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Shear zones developed in an experimentally deformed quartz mylonite
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Abstract—Specimens of an experimentally deformed quartz mylonite show the development of shear zones.
These shear zones are of two types: Type A shear zones are discrete and within the specimen, whereas Type B
shear zones occur where the specimen has been sheared past the corner of the piston. Type A shear zones are
comprised of elongate recrystallized grains with long axes oriented 30-40° to the shear zone boundary. Type B
shear zones consist of strongly flattened and recrystallized ribbon grains. Augen occur where the deformation
history is coaxial; around the piston corner where the deformation history is non-coaxial only strongly flattened
grains occur. The c-axis fabrics which develop in the shear zones comprise girdles or maxima approximately
normal to the foliation defined by the grain elongation (shape fabric). An asymmetry with respect to the shape
fabric is present in many of the fabrics. This asymmetry results from either using a quartz mylonite with a strong
preferred orientation as the starting material, or as a result of the non-coaxial deformation. Where it can be
demonstrated that the asymmetry results from the non-coaxial deformation, the asymmetry is a leading edge with
respect to the sense of shear. The results of this study suggest that care must be taken in interpreting asymmetric
quartz c-axis fabrics in natural shear zones, particularly if it is suspected that the protolith to the shear zone had an
initially strong preferred orientation.

Type A shear zones originate as brittle zones extending from the specimen corners, which become
recrystallized as pressure and temperature are increased. These shear zones show initial non-coaxial deformation
(dominantly simple shearing), followed by later flattening paraliel to the shortening direction. Type B shear
zones form when the piston punches into the barreling specimen. The strain history of these shear zones is
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characterized by initial flattening (up to 30%), followed by shearing past the piston corner.

INTRODUCTION

DEerorMATION within the Earth’s crust is commonly
found to be heterogeneous and localized in narrow
zones where a non-coaxial strain history dominates (i.e.
the axes of incremental and finite strain do not coincide
throughout the deformation history). Such zones are
termed shear zones and occur in crystalline basement
rocks throughout the world (Ramsay 1980, 1983). Given
similar rock types, the microfabrics (both the micro-
structures and crystallographic preferred orientations)
of such zones are remarkably similar, pointing to similar
deformation conditions and mechanisms. It is through a
combination of field, experimental and theoretical
studies that these conditions and mechanisms can be
determined. Distinctive asymmetric quartz c-axis pre-
ferred orientations are commonly observed in such
shear zones. An important question is whether we can
relate the sense of asymmetry in the c-axis preferred
orientation to the sense of shear of the shear zone. Shear
zones have been observed in a number of experimentally
deformed quartz mylonite specimens (Ralser 1987,
Ralser et al. 1987), and form the basis of the present
paper. This research also investigates the effect that an
initial strong preferred orientation has on the asym-
metry of the developed c-axis fabric in the shear zones.

Experimental studies designed to reproduce shear
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zones in aggregates of common rock-forming minerals
(quartz, calcite and olivine) are rare, being confined
primarily to calcite (Rutter & Rusbridge 1977, Friedman
& Higgs 1981, Kern & Wenk 1983, Schmid et al. 1987).
Tullis (1977) obtained a non-coaxial deformation history
where the edge of the specimen sheared past the piston.
Dell’Angelo & Tullis (1989) deformed thin slices of
quartzite in simple shear. These experimental studies as
well as those described in the present paper show many
features which are also observed in natural shear zones.

The microstructure developed in quartz aggregates
during non-coaxial deformation histories are a function
of both the deformation conditions and the shear strain.
At deformation conditions where recrystallization is
limited, grains become elongate and ribbon-like parallel
to the finite extension direction with increasing shear
strain. Undeformed augen are not preserved because
grains in strong orientations spin with respect to the
instantaneous strain axes until oriented in a weak direc-
tion (e.g. Tullis er al. 1973). The crystallographic pre-
ferred orientations which develop comprise c-axis
girdles approximately normal to the shear plane, with an
a-axis maximum normal to this girdle, parallel to the
shear direction (Schmid & Casey 1986). Such detailed
studies suggest that deformation is accommodated
solely by dislocation slip on the basal, prism, and rhomb
planes in the (a) direction (Bouchez & Pécher 1978,
Schmid & Casey 1986). The c-axis girdles are asymmet-
ric with respect to the shape fabric (foliation defined by
the grain elongation). The asymmetric pattern indicates
a non-coaxial strain history, while the direction of asym-
metry with respect to the shape fabric reflects the sense
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of shear (see compilation by Price 1985). Variations
within this fabric pattern are usually explained by differ-
ences in deformation conditions.

In summary, natural shear zones are characterized by
elongate, flattened grains. No augen are preserved as
slip systems spin with respect to the deformation axes.
c-axes form girdles which remain approximately normal
to the shear plane. The sense of asymmetry of the c-axis
girdle with respect to the shape fabric can be used to
determine the sense shear of the shear zone.

EXPERIMENTAL PROCEDURE

The experiments described in this paper were not
designed specifically to examine shear zone develop-
ment. The experiments were set up to study the influ-
ence of a strong preferred orientation on strength of the
specimen, developed microstructures and c-axis pre-
ferred orientation (Ralser er al. 1987, and work in
preparation). Shear zones developed because at high
strains the piston tends to punch through the specimen.

The starting material was a pure quartz mylonite (with
minor mica), consisting of equant grains, with an
approximate mean grainsize of 0.2 mm, but ranging up
to 0.4 mm (Fig. 1), and an asymmetric Type I c-axis
girdle (Lister 1977), normal to the mylonitic foliation
and lineation (Fig. 2). The mylonitic foliation is defined
by changes in grainsize and changes in the proportion of
mica present; the lineation is defined by mica. This
mylonite was collected from a shear zone at Little
Broken Hill, near Broken Hill, New South Wales,
Australia. It was originally a quartz pegmatite, now
strongly deformed in the shear zone. Specimens were
deformed in the laboratory in four orientations relative
to the mylonitic foliation and lineation, but only two
orientations will be discussed in this paper (Fig. 2); PSL,
parallel to the foliation and lineation, and NSL, normal
to the foliation and lineation. The experimental pro-
cedures are similar to those used by Ord & Hobbs
(1986). Experiments were conducted in a Tullis-
modified Griggs deformation apparatus, using NaCl as
the confining medium. Specimens (either 12 or 15 mm
long and 6.45 mm in diameter) were encapsulated in
either nickel or silver, with 50 4l water added. The
specimens described here were deformed at tempera-
tures of 700-800°C, strain rates of 103 and 10~%s™!, and
a confining pressure of 1.64 GPa, with shortening of up
to 65% (Table 1). The chemical environment is buffered
at either an oxygen fugacity of 1073 MPa (Ta-Ta,Os
buffer added with water in a silver jacket; Ord & Hobbs
1986) or 10~ Mpa (water added in a nickel jacket;
Davidson personal communication 1986). These experi-
mental conditions are such that recrystallization is lim-
ited, with strain accommodated primarily by plastic
deformation. The experimental procedure used in the
experiments described in this paper differ from those
used by Ord & Hobbs (1986) in two ways: (a) nickel
capsules, without added buffers, are used in all but one
of the experiments, and (b) the specimens were kept at
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pressure and temperature for between 20 and 30 h prior
to the initiation of deformation.

Crystallographic  preferred  orientations were
measured using the photometric technique (Price 1979),
using, in most cases, the highest powered objective
available (32 X). Where the shear zones were too
narrow to use the photometer, the gypsum plate was
used to give an indication of c-axis distribution with
respect to the recrystallized grain elongation within the
shear zones. The grainsize in the shear zones is too small
to allow measurement of individual grain orientations.

STRENGTH OF THE SPECIMENS

Stress—strain curves are shown for the four specimens
deformed to high strains (Fig. 3). At these experimental
conditions specimens deformed PSL are weaker than
specimens deformed NSL (Ralser 1987, Ralser et al.
1987). All specimens are characterized by a peak stress
(dependent on specimen orientation and deformation
conditions) between strains of 9% and 15%, followed by
strain softening. In the extreme this softening is down to
30% of the peak stress (G0251, Fig. 3). Specimen G0251
(Fig. 3) shows an anomalously high stress for the defor-
mation conditions (800°C, 107> s ™). The reason for this
is unknown. The increase in stress at high strains
(>30%) in this experiment results from failure of the
furnace and/or thermocouple.

MICROSTRUCTURE

Two different types of shear zones occur (Fig. 4):
Type A shear zones are discrete and cut through the
specimen at approximately 45-60° to the shortening
direction, and Type B shear zones occur at the edges of
the specimen where it has been sheared past the corner
of the piston. These names are used here to distinguish
the shear zones for descriptive purposes only. No micro-
structural differences due to the different initial orien-
tations of the specimens are observed.

Type A shear zones (Figs. 5 and 6)

Type A shear zones occur in both comparatively
undeformed and highly deformed specimens. The shear
zones are developed best in three specimens, one
shortened PSL (G0297, 800°C, 107°s™!, ¢ = 27%) and
two shortened NSL (G0342, 700°C, 10785~} ¢ = 60%;
G0227,700°C, 107%s™!, & = 53%). The shear zones are
up to 200 #m wide, and are inclined between 45° and 60°
to the shortening direction. The boundaries of the shear
zones are irregular, either wrapping around surrounding
grains, or cutting across grains (Fig. 5d). In the less
deformed specimen (G0297, Figs. 5a & b) grains sur-
rounding the shear zone are comparatively undeformed,
showing only minor flattening normal to the shortening
direction. At higher strains the surrounding grains show
greater flattening (Figs. 5S¢ & d and 6).

The shear zones are characterized, optically, by
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Fig. 1. Initial microstructure of quartz mylonite (foliation and lincation E-W). Scale bar = 200 um.

Fig. 5. Type A shear zones developed through low strained host grains. (a) & (b) in G0297 (PSL, 800°C. 107% 57!,
£=27%): (c) & (d) in G0227 (NSL. 700°C. 107% s~ £ = 53%). Scale bar = 200 um. All photomicrographs have the
shortening direction N-S.
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Fig. 6. Type A shear zones developed in G0342 (NSL, 700°C, 107%s™!, £ = 49%). (a)~(c) Shear zones with recrystalliza-
tion; (d) shear zones showing only plastically deformed grains. Scale bar = 200 um.
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Fig. 7. Microstructures of Type B shear zones developed across the top of G0231 (PSL. 800°C, 107° 57!, & = 57%). The

component of non-coaxial deformation decreases from (a)—(b)—(c). (d) Ribbon grains showing the development of sub-

grains on the side of the piston; (¢) complex foliation to the side of the piston. The location of the photomicrographs is shown
on the outline of the specimen section in Fig. 12. Scale bar: (a)—(c) & (e) = 200 yum, (d) = 50 um.
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Fig. 8. Microstructures of Type B shear zones developed across the top of G0263 (NSL. 800°C. 107" s™'. Ta buffer.

e = 64%). In (a) the deformation history is dominantly non-coaxial, whilc in (d) the deformation history is essentially

coaxial. The coaxial deformation history is indicated by the foliation approximately normal to the shortening direction, and
the abundant comparatively undeformed augen. The location of the photomicrographs is shown on the outline of the
specimen section in Fig. 13. Scale bar = 200 um.

Fig. 9. Type B shear zone developed in specimen G0342 (NSL. 700°C. 107%s™' ¢ = 49%), to the top right of the Type A
shear zone illustrated in Fig. 6(d). Scale bar = 200 um.
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Fig. 2. Initial c-axis preferred orientation of quartz mylonite; orien-
tations of the specimens used in this study are indicated (PSL—parallel
to the foliation (S) and lineation (L); NSL—normal to the foliation
and lineation). c-axes measured manually on the universal stage; 200
grains, contours 0.5, 2 and 4% per 1% area, equal-area projection.

elongate recrystallized grains with long axes oriented
30-40° to the shear zone boundary (Figs. 5 and 6). The
orientation of the elongate grains with respect to the
shortening direction varies with the total strain of the
specimen. G0297 (shortened 27%, Figs. 5a & b) has
elongate grains at approximately 80° to the shortening
direction. In the higher strained G0227 (Figs. 5¢ & d)
and G0342 (Fig. 6), the grain elongation in the shear
zones is at a lower angle to the shortening direction (up
to 50°in G0342, Fig. 6¢). One shear zone in G0342 (Fig.
5d) is comprised of only elongate grains with no recrys-
tallization.

Type B shear zones (Figs. 7 and 8)

The most spectacular examples of shear zones in these
experimentally deformed specimens occur where
material is wrapped around the corners of the pistons. In
these specimens the zone of non-coaxial deformation is
marked by an area where the foliation is not normal to
the shortening direction, and is concentrated in the
region of the corner of the piston (e.g. G0251, shortened
PSL, deformed at 800°C and a strain rate of 107> s/,
Fig. 7, with the location of the photomicrographs in the
specimen section shown in Fig. 12), or extending under
most of the piston (e.g. G0263, shortened NSL, de-
formed at 800°C and a strain rate of 107%s™!, Fig. 8, with
the location of the photomicrographs in the specimen
section shown in Fig. 13).

The deformed portion of these specimens includes
only a small region with a shape fabric normal to the
shortening direction (F0251 Figs. 7b & c; G0263, Fig.
8d). Such areas are characterized by both grains
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elongate normal to the shortening direction and equant
augen. In the remainder of the deformed area, the shape
fabric is at an angle to the shortening direction. The
angle between the shape fabric and the overall shorten-
ing direction decreases across the top of the specimen
towards the corner of the piston (G0251, Figs. 7a & b;
G0263, Figs. 8b & c), before making a sudden change in
angle around the corner of the piston (G0251, Fig. 7a;
G0263, Fig. 8a). This is accompanied by a decrease in
the number of augen (G0251, Figs. 7a—c; G0263, Fig. 8).
Under the corner and up the side of the piston (G0251,
Figs. 7a & d; G0263, Fig. 8a), all grains are ribbon-like,
with no augen. In specimen G0251 these ribbon grains
are recrystallized (Fig. 7d), and next to the piston, near
the top of the specimen, a complex foliation pattern is
developed (Fig. 7e).

A small Type B shear zone is developed in one corner
of specimen G0342 (Fig. 9), to the top right of the Type
A shear zone shown in Fig. 5(d). This shows strongly
flattened grains to the right of the piston, some of which
can be followed into elongate grains which have been
sheared past the piston corner. A number of the
elongate sheared grains can be followed around the
piston corner.

The microstructures in both Types A and B zones are
characterized by a foliation, defined by the grain
elongation, inclined to the normal to the bulk shortening
direction. Some of the larger relic grains in the shear
zones show sub-basal deformation lamellae. In regions
where the foliation is at a low angle (<60°) to the bulk
shortening direction, ribbon grains with few compara-
tively undeformed augen develop. In areas where the
foliation is at high angles to the bulk shortening direction
(60-90°) the number of ribbon grains decreases, and the
number of comparatively undeformed augen increases.

CRYSTALLOGRAPHIC PREFERRED
ORIENTATIONS

Type A shear zones

Shear zones in specimens G0227 and G0297 are too
narrow to allow measurement of the c-axis fabric using
the photometric method. Analysis with the gypsum
plate, however, shows a strong c-axis concentration
approximately normal to the shape fabric.

The shear zones developed in specimen G0342 (Fig.

Table 1. Experimental conditions for specimens showing shear zones

Strain rate Temperature Confining pressure

(logs™") (°C) Orientation* (MPa) Jacket material Buffer % Straint Maximum straint  Run No.
-5 800 PSL 1650 Ni 57 93 G0251
-6 700 NSL 1525 Ni 53 64 G0227

700 NSL 1600 Ni 49 64 G0342
800 PSL 1680 Ni 27 27 G0297
800 NSL 1680 Ag Ta-Ta,Os5 64 78 G0263

*PSL—shortened parallel to the foliation and lineation; NSL—shortened normal to the foliation and lineation.

+% strain is the average shortening of the specimen.

tMaximum strain is the maximum measured longitudinal strain (% shortening).
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Fig. 3. Stress-strain curves for the four specimens which are

shortened to high strains. (a) G0251 (PSL, 800°C, 1075 57!, £ = 57%);

(b) G0263 (NSL, 800°C, 107¢s™!, Ta buffer, ¢ = 64%; (c) G0342

(NSL, 700°C, 10755, £ = 49%) and G0227 (NSL, 700°C, 10~ ™!,
& =153%).

10) are wide enough to be measured with the highest
powered objective. The fabrics (Figs. 10a-d, corre-
sponding to the shear zones shown in Fig. 6) show a well-
developed girdle normal to the shape fabric. In addition,
to a variable extent, the fabrics also show a maximum
paraliel to the shortening direction. No significant asym-
metry is apparent with respect to the shape fabric.
However, if the shear plane is taken as the reference

Type B
shear zone

Type A
shear zone

3mm

Fig. 4. Sketch showing outline of a hypothetical specimen with distri-
bution of Type A and Type B shear zones marked. Pistons are shaded,
and arrows indicate the shortening direction.
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plane, a trailing edge asymmetry (Fig. 11), with respect
to the sense of shear, is observed.

Type B shear zones

In Type B shear zones fabric development can be
followed from areas under the centre of the piston,
showing a coaxial deformation history, to areas around
the side of the piston, showing a non-coaxial defor-
mation history. The basic pattern which develops is
similar to that developed in the Type A shear zones,
namely a girdle approximately normal to the shape
fabric, with a secondary maximum parallel to the short-
ening direction.

The c-axis fabrics measured in the areas showing a
coaxial deformation history (fabrics M, S in G0251, Fig.
12; fabrics E,F,G in G0263, Fig. 13) are symmetrical
with respect to both the shape fabric and the defor-
mation axes. Towards and around the corner of the
piston the fabrics form distinct girdles (Figs. 12 and 13)
approximately normal to the foliation, remaining
approximately normal as the foliation curves around
the corner of the piston (follow fabrics F>G—
N—H—O0—P in Fig. 12; fabrics G—>D—I-H in Fig.
13). The strongest fabrics develop around the corner of
the piston, where the shear strain is concentrated (e.g.
fabrics N,H in Fig. 12). In specimen G0251 fabric Q
(Fig. 12), at the top of the specimen, shows a complex c-
axis pattern, reflecting the complex foliation pattern
(Fig. 7e), and therefore the complex strain history of this
region.

The c-axis girdles are not always exactly normal to the
shape fabric. In these cases, using the foliation as a
reference plane (e.g. fabrics F,G,H,N,O in G0251, Fig.
12; fabrics H,Iin G0263, Fig. 13) the sense of asymmetry
defines a leading edge fabric (Fig. 11) with respect to the
sense of shear.

In summary, c-axis girdies or maxima develop
approximately normal to the foliation defined by the
grain elongation. Fabrics measured in areas showing a
non-coaxial deformation history often show an asym-
metry with respect to the foliation. This asymmetry is a
leading edge when the foliation defined by the shape
fabric is used as a reference plane. However, in speci-
mens where the shear zone boundary can be used as a
reference plane the asymmetry can be described as a
trailing edge.

DISCUSSION
Formation of the shear zones

Type A shear zones are characterized by narrow,
non-planar recrystallized zones extending diagonally
across the specimen from the sample corners. These
originated as brittle fractures during pressurization, and
subsequently became recrystallized as the temperature
was increased (personal communication by anonymous
reviewer). The recrystallized zones lie near the bound-
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L

Fig. 10. c-axis fabrics developed in G0342 (NSL, 700°C, 10™ 6571,
£ = 49%). (a)—(d) Fabrics measured in the shear zones illustrated in
Fig. 5(a)-(d), respectively. The dotted line indicates the orientation of
the grain elongation, and the solid line indicates the orientation of the
shear zone boundary. (e) c-axis fabric developed in centre of speci-
men, where the deformation history is coaxial; the initial orientation of
the foliation (S) and lineation (L) is marked; the arrrows indicate the
shortening direction. Contour interval 0.67, 2 and 4% per 0.67% area,
based on 150 orientations; equal-area projection.

ary of the ‘dead zone’ under the piston (an area which is
not deforming because it is bounded by a non-slip
contact with the piston). Differential movement be-
tween the ‘dead zone’ and the remainder of the speci-
men is initially localized in this recrystallized zone. At
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Fig. 11. Asymmetric c-axis preferred orientation showing (a) leading
edge asymmetry with respect to the sense of shear and (b) trailing edge
asymmetry with respect to the sense of shear.

low strains most of the shortening is accommodated in
such zones. This is illustrated in G0297 (Figs. 5a & b),
with a total shortening of 27%, showing a recrystallized
shear zone, with a grain elongation at approximately 80°
to the shortening direction, contained within host grains
which show only moderate deformation.

At higher strains host grains to the shear zones show
greater effects of the deformation (Figs. 5¢c & d and 6),
suggesting a component of axial shortening in the shear
zones in addition to shearing. The elongate fabric at

800°C, 105"
PSL

4mm

Fig. 12. c-axis fabrics developed in G0251 (PSL, 800°C, 107°5™!, &£ = 57%). The measured areas are represented by the

circles within the outline of the specimen section. The rectangles show the position of the photomicrographs in the

specimen. The shear zone boundaries are indicated by the thick lines. Fabric R is measured in an area of low strain and gives

an indication of the initial preferred orientation. S and L show the initial orientation of the foliation and lineation,

respectively. The dotted line in the fabric diagrams indicates the orientation of the grain elongation. Contour interval
0.67,2,4 and 10% per 0.67% area, based on 150 orientations; equal-area projection.
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G0263

800°C, 10-65" ————
NSL 2mm
Ta butter

Fig. 13. c-axis fabrics developed in G0263 (NSL, 800°C, 107551, & = 57%). The shear zone boundaries are indicated by

the thick lines. Fabric M is measured in an area of low strain and gives an indication of the initial preferred orientation. § and

L indicate the initial orientation of the foliation and lineation respectively; arrows indicate the shortening direction. The

dotted line in the fabric diagrams indicates the orientation of the grain elongation. Contour interval 0.67,2 and 4% per
0.67% area, based on 150 orientations; equal-area projection.

approximately 50° to the shortening direction in two of
the shear zones in G0342 (Figs. 6a & c) indicates a higher
shear strain. Itis not possible to calculate the component
of axial shortening accommodated in the shear zones.

Type B shear zones owe their origin to the geometry
of the assembly. With increasing strain, the specimen
begins to barrel and when the width of the specimen
exceeds that of the piston, the piston punches into the
specimen. This localizes deformation, allowing the
specimen to shear past the piston corner. In some cases
the zone showing a non-coaxial deformation history may
extend under most of the piston (e.g. G0251, Fig. 7,
G0263, Fig. 8). Only very small ‘dead zones’ are present
under the pistons in these specimens. Shearing of the
specimen past the piston corner allows movement of
material within the ‘dead zone’.

Inspecimen G0263 the distribution of the shear zonesis
asymmetric. Only a small portion of the deformed zones
shows the foliation rotated anti-clockwise from the nor-
mal to the shortening direction (in the area where fabricE
is measured, Fig. 12); most of the deformed zone has the
foliation rotated clockwise (i.e. between fabrics Gand H,
Fig. 12). This asymmetry can be explained by examining
the c-axis preferred orientation of the initial quartz
mylonite (similar to fabric M, Fig. 12). This preferred
orientation shows a maximum of c-axes approximately
normal to the foliation developed in the shear zone, with
the foliation rotated clockwise from the normal to the
shortening direction (i.e. maximum clockwise from the
girdle normal to the initial mylonitic foliation and linea-

Grains with c-axesin this orientation will deform easily by
basal slip in an (a) direction, allowing formation of the
shear zone. Few grains in the initial quartz mylonite have
c-axes anticlockwise from the girdle normal to the initial
mylonitic foliation and lineation. Formation of a shear
zone anti-clockwise from the normal to the shortening
direction is consequently much more difficult.

Strain history

The strain history in the two types of shear zones
differs. In Type A shear zones, the shear zones are
initially weak with respect to the host rock. At low
strains the imposed shortening will be predominantly
taken up by simple shear in these zones. This is indicated
by the limited strain observed in the host rock (e.g.
G0297, shortened 27%, Figs. 5a & b). As the total strain
on the specimen is increased, more of the strain is
accommodated in the host rock. This suggests that a
later component of flattening overprints the shear
zones. This may explain the c-axis maximum observed
parallel to the shortening direction. It is not possible to
calculate the component of flattening normal to the
shear zone boundary (cf. normal strain calculated by
Dell’Angelo & Tullis 1989).

In Type B shear zones the strain history is more
complex. There is initial flattening of the specimen. The
specimen is not sheared past the corner of the piston
until there is a significant concentration of strain at the
corner. This may not occur until shortening of at least
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20-30% (no such shear zone is observed in G0297,
shortened 27%). The strain path is then changed from
one of flattening to one dominated by shear where the
specimen is sheared past the corner of the piston. This is
well illustrated in G0342, where flattened grains to the
side of the piston can be followed into elongate grains
which have been sheared past the piston corner (Fig. 9).
The state of strain varies from one dominated by shear
near the piston corner to one dominated by axial flatten-
ing under the piston, where the foliation is normal to the
shortening direction. The strain history is more complex
up the side of the piston (see microstructures, Fig. 7e
and fabric Q, developed in G0251, Fig. 12), where there
will be a decrease in temperature. The deformation
conditions in this area are not well constrained and
therefore no interpretation of this microstructure and
preferred orientation will be given.

c-axis preferred orientations

The c-axis preferred orientations that develop in alt
areas showing a non-coaxial deformation history are
similar to those observed within shear zones in the
Earth’s crust. They show well defined girdles approxi-
mately normal to the shape fabric.

The deformed, elongate nature of both original and
recrystallized grains within the shear zones, the presence
of deformation lamellae in the large relict grains both
within and outside the shear zones, and the strong
crystallographic preferred orientation normal to the
shape fabric, all indicate that dislocation creep is the
primary deformation mechanism within the areas show-
ing a non-coaxial deformation history. However, itis not
possible to delineate clearly the operating slip systems
within the observed shear zones without TEM analysis.
If the analyses of Schmid & Casey (1986) are used as a
guide, they indicate that basal slip dominates. This is
indicated by the presence of a strong c-axis maximum
approximately normal to the foliation. The maxima in
the girdle result from the interaction of basal, prism, and
rhomb slip, all in an (@) direction. Alternatively, Del-
I’Angelo & Tullis (1989) suggest that such fabrics form
by kinking on basal planes and basal slip.

Although the predominant feature of the fabrics is a
girdle normal to the foliation, nearly all show a maxi-
mum parallel to the shortening direction (e.g. fabrics
A,B,C in G0342, Fig. 10; fabrics F,G,H,N in G0251,
Fig. 12; fabrics D,G,H,I in G0263, Fig. 13).

There may not be a unique mechanism of formation
for this maximum parallel to the shortening direction in
the specimens described. Two possibilities exist.

(a) Rotation of grains through the shortening direc-
tion. Grains which have c-axes located on the other side
of the shortening direction from the normal to the shear
zone foliation must rotate through the shortening direc-
tion to get into a stable orientation with respect to the
deformation axes. This mechanism is best observed in
G0263 (Fig. 13), in which a strong maximum is devel-
oped parallel to the shortening direction in the area
where the foliation is normal to the shortening direction
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(fabric G). This maximum rotates clockwise along the
shear zone (i.e. G—»D—I—-H). Grains with c-axes in
this orientation will be deforming predominantly by
basal slip, with basal planes rotating to remain approxi-
mately parallel to the foliation. The c-axis maxima in
the fabrics in G0251 (Fig. 12) are also rotating in a
similar manner to that described above (follow max-
ima which are normal to the foliation in fabrics
E—»F—-G—->N—-H-P).

(b) Formation of c-axis maxima due to later flatten-
ing. Previous experimental studies (e.g. Tullis et al.
1973) show that c-axes rotate towards the shortening
direction with increasing strain, forming either a point
maximum parallel to, or small circles about the shorten-
ing direction. If strain is no longer accommodated in the
shear zones, continued shortening will cause c-axes in
grains in the shear zones to rotate towards the shorten-
ing direction. This mechanism may explain the maxima
developed approximately parallel to the shortening
direction in G0342 (Fig. 10).

Shear sense and asymmetry

Previous studies (field, experimental and theoretical)
have shown that for coaxial strain histories c-axis fabrics
develop which are symmetric with respect to the folia-
tion (i.e. small-circle girdles for uniaxial compression
and cross girdles for plane strain; Tullis ez al. 1973, Tullis
1977, Burg & Laurent 1978, Lister et al. 1978, Schmid &
Casey 1986). However, with increasing shear strain, a
smooth continuum exists from a Type II cross girdle
(Lister 1977) through a kinked girdle to a single girdie
approximately normal to the foliation (Burg & Laurent
1978, Schmid & Casey 1986). As the shear strain is
increased the girdle becomes smoother. This is well
illustrated in the fabrics measured in the regions of
highest shear strain in the described specimens (fabric N
in G0251, Fig. 12). At lower shear strains in this speci-
men (as in other specimens) the girdles show a more
kinked appearance (e.g. fabric F in G0251, Fig. 12).

In general, the sense of asymmetry of the c-axis girdle
with respect to both the shape fabric and the shear zone
boundary can be used to determine the sense of shear.
The complex strain history, coupled with the initially
strong crystallographic preferred orientation makes it
difficult to interpret the asymmetry in the c-axis fabrics
developed in the specimens described in this paper. In
many of the measured fabrics the asymmetry can be
attributed to the strong initial fabric (e.g. specimen
G0263, Fig. 13). This is, however, not always the case,
particularly for the fabrics in G0251 (Fig. 12) and G0342
(Fig. 10).

In G0251, in areas where a coaxial deformation his-
tory dominates, a symmetric fabric is developed with
respect to the shape fabric (e.g. fabrics D,E,F,M, Fig.
12). Whereas the deformation history is non-coaxial,
along the shear zone, the developed fabric shows an
asymmetric distribution with respect to the shape fabric
(e.g. fabrics G,N,O, Fig. 12). The sense of the asym-
metry is a leading edge (Fig. 11) with respect to the sense
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of shear. In GO0342 the dominant feature is a girdle
normal to the shape fabric. If the shear zone boundary is
used as a reference in these shear zones the asymmetry
in three of the girdles is trailing edge with respect to the
sense of shear (Figs. 10a—). However, it is not known to
what extent later coaxial deformation contributes to this
maximum, which in all cases is approxiamtely parallel to
the shortening direction.

CONCLUSIONS

Two types of shear zones which formed in specimens
of an experimentally deformed quartz mylonite have
been described. One of these is discrete and cuts through
the specimen, forming along cracks produced during
pressurization. The other develops around the corner of
the piston, where it has punched into the specimen. The
microstructures in both types of shear zone are charac-
terized optically by elongate grains defining a shape
fabric which is not normal to the shortening direction. In
the discrete shear zones (Type A shear zones) these
grains are recrystallized. In the Type B shear zones,
developed around the piston corners, elongate grains
are both old ribbon-shaped grains and recrystallized
grains.

The deformation histories of the two types of shear
zones differ. In the discrete shear zones the strain history
is initially dominated by shear (with the component of
flattening normal to the shear zone unknown), followed
by axial flattening at higher sample strains, when the
shear zones may cease movement. The shear zones
developed at the piston corners show initial flattening
(to 20-30% shortening), followed by shearing past the
corner of the specimen.

The c-axis preferred orientations which develop are
similar in all shear zones, namely a girdle approximately
normal to the shape fabric defined by the grain
elongation. The sense of asymmetry in many of the
preferred orientations can be attributed to the use of a
mylonite as the starting material, showing a strong
preferred orientation. This often shows an asymmetry
which is a trailing edge with respect to the sense of shear,
using the shear zone boundary as a reference plane. In
one specimen there is not an initial asymmetric pre-
ferred orientation, and the asymmetry which develops in
the shear zone is a leading edge with respect to the shear
sense, again using the shape fabric as a reference plane.

The results obtained in these experiments suggests
that some care is needed in interpreting c-axis preferred
orientations in natural shear zones, especially if it is
believed that the shear zone protolith had an initially
strong preferred orientation. The asymmetry of the
preferred orientation with respect to the shape fabric
may be opposite to what one would normally expect.
Therefore, it is important to use all available kinematic
indicators to determine the sense of shear, and not rely
solely on the c-axis preferred orientation.
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