 310-320 Ma or before. The metamorphic temperature
of the southern Oxley metamorphics is estimated to have been around 300°C
(Watanabe et al., 1988).

Thus the K-Ar ages indicate the maximum temperature if the deformation
effect at lower temperature is negligible.
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Typical sheath folds are only found in the Tia area. In the adjacent Braken-
dale metamorphic rocks, the earliest lineations trend N70°W, although the plunge is
variable due to refolding. The lineation direction shows high angle obliquity to
that of Oxley metamorphics. In cross sections parallel to lineation in pelitic and
quartzose schists, isoclinal folds are often observed in the areas of both the Brack-
endale and Oxley metamorphics. This indicates that the both metamorphics
suffered the earliest deformation. Along the western margin of the Oxley
metamorphics, typical sheath folds with high angle plunges are indentified. The
contrast with the earliest lineation direction and development of typical sheath
folds in the Oxley metamorphics suggest that the boundary between two metamor-
phics, though it is not clearly defined, may be a nappe boundary. As shown in
Plate 1c and d, the earliest deformation is not cylindrical, so the eye structure,
characteristic of sheath folds, is flattened (see arrows). Moreover, the eye struc-
tures are rarely developed. The later deformation associated with cleavage may
partly have destroyed the eye strucure. However, the main reason of the rare
occurrence of sheath folds is considered to be a kinetics of the degree of non-coax-
iality of deformation. In this case deformation is associated with a large shear
strain, which is in harmony with a zone along a nappe or thrust sheet boundary
forming sheath folds, or in more precise terms changing the line of the flow veloc-
ity (Ridley, 1986 ; Holdsworth, 1990). The shear strain (y) is estimated to be
over 10 on the basis of the equation @=arctan {B/C < (/y*>+1)7'}, here « is the
intermarginal hinge angle and B/C is ellipticity of the sheath fold (Lacassin and
Mattauer, 1985), although « can not be precisely determined.

The degree of vorticity will be discussed later in a separate paper.

Progressive deformation forming sheath folds makes a complicated deformed
appearance. Taking the progressive deformation into account, only two major
deformations (Cycles) are needed to account for the structures observed in the Tia
complex.

Conclusions

Sheath folds in the Tia complex are described and two major deformation
phases (CYCLE by Tobisch and Paterson, 1988) are indentified. The deformation
which produced the sheath folds is as old as 310-320 Ma. The deformation style is
non-coaxial with a large shear strain which locally produces typical sheath folds,
suggesting a nappe boundary deformation.

Acknowledgements

The author would like to express his thanks to Prof. T. Itaya of Okayama
University of Science for his joint field study and also to Prof. H. Honnma of
Okayama University for his organization of Australian research project. His
thanks is extended to Mr. T. Hirama for his assistance in preparation of photo-
graphs and to Ms. H. Kutsu for her typewriting. Dr. S. Wallis, Kyoto University,



252 T. Watanabe

gave valuable comments and improved the early stage of the manuscript which are
gratefully acknowledged.

This study was finacially supported by Japanese Ministry of Education, Science
and Culture Grant-in Aid for Oversea Scientific Research No. 63041089.

References

Cobbold, P.R., and Quinquis, H., 1980 Development of sheath folds in shear regimes Jour. Struct.
Geol., 2: 119-126.

Faure, M., 1985 Microtectonic evidence for eastward ductile shear in the Jurassic ororogen of S.
W. Japan. Jour. Struct. Geol., 7: 175-186.

Fukui, S., Itaya, T., Watanabe, T. and Leitch, E.C, 1990 New K-Ar ages from metamorphic
rocks of the New England Fold Belt, eastern Australia and Tectonics of the belt. ICOG 7,
abstract, 34 (Canberra).

Goscombe, B., 1991 Intense non-coaxial shear and the development of mega-scale sheath folds in
the Aruta Block, Central Australia. Jour. Struct. Geol., 13: 299-318

Gottschalk, R.R., 1990 Structural evolution of the schists belt, south-central Brooks Range fold
and thrust belt, Alaska. Jour. Struct. Geol., 12 : 453-469.

Gunthorpe, P J., 1970 Plutonic and metamorphic rocks of the Walcha-Nowendoc-Yarrowitch dis-
trict, northern New South Wales. Ph. D. Thesis, University of New England (unpub-
lished).

Hand, M., 1988 Structural Analysis of a Deformed Subduction Accretion Complex sequence, Now-
ndoc, N.S. W. In: (Kleeman, J.D. editor) New England Orogen Tectonics and Metal-
logenesis 105-116, University of New England

Henderson, J. P., 1981 Structural analysis of sheath folds with horizontal X-axes, northeast
Canada. Jour. Struct. Geol., 3: 203-210.

Holdsworth, R. E., 1990 Progressive deformation structures associated with ductile thrust in the
Moine Nappe, Southerland, N. Scotland. Jour. Struct. Geol., 12 : 443-452.

Lacassin, R. and Mattauer, M., 1985 Kilometer-scale sheath fold at Mattmark and implication
for transport direction in the Alps. Nature, 315: 739-742.

Leitch, E. C., Watanabe, T., Iwasaki, M., Ishiga, H., lizumi, S., Honma, H. and Kawachi, Y.
1990 Terranes of the southern part of the New England Fold Belt-A critical review. In:
(Wiley, T.]J., Howell, D.G., and Wong, F. L., editors) Terrane analysis of China and the
Pasific vim. Circum Pacific Council for Energy and Mineral Resources Earth Science
Series, vol. 13, pp. 95-101.

Malavieille, J., 1987 Extensional shearing deformation and kilometer-scale “a” type folds in a
Cordilleran metamorphic core complex (Raft River Mountains, North-western Utah).
Tectonics, 6 : 423-448.

Mattauer, M., Collot, B. and Van den Driessche, J., 1983 Alpine model for the internal metamor-
phic zones of the North American Cordillera. Geology, 11: 11-15.

Morand, V.]J., 1988 Structure and metamorphism in the central part of the Tia Complex. In:
(Flood, P.G. and Runneger, B. editors) New England Geology, pp.95-103, University of
New Enlnad

Quinquis, H., Audeu, C., Brun, J. P. and Cobbold, P.R., 1978 Intense progressive shear in the Ile
de Groix blueschists and compatibility with obduction or subduction. Nature, 273 : 43-45.

Ridley, J., 1986 Parallel stretching lineations and fold axes oblique to displacement direction-
amodel and observations. Jour. Struct. Geol., 8: 647-654.

«

Explanation of Plate 1
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cross-cutting axial plane cleavage of small asymmetric folds. Scale is lcm.
c & d: A cross section normal to elongated axes of the sheath folds. Arrows show flattened
eye structures. (Photo by T. Hirama)
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