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Abstract

A new method to determine stress directions using the preferential orientation of plagioclase mechanical twins has been
applied to high-temperature mylonitic rocks from the AleÂ m ParaõÂ ba shear zone, Ribeira fold belt, southeastern Brazil. We have
measured the lattice-preferred orientation of plagioclase grains and calculated the orientation of the stress axes possible for the

observed twin orientations. The maximum compressive stress direction (s1), determined for all studied samples, is a function of
the mechanical twin orientations of a number of distinct plagioclase populations. The s1 direction is generally subperpendicular
to the (010) plane. The statistical treatment for most of the plagioclase grains examined for each sample shows that s1 is almost
perpendicular to the foliation plane, suggesting a signi®cant coaxial component in the deformation process of these rocks. # 1999

Elsevier Science Ltd. All rights reserved.

1. Introduction

Most methods for determining the principal stress
axes in deformed rocks involve dynamic analysis of
twin gliding and of extinction bands produced by in-
homogeneous translation glide in crystals (Carter and
Raleigh, 1969). These methods, beginning with the
techniques of Turner (1953) for dynamic analysis of
calcite twins, have been developed based on exper-
imental results on single crystals. Stress direction deter-
mination using mechanical twin preferred orientations
in rocks naturally deformed at high temperatures in
the lower crust has not been attempted so far.

Analysis of the stresses involved in rock deformation
is not a simple matter. A number of techniques are
available which enable determination of principal

stress directions (e.g. Carter and Raleigh, 1969;
Laurent and Tourneret, 1990; Tourneret and Laurent,
1990). These authors have shown that structures result-
ing from intracrystalline ¯ow in calcite, dolomite,
quartz, micas, orthopyroxenes, olivine, plagioclases
and other common rock-forming minerals may be used
to infer the principal stress axes. Similarly, it is theor-
etically possible to determine the maximum stress
direction from the orientation of mechanical albite and
pericline twins in rocks deformed at high temperature
(Borg and Heard, 1970; Lawrence, 1970).

The purpose of this paper is to apply this theoretical
approach to determine the maximum principal stress
orientation in high-grade mylonites. For this objective
we have investigated the lattice-preferred orientations
of plagioclase and calculated the possible directions of
the stress axes for the observed twin orientations in
deformed rocks from a high-temperature ductile shear
zone (AleÂ m ParaõÂ ba shear zone) of the Neoproterozoic
Ribeira belt in southeastern Brazil.
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2. Theoretical background

The origin of plagioclase twinning in naturally
deformed rocks has been the subject of much discus-
sion and investigation. Two types of twinning are
possible in feldspars, by pseudomerohedry and by lat-
tice pseudomerohedry. Only albite and pericline twins
result from pseudomerohedry, all other twinning in
feldspars is by lattice pseudomerohedry (Smith and
Brown, 1988).

Buerger (1945) classi®ed twins as growth, transform-
ation and glide (or mechanical twins). A number of
works, including Emmons and Gates (1943), Muir
(1955), and Gay and Bown (1956) recognized the
possibility that twinning (albite and pericline laws)
may develop not only during growth but also during
solid phase transformations and gliding (mechanical
origin), as ®rst suggested by Van Werveke (1883, in
Borg and Handin, 1966). Crystal morphology is di�-
cult to use as a criterion to distinguish among the var-
ious mechanisms by which twinning may form.

Borg and Heard (1970) performed high-pressure ex-
periments on plagioclase specimens of various compo-
sitions, and observed that mechanical twinning only
occurred in specimens deformed above 8008C with
con®ning pressures of about 800 to 1000 MPa. They
emphasized that if the observed albite and pericline
twins are mechanical in origin, it is possible to deduce
the orientation of the principal stresses that produced
twinning. By analogy with the method developed by

Turner (1953), for mechanically twinned calcite, a
maximum compression axis can be graphically deter-
mined for each twinned plagioclase grain.

The resolved shear stress must be at a maximum in
the positive sense for the twin system. In the case of
albite and pericline mechanical twins, this occurs for
compression axes at 458 to slip plane (010) and rhom-
bic section and glide line. It should also lie in quad-
rants de®ned by either (001) and (01

-
0), or by (001

-
)

and (010) (Fig. 1).
Deformation due to twin gliding may be simplisti-

cally regarded as homogeneous simple shear between
one part of a crystal structure (albite twin) and the
composition plane (Fig. 2). In this simple model, each
atom in the layer above the composition plane has
moved some ®xed fraction (depending on the crystal
structure) of an integral atomic translation (Carter and
Raleigh, 1969). If we consider only mechanical twins,
the composition plane cannot be a symmetry plane of
the crystal, and there is only one direction of twin glid-
ing according to a given law. Because of the restricted
sense of shear along the glide direction in the compo-
sition plane, information on the principal stress direc-
tion may be obtained from these measurements.

In albite twinning (Fig. 2), (010) is the twin plane
and the twin operation is a re¯ection on (010). This
corresponds to a rotation of 1808 about axis b�, per-
pendicular to (010). In albite twinning, the twin plane
and the composition plane are the same. The angle
between b and b� is the obliquity, j � b ^ b�, typically
about 48 in ordered natural plagioclases. In Pericline
twinning (Fig. 2), b is the twin axis and the compo-
sition plane is the so-called rhombic section (Smith
and Brown, 1988).

Fig. 1. Stereogram of the geometric elements of mechanical albite

and pericline twins in An53 and the compression axis or optimum

position of s1 in order to induce twin gliding according to one or

both laws.

Fig. 2. Tridimensional arrangement of the geometric elements of

mechanical albite and pericline twins, and the compression axis rela-

tive to the mechanical twinning. The maximum compressive stress is

placed where the senses of shear of albite and pericline twinning are

positive and negative, respectively. Glide lines b and s, and glide

planes, RS (rhombic section) and (010), for pericline and albite

twins; r, the rhombic line is perpendicular to b, b�, s�. The obliquity

is j � b ^ b� � s ^ s�.
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Albite and pericline twins are the only twins which
can strictly form by gliding (Smith and Brown, 1988).
The glide directions lie in the composition plane, (010)
or in the rhombic section, respectively; the angular de-
viation in both cases being 2j (j is the obliquity
j � b ^ b� � s ^ s�). For pericline twins the glide
direction is b (Fig. 2), whereas for albite twins the
glide direction, s, has irrational indices, [u0w]. The two
slip planes and the two slip lines are conjugate to each
other (Fig. 2). A summary of the twin gliding elements
of plagioclase is given in Table 1. The orientation of
the principal stress directions associated with mechan-
ical twinning can be most easily speci®ed with the
introduction of the rhombic line unit vector (r), which

is perpendicular to b � �010�, b� � ?�010�, s � �U0W�,
and the rhombic section s� � ?�H0L�. The rhombic
line unit vector in the positive sense (+r) is given by

�r � �b� b��=jb� b�j � �s� � s�=js� � sj �1�

where all vectors are taken in the positive sense and
+r makes angle (a ) with �a � �100� in the (010) plane
(Fig. 2). The rhombic line can be used to de®ne the ir-
rational indices of s� and s as

s� � �r� b � �b� b�� � b �2�

s � �r� b� � �b� b�� � b� �3�

The +r is parallel to the intersection of the conju-
gate albite and pericline glide planes. The maximum
resolved shear stress is produced for the positive sense
for twinning only if the maximum compressive stress
direction (s1) lies at the acute bisectrix of +b and ÿs,
the intermediate stress direction (s2) is parallel to the
rhombic line (+r) and the extension stress direction
(s3) is parallel to (s1 � s2) which is between +b and
+s. Using these crystallographic relationships we can
de®ne the orientation of the stress axes with respect to
the plagioclase crystal axes for any composition, and
assign irrational [uvw] indices for each stress axis.

Table 1

De®nitions of plagioclase glide twinninga

Element Symbol Albite law Pericline law

Glide plane K1 (010) rhombic section

2nd circular sectionK2 s� b�

Glide direction N1 s � �U0W� b � �010�
Angle of shear c 2j 2j
Shear g 2 tan�c=2� � 2 tan�j� 2 tan�c=2� � 2 tan�j�

a s� is known as the rhombic section; both s� and s have irrational

indices. For a composition typical of our samples An37.4, obliquity

j � b ^ b� � 3:8575, c � 7:7150 and g � 0:1348.

Fig. 3. Schematic map of the southern portion of Ribeira±Arac° uaõÂ belt showing AleÂ m ParaõÂ ba shear zone and the dominant kinematics (modi®ed

from Vauchez et al., 1994).
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3. Measurement procedure

In order to determine the principal stress axes orien-
tations, determination of plagioclase lattice-preferred
orientation was performed using U-stage measure-
ments. Crystallographic axes orientations were inferred
with the aid of an interactive computer program devel-
oped by Benn and Mainprice (1989), which allows
complete crystallographic determination of the positive
and negative crystal axes proposed by Wenk et al.
(1986) and based on the optical data compiled for the
plagioclase solid solution series by Burri et al. (1967).

An electron microprobe (JEOL JXA-8600) was used
to obtain the composition of the plagioclases from the
®ve samples used in this study.

4. Geological setting

The Ribeira belt (Fig. 3) extends over more than
1500 km along the southeast coast of Brazil. This belt
(see review in Trompette, 1994) was formed along the
eastern and southeastern margins of the SaÄ o Francisco
craton, in response to the convergence between the
SaÄ o Francisco and Congo cratons, during the
Brasiliano (Neoproterozoic) orogeny (Vauchez et al.,
1994).

The Ribeira belt consists of: (1) a cratonic basement
(Complexo Juiz de Fora) which records granulite facies
metamorphism at 2220227 Ma (SoÈ llner et al., 1991);
(2) a well-developed Paleoproterozoic metasedimentary
sequence (Complexo ParaõÂ ba do Sul) involving kinzi-
gites, garnet±biotite±plagioclase gneisses, migmatites
and granulite gneisses from the Transamazonian tec-
tonic cycle (2000 Ma). These units have been inten-
sively reworked by tectonic, magmatic and
metamorphic processes during the last important oro-
genic event (Brasiliano orogeny) in this region.

The northern part of the belt trends almost north±
south, bordering the SaÄ o Francisco craton eastward.
Kinematic data collected in this area by various
authors consistently indicate westward transport
towards the SaÄ o Francisco craton (Pedrosa-Soares et
al., 1992; Trompette et al., 1992). Approaching the
southern edge of the craton from the north, the defor-
mation pattern changes progressively. The structural
trend rotates from north±south to northeast, and
narrow ductile strike-slip faults, parallel to the belt
northward, progressively widen and merge southward,
forming several mylonite zones 010 km thick oriented
NE±SW. The AleÂ m ParaõÂ ba shear zone is one of these
mylonite zones (Fig. 3). It is a continental-scale, strike-
slip fault occuring in the north-central portion of Rio
de Janeiro state. Deformation in the AleÂ m ParaõÂ ba
shear zone is attributed to the late stages of collision

between the SaÄ o Francisco and Congo cratons around
570±600 Ma ago (Vauchez et al., 1994).

5. Geological contexts of the samples

The rocks used in this study are from the Juiz de
Fora and ParaõÂ ba do Sul Complexes which are granu-
lites of norite composition, garnet±biotite±plagioclase
gneisses, amphibolites, pyroxenes±plagioclase gneisses
and some biotite-rich migmatites. From the apparently
stable parageneses and homogeneous element distri-
butions between co-existing phases as inferred from
microprobe analysis, it has been determined that the
temperature of the ®rst metamorphic event M1 (D1-de-
formation) varies between 7008C (hornblende±garnet)
and 710±7508C (garnet±biotite) in the southern and
northern areas, respectively, with pressure varying
between 500 and 560 MPa (garnet±plagioclase±biotite±
quartz±sillimanite). The second metamorphic event M2

(D2 deformation) temperatures vary between 680 and
6908C (garnet±biotite) with pressures increasing from
590 to 700 MPa northward (Porcher et al., 1995;
Fernandes et al., 1996).

We have studied ®ve samples, which have been col-
lected from two di�erent tectonic contexts. The
samples RB70, RB332, and RB95 were deformed
under granulite facies conditions in the AleÂ m ParaõÂ ba
shear zone (Fig. 4). In this structural domain, the pre-
dominant NE±SW structures overprint a ¯at-lying fab-
ric (D1) whose kinematic indicators suggest
overthrusting towards WNW. In the southern domain,
these rocks are strongly foliated (N 055/ vertical) with
a horizontal stretching lineation. Most of the kin-
ematic indicators (S/C fabrics, asymmetric porphyro-
clasts (d and s types), mica ®sh and lattice-preferred
orientations of quartz and plagioclase) are consistent
with a dextral movement of shear. These specimens are
from a mylonitic granodiorite, with plagioclase
(anorthite; An25±38) as the predominant mineral (55±
60%) and quartz (20±25%). The only common ma®c
mineral is biotite (013%) with accessory minerals such
as garnets, zircon and carbonates in amounts smaller
than 5% of the rock volume.

The sample RB05 is a mangerite gneiss composed
predominantly of plagioclase (An38±An40) (060%),
quartz (020%) and pyroxenes (03%). It is a foliated
rock from the northern part of the AleÂ m ParaõÂ ba shear
zone, where the deformation pattern begins progress-
ively to change from a transpression to compression
regime and the foliation trend rotates from northeast
to north (Fig. 4). In this region the foliation strikes
N35±388 and dips 45±508 southeastward.

These rocks were deformed under granulite facies
conditions. Hypersthene, a mineral typical of the gran-
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ulite facies, shows no retrogression and is involved in
the foliation plane.

Sample RB174 is a norite gneiss from the northern
part of the Ribeira belt where a westward (overthrust-
ing) transport prevails (Fig. 4). This rock is composed
predominantly of plagioclase (An55±An57) (080%),
pyroxenes (015%) and quartz (03%). In this region

the foliation strikes north±south and dips gently, 25±
358, eastward, and the lineation is almost east±west.

6. Microstructures and fabrics of the plagioclase

The mylonitic gneisses (RB70, RB95 and RB332) of
the AleÂ m ParaõÂ ba shear zone show well-developed

Fig. 5. Sheared gneisses from AleÂ m ParaõÂ ba fault with bent plagioclase porphyroclasts (10�).

Fig. 6. Recrystallized plagioclase grains with polygonal shapes. Straight grain boundary con®gurations meet at 1208 triple junctions (20�).
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recrystallized aggregates of plagioclase and quartz with
a small amount (less than 15%) of porphyroclasts.
Both quartz and plagioclase porphyroclasts generally
exhibit undulose extinction associated with the devel-
opment of subgrains and bending of polysynthetic
twins in plagioclase (Fig. 5).

Dynamic recrystallization in each of the three
samples is characterized by a bimodal crystal size dis-
tribution and the recrystallized grains (smaller grains
or neoblasts) show a similar composition to the re-
spective `porphyroclast' grains. Grain boundary mi-
gration and subgrain rotation are the principal
processes of recrystallization in these samples.

Deformation microstructures (undulose extinction
and deformation twins are the most common) are
observed within both the larger plagioclase grains and
the smaller recrystallized plagioclase grains. The por-
phyroclasts are generally more strongly deformed than
the recrystallized grains; most of these grains are just
slightly deformed. The deformation twins (albite and
pericline laws) generally terminate at grain boundaries,
to a ®ne point within the grains.

Sample RB05 is nearly completely recrystallized
(quartz and plagioclase). The recrystallization process
is predominantly by grain boundary migration and
probably would have been driven by surface energy,
whereby most of the grain boundaries are straight and
tend to intersect at 1208 (Fig. 6). Some grains of plagi-
oclase and quartz are almost strain free, as indicated
by the even extinction of individual grains and rela-
tively straight grain boundaries. Progressive recrystalli-
zation during the late stage of the deformation, and
grain boundary migration can lead to larger grains
with straight boundaries and 1208 intersections (e.g.
Davis and Reynolds, 1996).

Sample RB174 displays little evidence of recrystalli-
zation of the plagioclase grains but most of them show
mechanical twins and weak undulose extinction.

Therefore, three di�erent situations may be con-
sidered for the lattice-preferred orientation studies: (i)
the samples (RB70, RB332 and RB95) for which the
predominant recrystallization processes are grain

boundary migration and subgrain rotation; (ii) a
sample (RB05) which has grain boundary migration as
the main recrystallization process followed by anneal-
ing during the late stages of the recrystallization; and
(iii) a sample (RB174) with little evidence of recrystalli-
zation.

Plagioclase lattice-preferred orientation (LPO) was
obtained from measurements of the optical indicatrix
plus two di�erent crystallographic planes (cleavages or
twins). In order to have a statistically meaningful

Table 2

Plagioclase twin frequency

Specimen Thin section Only albite (%) Only pericline (%) Albite and pericline (%) Total number of grains

RB70 XZ 78.57 18.09 3.3 210

YZ 86.11 11.11 2.7 108

XY 87.5 10.0 2.5 040

RB332 XZ 84.37 10.62 5.0 160

RB95 XZ 85.45 14.54 110

RB05 XZ 87.30 11.33 1.33 150

RB174 XZ 71.78 21.15 7.05 156

YZ 76.65 12.67 10.67 150

Fig. 7. Plagioclase determinative diagram from Burri. Migration

curves give orientations of planar elements with respect to three opti-

cal axes (a, b g). Black circles M1, M2, M3 and M4, and open circles

N1, N2, N3 and N4 represent four possible orientations for albite and

pericline twin planes or for (010) and (001), respectively, with respect

to a, b and g directions in a plagioclase An25. For anorthite contents

An10±An35, the angular distance between M1 and M3, M2 and M4,

N1 and N3 and N2 and N4 is too small (R58) to be discerned by U-

stage measurement, causing ambiguity in the determination of com-

plete crystallographic orientations (from Ji et al., 1994).
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description of the LPO, the measurements were taken
in three perpendicular sections (XZ, YZ and XY) for
sample RB70 and in two perpendicular sections (XZ
and YZ) for sample RB174. For the other samples
(RB05, RB95 and RB332) measurements were per-
formed only for the XZ section. The data from the YZ
and XY sections were rotated to the XZ plane before
analysis and interpretation. These sections have a sig-
ni®cant number of grains with at least one twinning
plane (albite or pericline). The albite twin prevails in
all sections, pericline twins are less abundant, and
grains with both twins are uncommon (Table 2).

The anorthite content of plagioclase in sample RB95

is within the range An20±30. Consequently, measuring
only the (010) cleavage or the compositional plane of
the albite twin is not enough to permit unambiguous
determination of the plagioclase orientation (Kruhl,
1987b; Ji et al., 1994). There are four possible orien-
tations for the measured plane to be plotted onto the
plagioclase determinative diagram (Fig. 7). The black
circles M1, M2, M3 and M4, and open circles N1, N2,
N3 and N4 represent four possible orientations for
measured albite and pericline twin planes or for (010)
and (001), respectively, with respect to a, b, g direc-
tions in a plagioclase An25. We know the anorthite
contents of this sample (An25), so there are only two

Fig. 8. Crystallographic axes orientation diagrams for the two possible positions using non-polar data, and using polar data for positions 1+2

(sample RB95).
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possible crystallographic orientations that can ®t the
angular constraints for these plagioclases; they are M1

and M3, if the measured plane was an albite, or (010),
or N1 and N3 if the measured plane was a pericline or
(001) (Fig. 7). As we could not determine the correct
position we constructed the crystallographic axes
orientation diagrams for the two possible positions
and we realized that non-polar data diagrams were
very similar (Fig. 8) and that there was no di�erence
regarding kinematic aspects.

The preferred orientations of (010), (001) and a
(samples RB70 and RB332) are shown in Fig. 9. The
LPO strength is high with [100] axes occupying the
centre of the diagram and _(010) displaying two max-
ima, the principal one almost perpendicular to the foli-
ation and a secondary maximum subparallel to the
stretching lineation (Fig. 9B). In spite of the weak
asymmetry of (010) with respect to the foliation and

lineation in the sample RB70, it is consistent with a
dextral shear movement. The _(001) planes orientation
de®ne a di�use girdle, with a maximum at 358/1208
(dip/direction). LPO for sample RB332 is similar,
except for the _(010) orientation pattern whose maxi-
mum is at 58/2408, and there is a striking asymmetry
in agreement with a dextral shear movement (Fig. 9E).
A secondary maximum close to the Z-axis can also be
observed in sample RB332. The _(001) orientation
pattern is always di�cult to interpret but we can
record a maximum at 158/2458.

The preferred orientation patterns of the porphyro-
clasts and recrystallized plagioclases (sample RB70)
have their (010) planes subparallel to the foliation
plane (XY plane; Fig. 10). This means that the pattern
of preferred orientation of the neoblasts is similar to
that of the porphyroclasts. The similar orientation for
both suggests that the neoblasts were recrystallized
from a host favorably oriented for easy glide, because
if the neoblasts had been developed from a host unsui-
tably oriented for easy glide, the grains would be in a
di�erent orientation pattern to their host (Ji and
Mainprice, 1990).

The crystallographic orientation patterns of the
other samples (RB95 and RB5; Fig. 11) are similar,
the a direction is preferentially oriented subparallel to
Y-axis. Most grains have the _(010) planes close to
the Z-axis of ®nite strain (Fig. 11B and E). The orien-
tation pattern of the (001) poles is always more com-
plex and de®nes di�use girdles, one in the foliation
plane (XY) and another subparallel to the YZ plane
(Fig. 11F and C, respectively).

The fabric of sample RB174 (weakly recrystallized)
shows a preferred orientation with [100] axes in the fo-
liation plane (XY) and maximum density at 558/0808
(Fig. 12). It is di�erent from the other samples where
the [100] axes are parallel to Y. The (010) poles are at
maximum subparallel to Z-axes (58/1858). We have
observed a similar position for the other samples. The
absence or very weak asymmetry of the (010) poles
relative to the foliation does not allow deduction of
the shear sense in this sample. The poles of the (001)
planes show a maximum density at 208/0008.

7. Stress direction determination

In order to determine the stress directions from pla-
gioclase fabrics, these LPO data were plotted for each
studied sample taking all the geometric elements of
mechanical albite and pericline twins into account.
This allows determination of the compression axis for
each grain and, statistically, the best orientation for s1
(Fig. 1).

The integrated stress directions data for the sample
RB70 are shown in Fig. 13. The statistical diagrams

Fig. 10. Preferred orientation of (010) planes from porphyroclast and

recrystallized plagioclases (sample RB70).
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show maximum values for s1, s2 and s3 at 58/1858,
858/2508 and 28/1008, respectively. The maximum com-
pressive stress is subparallel to the foliation pole, the
intermediate is parallel to Y and the minimum is paral-
lel to stretching lineation X. The albite twin direction
[U0W] (Fig. 13D) has a complex distribution pattern
but displays maximum density subparallel to s1. The
albite plane orientations (Fig. 13E) show a distribution
similar to the (010) planes (Fig. 9B). The pericline twin
planes +(hol) and directions +[010] show a maximum
at X and Z, respectively.

The stress directions determined for sample RB332
are similar to the latter ones but there is a weak asym-
metry of s1 (158/1158) (Fig. 14A) relative to the foli-
ation plane. The maximum density of albite twin
direction is 158/1158, subparallel to the maximum den-
sity of albite and pericline planes (Fig. 14E, F and G).
The intermediate and minimum stresses show a maxi-
mum statistical distribution at 858/2058 and 158/608,
respectively.

Because of the plagioclase composition (An30) for
sample RB95, we have performed the statistical treat-
ment regarding the only two di�erent possible pos-
itions that can ®t the crystallographic orientations and
angular constraints for these plagioclases (Fig. 8). Fig.
15 shows the stress orientations regarding positions 1
and 2 separately and the diagrams with both data
(Fig. 15G, H and I). The maximum, intermediate and
minimum stress directions are remarkably consistent
for all diagrams (s1 � 58=1458; s2 � subvertical and
s3 � 108=508). This observation implies that no matter
the selected position, the stress directions deduced
from LPO analysis are similar (Fig. 15). The stress pat-
tern is consistent with a non-coaxial deformation and
a dextral shear sense. However, the albite directions
+[U0W] (Fig. 16A and E) and pericline planes (Fig.
16D and H) have a di�erent orientation regarding the
distinct positions.

The analysis performed for sample RB5 has led to
the reconstruction of the paleostress ®eld where maxi-
mum density orientation of s1 is subparallel to foli-
ation pole (Z), s2 is parallel to the Y-axis and s3 is
subparallel the stretching lineation (X) (Fig. 17A, B
and C). The albite direction has a maximum density
close to the diagram center (Y) (Fig. 17D) and albite
plane and pericline directions show similar patterns
with a maximum at 108/1608 (Fig. 17F and E).

The sample RB174, from another tectonic context
outside the transcurrent shear zone yielded the maxi-
mum compressive stress direction (s1) at 58/1558; the
intermediate stress (s2) subvertical, and the minimum
stress (s3) with the highest density at 208/608 (Fig.
18A, B and C). In this region the foliation plane
strikes north±south and dips gently 308 eastward, and
consequently the stress directions with regard to the
foliation plane (in the ®eld, not at the Universal stage
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plane) are 468/2288 (s1); 268/1158 (s2) and 368/0068
(s3).

The ®ve samples which have been studied to deter-
mine stress directions have yielded consistent results.
The statistical distribution of s1 directions shows a
maximum not far from the foliation pole, sometimes
consistent with a dextral shear movement (RB95,
RB332 and RB174) (Figs. 14, 15 and 18); and, some-
times coherent with a coaxial deformation (Figs. 13
and 17). The intermediate and minimum stresses are
always subparallel to Y and X, respectively.

8. Discussion and conclusions

8.1. Lattice-preferred orientation (LPO) and
recrystallization

The orientation patterns of the distinct crystallo-
graphic axes and planes show similarities and small
di�erences:

1. the a direction forms a pronounced maximum at Y
for all the samples.

Fig. 15. Isofrequency diagrams for stress directions �s1, s2, s3� relative to sample RB95. The positions 1 and 2 (A, B, C and D, E, F, respectively)

show no di�erent stress orientations.
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2. (010) has a preferred orientation close to the pole of

the foliation plane but there is a secondary maxi-

mum close to the X ®nite strain axes.

3. [001] directions do not have a regular pattern of dis-

tribution, they de®ne girdles perpendicular or sub-

parallel to the foliation plane with maxima near X

or Z (Fig. 11C and F, respectively). The (001) poles

from samples RB70 and 332 (Fig. 9C and F) show

di�use girdles which are subparallel to the YZ and

XZ, planes and a strong concentration at 458 from

X and Z and near X, respectively. These LPO pat-

terns are similar to others previously reported in the

literature (Olsen and Kohlstedt, 1985; Kruhl, 1987a,

b; Ji and Mainprice, 1988, 1990; Ji et al., 1988).

Shelley (1979) has worked with volcanic metasedi-

mentary rocks (hornblende±hornfels facies) and

obtained LPO patterns with crystal a axes [100] lying

on the bedding plane and with a maximum parallel to

a lineation, which is the axis of greatest elongation or

strain axis, and (010) parallel to the foliation. He

suggested that this fabric was developed mimetically

during the annealing of a previously igneous-type fab-

ric. The distinctions from the LPO patterns we have

obtained can be attributed to the di�erences in strain

and metamorphic conditions in a high-temperature

shear zone as well as a thermal (contact) metamorph-

ism and consequently to the mechanisms that

accounted for the development of a preferred crystallo-

graphic orientation.

The dynamic recrystallization process is an import-

ant mechanism for fabric development, in addition to

lattice reorientation due to dislocation glide and/or

twinning; however, little is known about the e�ect of

dynamic recrystallization on fabric development (Urai

et al., 1986).

As pointed out by Shelley (1986), several possible

orientation mechanisms should be considered when

attempting to explain the development of crystallo-

graphic-preferred orientation in plagioclases. However,

under higher metamorphic conditions, i.e. high amphi-

bolite and granulite facies, the ductility is greatly

enhanced; consequently, intracrystalline slip is a poten-

tially important mechanism (Olsen and Kohlstedt,

1984, 1986; Ji and Mainprice, 1988, 1990). The dislo-

cations in intermediate plagioclase, which were

deformed under granulite facies conditions, have been

analysed by Olsen and Kohlstedt (1984) and this study

has revealed extensive ductile deformation by intra-

crystalline slip and by twinning. The dominant slip sys-

tem seems to be (010) [001].

We cannot ascribe only one orientation mechanism

to LPO, but we believe that recrystallization-accommo-

dated dislocation creep is the dominant mechanism of

fabric development in our samples, i.e. intracrystalline

slip and dynamic recrystallization. However, contri-
bution from other mechanisms cannot be ruled out.

8.2. Stress determination

A new method to determine stress directions has
been applied to plagioclase mechanical twins, following
the theoretical principles predicted and discussed by
Borg and Heard (1970). The results are consistent for
all studied samples, with the kinematics established
from independent observations.

The stress directions determined are compatible with
transcurrent movement in the southern portion of the
area, where the intermediate compressive stress (s2) is
vertical, and with inverse faults in the north.

Lawrence (1970) used the albite twinning of plagio-
clases to determine stress directions. We have also
used this methodology to compare Lawrence's work
with our results, and the sample RB95 has been chosen
to test the Lawrence's method. Fig. 19 shows the maxi-
mum compressive stress (s1) orientation patterns
obtained from the Lawrence's method, which is very
similar to the one we have obtained using our method
(Fig. 15). There are two advantages to this new tech-
nique. First, the determination of the orientation of
the stress axes and of the albite and pericline planes is
automatic. Second, our method can be used on plagio-
clases of any composition; Lawrence's method depends
on correlating the crystallographic axes with the
refractive index, which restricts the use of this method
to plagioclases with An < 30.

We have distinguished two paleostress regimes: (a)
the direction of maximum compressive stress oblique
to regional foliation; and (b) the trends of the com-
pressional directions normal to the foliation plane
(Fig. 4). In the ®rst case, the s1 direction is consistent
with the fabric asymmetry and the dextral regional

Fig. 19. Diagram of the stress directions from Lawrence's method

(sample RB95).
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shear movement, therefore, the fabric and the shear
zone should be formed at the same time. However, in
the second case of compression normal to foliation, we
have two possibilities: it is a late compression at high
temperature with plastic deformation and twinning of
plagioclases; or a transpressional regime with a high
normal stress but no movement.

From a geometrical and deformational point of
view, ®eld and fabric data are consistent with a trans-
pressional regime, where pure shear is the most im-
portant tectonic regime, but locally the simple shear
may take an important role. Our conclusion is sup-
ported by LPO orientations of plagioclase which have
weak asymmetry mainly due to the maximum stress
orientation (subparallel to Z) determined from mech-
anical twins.
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