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Development of shape and lattice preferred orientations: application to the
seismic anisotropy of the lower crust
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Abstract—We review the physical basis of the development of fabrics in plastic and viscous flow and illustrate the
typical fabrics formed by these processes in the main rock-forming silicates of the lower crust (feldspar, quartz,
pyroxene and amphibole). The orientation process in plastic deformation where a single slip is dominant is
recalled and the role of the constraint of neighbouring grains is emphasized. The fabric development of
anisometric crystals in viscous flow is discussed as a function of the main controlling parameters: shear strain,
aspect ratio and interference between crystals. The same sense of fabric asymmetry is introduced by plastic and
viscous flow between the flow plane and the shape preferred orientation and hence coherent kinematic analysis
can be undertaken in both modes of flow.

In order to assess the role of such fabrics in the seismic laminations of the lower continental crust we have
calculated the seismic P-wave properties of typical fabrics for hypothetical monomineralic and polymineralic
rocks. The calculations show that the strongest anisotropies develop in monomineralic rocks with values between
5 and 16%, compared with 5 and 8% for typical rock compositions. The strongest anisotropies for layered
monomineralic rocks generated by fabrics is only 6% compared to the 14% suggested by model studies of the
observed seismic laminations. We suggest that other effects, such as compositional layering and/or constructive

0191-8141/89 $03.00 + 0.00
© 1989 Pergamon Press plc

interference of seismic waves are responsible for augmenting the apparent anisotropy.

INTRODUCTION

OvER the last 15 years important progress has been made
in the interpretation of lattice preferred orientation
(LPO) (see reviews by Bunge 1982, Wenk 1985, Nicolas
1987) in rocks plastically deformed by large homogenous
flow. Understanding the development of these fabrics
has allowed geologists to go beyond geometrical or
structural analyses and undertake kinematic analyses
(Nicolas er al. 1972). In view of new perspectives for the
application of fabrics, like those presented below, we
wish in this paper to review the general subject of fabrics
in plastic flow and to introduce new results for the case of
rocks deformed by a large magmatic flow.

The recent interest in the lower crust has been stimu-
lated by deep crustal seismic and deep borehole projects
in various countries. The interpretation of these new
data requires a closer liaison between structural
geologists and geophysicists, and a better understanding
of the relationship between the acquisition of anisotropic
properties and their geophysical expression. We assess
the importance of fabric studies to the seismic character
of the lower crust, first by reviewing the typical fabrics of
the volumetrically important silicate minerals, and sec-
ondly, by calculating the P-wave anisotropy of
monomineralic and polymineralic rocks from their typi-
cal fabric patterns.

A simplified mechanical picture of a continental crust—
upper mantle of the Earth is shown in Fig. 1(a). We
stress that the picture is schematic, as variations in
thermal gradient, compositional stratification, strain
rate (and hence deformation mechanism) and fluid pres-
sure may drastically change the local picture. The
strength as a function of depth helps to emphasize the

major mechanical divisions; an upper crust in which
brittle fracture is dominant and a lower crust in which
plastic flow is dominant. The strength increases with
depth and confining pressure in the upper crust as it
becomes increasingly difficult to open new cracks or
slide along old ones. The strength decreases with depth
and increasing temperature in the lower crust as ther-
mally activated processes, such as diffusion-controlled
dislocation climb, accelerate the plastic processes. An
important mechanical boundary occurs between our
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Fig. 1. Schematic mechanical sub-divisions of the crust (a) and their

correlation with the seismic profile (b). The brittle upper crust is

seismically transparent, and the ductile lower crust is seismically

reflective. The flow stress in (a) for a constant strain rate is shown as a
solid line. TWT = two way travel time in seconds.
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mechanically defined upper and lower crust, that is the
brittle—ductile transition. It has been proposed that this
important transition is the locking point for active faults
(Sibson 1979).

In the lower crust there is a gradual increase in mafic
content with depth. At the lower crust-mantle boundary
an important mechanical discontinuity occurs between
the chemically felsic crustal rocks and the ultramafic
mantle rocks. Kirby (1985) has suggested that this
rheological discontinuity occurs at the Moho due to the
larger temperature sensitivity (as expressed by the
apparent activation energy) for plastic flow of mantle
rocks.

THE ORIGIN OF PREFERRED ORIENTATION

LPO in minerals can be produced by several physically
distinct processes: for example plastic flow with or with-
out recrystallization, viscous flow and anisotropic crystal
growth. In what follows we will limit ourselves to a
discussion of the important mechanisms in large-scale
ductile plastic and viscous deformation and will not
consider the growth process.

Plastic flow

It is now well established both by experimental and
natural studies, that plastic flow induces preferred orien-
tations in minerals (see review by Nicolas & Poirier
1976). The respective roles of deviatoric stress and
plastic strain in the development of preferred orienta-
tions have long been debated and in view of the conse-
quences for seismic anisotropy this necessitates a brief
summary of the fundamental physical mechanisms.

In the plastic field, crystals deform principally by
dislocation slip. The contribution of deformation
mechanisms controlled by diffusion (dislocation climb,
grain-boundary sliding), which may be important at high
temperature when diffusion becomes efficient, is over-
looked in this discussion as they do not contribute
directly to the development of preferred orientations.

To assume continuity of a deforming crystal with its
neighbours during the course of an arbitrary deforma-
tion, five independent directions of motion are neces-
sary. This can be achieved in a crystal by the activation
of five independent slip systems (the von Mises criterion)
or with a combination of less slip systems and other
modes of deformation: for example, diffusion,
heterogeneous deformation with or without lattice rota-
tion and fracturing. In low symmetry silicates of the
lower crust, such as plagioclase, pyroxene, olivine and
amphibole, five independent slip systems are not avail-
able or rarely activated. Hence we cannot use the Taylor
model (e.g. Lister et al. 1978, Wagner et al. 1982) which
requires five independent slip systems to explain the
fabrics in these minerals. Furthermore, it is clear that
such modelling schemes do not always reproduce the
LPOs observed in experiments and nature, particularly
the asymmetry in non-coaxial deformation (see Bouchez
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et al. 1983, Etchecopar & Vasseur 1987). New develop-
ments of this model which require less slip systems
(relaxed Taylor model, Van Houette & Wagner 1985) or
include physically justified recrystallization schemes
may provide a better insight into fabric development
(Jessell 1988).

Predominance of one slip system in certain cases is
demonstrated by the analysis of dislocation microstruc-
tures resulting from experimental and natural deforma-
tion. This is also suggested by petrofabric diagrams
where point maxima, related to the structural frame, are
commonly populated by crystal axes coinciding with
easy slip directions or poles of easy slip planes. In
contrast, more complex diagrams are obtained in miner-
als where several slip systems operate simultaneously,
such as in the high-temperature deformation of calcite
with the activation of twinning and two slip planes. As a
result, the relation between the slip systems and the
structural frame is complex (Wagner er al. 1982, Wenk et
al. 1987).

For these reasons the following kinematic analysis
deals mainly with mineral aggregates where a single slip
system is dominant. The interpretation of plastically
deformed structures derives from studies in peridotites
(Nicolas et al. 1972). The analysis has been verified in a
non-coaxial deformation regime, which is the most
instructive one, both in controlled experiments
(Bouchez & Duval 1982) and in well characterized natu-
ral shear zones (e.g. Prinzhofer & Nicolas 1980). It can
be stated as follows.

(1) In the statistically homogeneous deformation of a
specimen composed of minerals characterized by a
dominant slip system, the preferred orientation of slip
planes and slip directions in these minerals tend to
coincide with, respectively, the flow plane and the flow
line.

(2) The flow regime can be deduced from the relative
(preferred) orientation of the slip systems and the finite-
strain directions (X,Y,Z). An asymmetry of the slip
directions and slip planes with respect to X,Y,Z is taken
as an indication of non-coaxial deformation and provides
a means by which to deduce the shear sense.

Figure 2(a) illustrates the deformation of a crystal by
a single slip system correctly oriented with respect to the
applied shear stress. The rules consist in extending to the
aggregate the behaviour of this individual Fig. 2(b).

Fig. 2. Relationship between (S) shape, (L) lattice fabric and shear

plane (C). (a) Single crystal with a slip plane appropriately orientatgd.

(b) Aggregate with a dominant slip system, shaded lines representing
the slip planes.
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Fig. 3. Lattice reorientation in a crystal with a single slip system during
progressive pure shear deformation of the enclosing aggregate. See
text for explanation.

With increasing strain, the crystals will progressively be
reoriented to mimic the single crystal behaviour. Let us
examine how this reorientation proceeds in two dimen-
sions, with single slip.

Simple shear in a crystal rotates all the lines attached
to the crystal except those which are contained in the slip
plane (Fig. 2a). Let us suppose that the deforming
crystal illustrated by Fig. 3 is embedded into an aggre-
gate deforming by pure shear. In the aggregate, the
principal finite-strain axes X, and Z, remain parallel
during the course of deformation and impose this con-
straint on the crystal strain axes X, and Z,
(X. = Y. = Z.). Accordingly, for each df strain incre-
ment producing a dc clockwise rotation due to shear,
the X, Z. axes must rotate by a back rotation of dfg
anticlockwise angle equal to df; for a given finite strain
we have fc = ~ B. The bulk rotation produces a lattice
reorientation which in the present case would lead to a
statistical preferred orientation of the slip planes close to
X, for the aggregate.

The following conclusions can be derived:

(1) The cause of lattice reorientation in a crystal is the
requirement to maintain continuity with its immediate
neighbours. Just as neighbours deform in approximately
similar fashion to the aggregate, so must the individual
crystal. Note, however, that in cases where several slip
systems are active, crystals may deform in a different
manner from the aggregate (for example quartzite, Law
1987).

(2) The crystal reorientations are not a direct conse-
quence of the stress applied to the aggregate, but a
response to the boundary conditions imposed by its
neighbours. At the crystal scale, reorientation obeys
local dynamic considerations due to the boundary condi-
tions.

(3) With homogeneous strain and single slip in crys-
tals, it is theoretically impossible to achieve continuity
from one deforming crystal to the next (e.g. Etchecopar
& Vasseur 1987). This problem is solved differently in
low- and high-temperature deformations: localized lat-
tice bending, cleavage, fracturing, kinking and recrystal-
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lization at low temperature, and more homogenous
diffusion controlled precesses such as dislocation climb
and grain-boundary migration at high temperature.

Viscous flow

The viscous flow of rocks containing a melt fraction
above some critical value, experimentally estimated to
be between 35 and 45% volume (Ariz 1978, Van der
Molen & Paterson 1979), results in the shape preferred
orientations (SPO) of minerals with unequal dimen-
sions. The SPO develops because the minerals with an
inequant shape are free to rotate with an angular velocity
which is directly related to the macroscopic strain rate of
the surrounding matrix and to their aspect ratio. For
many minerals (e.g. mica, amphibole, pyroxene, olivine
and feldspar), crystal growth rates are anisotropic, so
crystals develop with inequant shapes which are directly
related to crystallographic forms. For example, plagio-
clase often develops as lath-shaped crystals with promi-
nent (010) and (001) forms elongate along the [100]
direction, with typical aspect ratios (n = length/width)
between 2 and 4. Hence the development of SPO in
viscous deformation entails the development of LPO as
there is a direct relationship between crystal shape and
the crystal structure.

The theory of particle motion in a viscous flowing
matrix is based on two physically distinct cases, a
deformable particle (or marker) with the same mechani-
cal properties as the matrix (March 1932) and a rigid
(undeformable) particle (Jeffery 1922, Willis 1977).
Real geological situations may encompass these two
extremes. In the case of rigid particles, the torques
exerted by the deforming matrix cause them to rotate at
a velocity which is dependent on their axial ratio. The
particles with larger axial ratios rotate more slowly
towards the flow plane (Fernandez et al. 1983) (Fig. 4).

We analyse first the case of viscous flow imposed on
free rigid particles (no physical contact between parti-
cles) of identical aspect ratio. If flow is coaxial, a stable
orientation is attained when the long axis of particles are
parallel to the long axis of the finite-strain ellipsoid.
However, in non-coaxial flow such as simple shear,
particles rotate indefinitely, although they tend to be
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Fig. 4. Two-dimensional experimental results for simple shear from
Fernandez et al. (1983). Angle (a) between shape fabric major axis and
shear plane as a function of shear strain (y) for markers with axial ratios
n = 2.5 (black dots) and n = 3.5 (hollow squares). The theoretical
limiting curves for n = 1 and n = « are shown for reference.
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statistically orientated parallel to the flow plane because
this is a metastable orientation where the velocity is
temporarily zero. The particles with larger axial ratios
tend to stay close to the flow plane for longer periods as
the torque exerted on them is very small in this orienta-
tion. In this manner a statistical planar and linear fabric
is developed in which rod-like particles define a lineation
and plate-like particles define a foliation. The theory has
several important geological applications such as estima-
tion of finite strain and analysis of flow regime (coaxial
or non-coax_al). The March model has been successfully
applied to determine the strains from preferred orienta-
tions in experimentally and naturally deformed mica
aggregates (e.g. Means & Paterson 1966, Oertel 1970).
Flow regimes have been investigated by Bouchez er al.
(1981), Blumenfeld & Bouchez (1988) and Benn &
Allard (in press).

Analysis of shear sense in shear flow

A monoclinic symmetry, expressed by a typical asym-
metry between the trace of the shape fabric (S) and the
flow plane (C), appears if any of the restrictions adopted
above are relaxed (Benn & Allard in press). Interest-
ingly, for a given sense of shear flow the obliquity is the
same in the different cases and is the same as in the
analysis of plastic flow. Some general rules are proposed
below.

(i) A shear strain, y, of < 4 is insufficient to rotate
particles of common aspect ratios into parallelism with
the flow plane (see Fig. 4). If the orientation of the flow
plane (C) is known independently, the shear sense is
deduced from its obliquity with the trace of the foliation
(8, Fig. 5a). If there are passive markers, these record
the direction of finite strain, which with increasing strain
rapidly lags behind the SPO of the rigid markers, thus
providing a shear-sense criterion (Fig. 5b).

(ii) For two or more sets of particles with different
aspect ratios, the shear sense is deduced from the skew-
ness of the total fabric (Figs. 5c and 6b).

(iii) Particles which cannot rotate freely, but interfere,
produce an interaction called the ‘tiling’ effect (Fig. 5d).
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Fig. 5. Obliquity of viscous flow structures in shear deformation. (a)

Shape fabric (S) and shear plane (C) (horizontal); (b) passive marker

(PM ellipse) and rigid markers (lines); (c) two sets of markers (M1,

M2) with different aspect ratios; (d) tiling of crystals and shear plane
(C) (horizontal).
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Fig. 6. SPO fabrics of plagioclase from a deformed gabbro (Benn &

Allard in press). (a) Rose diagram of grain loss axis orientations in the

XZ plane relative to the compositional layering. N = number of

measurements, [ = eigen value of best axis. (b) Bar graph of grain

orientations in the XZ plane divided into classes according to aspect

ratio. Note the maximum frequency of the largest aspect ratios is
closest to the foliation.

A non-coaxial flow regime is thus characterized by a
SPO which is oblique to the shear plane (C), and the
orientation of the SPOs for different aspect ratios have
different orientations (Fig. Sc). Illustration of these
rules to determine the shear sense are found, for
example, in the study of a viscously deformed gabbro by
Benn & Allard (in press). The orientation of plagioclase
grains is oblique to the compositional layering (the
inferred shear plane, C) (Fig. 6a) and plagioclase grains
with different aspect ratios have different orientations
(Fig. 6b). The obliquity between SPO sub-populations
with different aspect ratios have been analyzed by Fer-
nandez et al. (1983) (Fig. 4) in a viscously deformed
granite; these sub-populations rotate at different rates
with respect to the finite-strain axes. The tiling of crys-
tals, first invoked by Den Tex (1969) to account for the
oblique fabric of olivine crystals in ultramafic rocks, has
been applied by Blumenfeld (1983) to granitic intru-
sions. In XZ sections the rotation of individual crystals
results in the tiling or book-shelf feature, sloping to the
left (due to sinistral rotation) or to the right (dextral
rotation). Statistical counting of such features or analysis
of the monoclinic fabrics they induced (Benn & Allard in
press) reveal the dominant sense of shear (Blumenfeld
& Bouchez 1988). The obliquity of the SPO foliation (S)
and shear plane (C) was also used by Blumenfeld &
Bouchez in their study of a deformed granite.

Studies of LPO in viscously deformed igneous bodies
demonstrate that strong preferred orientations can
develop in this way. Fabrics of plagioclase from tonalite
(Duffield 1968), granite (Bouchez et al. 1981), gabbro
(Benn & Allard in press) and anorthosite (Munch 1988)
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all have strong fabrics with (010) in the foliation plane.
Similarly pyroxene fabrics from ultramafics (Jackson
1961), gabbro (Benn & Allard in press), wehrlite
(Jackson et al. 1975) and pyroxenite (Jackson et al. 1975)
with (010) in the foliation plane have been reported.

Description and analysis of LPO

Once measurements of the LPO have been com-
pleted, either by diffraction techniques (X-ray, neutron
or electron diffraction) or by traditional optical micro-
scopy, the data can be presented in the form of pole
figures, inverse pole figures or sections of the orientation
distribution function (ODF). In what follows we shall
concentrate on the case of optical data (see Bunge 1982
for references on the treatment of diffraction data). The
position of the individual crystal is recorded on the
enlarged photograph of the thin section and its micro-
structural type (ribbon, globular, retort, recrystallized,
etc.) noted on a data sheet together with the reading of
the universal stage. From the universal-stage reading,
the orientation of three right-handed ortho-normal
reference directions (X, Y., Z.) in each individual crys-
tal can be recorded.
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The relation between the crystal axes X, Y, Z. and
three right-handed ortho-normal specimen axes X;, Y,
Z (e.g. X, = lineation, Z; = pole to foliation) is conve-
niently described by three Euler angles psil, phi, psi2
(Bunge 1982) which describe the rotation which brings
the two co-ordinate systems into coincidence. The com-
plete orientation of an individual crystal is described by
the three Euler angles and its position in the ODF (a
rectangular space with the axes y1, ¢, y2). Although
pole figures and inverse pole figures provide a powerful
means to describe and analyse the LPO, one can only see
the orientation of one axis of an individual crystal and no
information is given about the orientation of the other
axes. The advantage of projecting the data as points in
the ODF is that the orientation of the three crystal axes
(X., Y, Z;) can be illustrated simultaneously. For
example, if a high density of orientations is noted in the
ODF with Euler angles psil, phi, psi2, then the orienta-
tion of the ‘favoured’ orientation can be plotted on a
conventional stereogram and its significance analysed.

As examples of this approach we take a typical quartz
fabric from the work of Schmid & Casey (1986) (Fig. 7)
and a typical olivine fabric from a deformed gabbro
(Benn er al. 1988) (Fig. 8). The quartz c-axis fabric is
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Fig. 7. A complete fabric analysis of quartz using the ODF technique from Schmid & Casey (1986). (a) Pole figure for the
c-direction (contour interval 1.0) indicating and numbering the c-axis positions of crystal orientations chosen for the
construction in (b). Specimen directions A (normal to the shear plane) and B (shearing direction) were used for the
calculation of the inverse pole figures shown in (d). (b) Favoured crystal orientations for selected c-axis positions shown in
(a). Dots = c-axis; triangles = poles to positive rhombs; squares = one of the three (a) directions; pole to the first-order
prism of c-axis in position 5. (c) Section through the ODF at psil = 80°, corresponding to c-axis girdle marked by A in (a).
(d) Inverse pole figures for the specimen directions A and B in (a). Note the strong concentrations of directions A near the
negative thomb (r) and directions B near the (a) axis.
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Fig. 8. Petrofabrics of olivine from a deformed dunite from the Wadi Fayd, Oman. (a)-(c)[100], [010] and [001] pole figures

with the foliation (horizontal solid line) and lineation (black semi-circle) indicated. Contours in multiples of a uniform

distribution, black square indicates maximum density. (d) ODF projection in the psil direction of individual crystal

orientations (black squares). Note the two strong concentrations at (I) psil = 90°, phi = 0° (or 180°), psi2 = 0° (or 180°) and
(11) psil = 90°, phi = 90°, psi2 = 90°.

recalculated from the ODF, itself derived from X-ray
pole figures. The two maxima in the c-axis pole figure
correspond to maxima in the ODF at (psil = 80°, phi =
40°, psi2 = 30°) and (psil = 80°, phi = 130°, psi2 = 90°)
which means that a-axes are close to the lineation and
the rhombohedral planes almost coincident with the
pole to the foliation. Such an orientation is consistent
with (a) () glide; such an interpretation is not intuitively
obvious from the rhombohedral pole figures of this
sample. In our second example (Fig. 8) (one of a few
hundred olivine fabrics recorded in our institute over the
last 20 years), the measurements were made with a
universal stage. From the measurement of the optical
indicatrix, the orientation of [100], [010] and [001] can
be directly inferred, and hence the Bunge Euler angles
can be calculated for each individual crystal. The [100]
directions lie close to the lineation and the (001) planes
almost coincident with the foliation (Fig. 8). In the
ODF, concentrations occur at psi2 = 0°,180°,psil = 90°
and phi = 0°,90°,180°, indicating [100] close to the
lineation and [001] either normal to the foliation orin the

foliation. Slip could be inferred to have occurred on
[100] (001) or [100] (010) in individual grains. The
microstructure of the individuals in these orientations
can now be studied to investigate this possibility. The
psil projection of this sample reveals many grains that
are not in one of the two ‘favoured’ orientations.

LPO OF LOWER CRUST MINERALS

The principal minerals of granulite and amphibolite
facies rocks exposed in lower crustal sections are plagio-
clase, pyroxene, amphibole, quartz and biotite, al-
though where basic rocks are present olivine is locally
important (e.g. the Alpine Ivrea zone, Fountain 1976)
and occasionally carbonates in some sections. We will
pay particular attention to the fabrics of plagioclase,
pyroxene and amphibole, and briefly review quartz and
olivine. Further information can be found in the litera-
ture about quartz (Schmid & Casey 1986), olivine
(Nicolas & Poirier 1976, Mercier 1985) and carbonates
(Wenk 1985, Wenk et al. 1987).
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Plagioclase

Plagioclase is volumetrically the most important min-
eral in the crust, and the feldspar group as a whole
constitutes over 51% of the crust (Ronov &
Yowoshevsky 1969). Because of its triclinic symmetry,
LPO studies of plagioclase have until recently been
confined to reports of optical indicatrix fabrics (e.g.
Shelley 1977, Jensen & Starkey 1985, Olsen & Kohlstedt
1985). The optical indicatrix does not coincide with
simple crystallographic directions in triclinic minerals,
hence our knowledge of the true LPO is extremely
limited. Wenk et al. (1986) introduced a scheme to
measure the complete preferred orientation of plagioc-
lase from optical measurements on an orientation dia-
gram constructed by Burri et al. (1967). This analysis
requires the measurement of two planes (e.g. (010) and
(001) cleavages), or albite and pericline twin planes (Ji &
Mainprice 1988) and the optical indicatrix. The analysis
allows the simultaneous determination of the crystallog-
raphic signs of the axes and the composition. The use of
the two cleavages alone allows the construction of the
crystallographic axes (e.g. Kruhl 1987). These workers
show in particular that (010) is nearly always sub-parallel
to the foliation with either [001] or [100] forming a
maximum near the lineation. TEM work by Montardi &
Mainprice (1987) and Ji & Mainprice (1988) has shown
that [001] (010) slip with subsidiary [100] (010) is most
important in these deformed specimens. Furthermore,
Kruhl (1987) has reported a fabric with (001) sub-parallel
to the foliation and [100] sub-parallel to the lineation,
which he suggested may be due to [100] (001) slip in
higher temperature conditions, a proposition which is
consistent with experimental work on slip in potassium
feldspars (Gandais & Williame 1984).

The overall view that (010) tends to be parallel to the
foliation and either [100] or [001] sub-parallel to the
lineation can also be inferred from earlier optical indicat-
rix fabrics (a [100], B (001), y (010), for Any 3) (e.g.
Shelley 1977). A similar fabric also occurs in viscously
deformed granites (An;, Bouchez et al. 1981) and anor-
thosites (An;s, Munch 1988), hence great care must be
used in assigning a mechanism of orientation to plagio-
clase rocks.

Pyroxene

A large number of pyroxene fabrics have been mea-
sured, exclusively by optical techniques (Mercier 1985).
The majority of measurements have been made in man-
tle-derived rocks (peridotites, pyroxenites, eclogites)
either tectonically or volcanically (xenoliths) emplaced
in the continental crust. The fabrics found in nature can
be conveniently classified into two groups by the crystal-
lographic plane which is parallel to the foliation; group 1
has (100), and group 2 (010). The (100) fabric is com-
monly observed in orthopyroxenes from ophiolite com-
plexes (e.g. Boudier 1978, Mercier 1985) with [001]
parallel to the lineation and [010] in the foliation normal
to the lineation (see Fig. 15 later). The (010) fabrics are
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particularly common in the clinopyroxene omphacite
from eclogites where the (010) pole may form a girdle
about the lineation (the ‘L-type’ of Helmstaedt et al.
1972). [001] is parallel to the lineation. The (010) pole
may also form a girdle in the foliation (‘S-type’ of
Helmstaedt er al. 1972). Typical examples of these fab-
rics can be seen in Van Roermund (1983). (010) fabrics
in chrome diopside have also been reported by Boudier
(1978) in deformed clinopyroxenite bands from the
Alpine Lanzo massif.

Experimental studies have shown that glide on (100)
[001] is the dominant high temperature (low stress) slip
system in ortho- and clino-pyroxene (Avé Lallemant
1978, Ross & Nielsen 1978). The (100) [001] slip system
is concordant with the observed (100) fabrics and micro-
structures. Detailed TEM studies of omphacite from
deformed eclogites in specimens that have the (010)
fabric (Van Roermund & Boland 1981, Van Roermund
1983) have shown extensive evidence for dominant {110}
[001] slip with minor (100) [001] and {110} [110], but not
(010) [001] as might have intuitively been expected.
From a consideration of crystal chemistry, we expect a
greater diversity in clinopyroxene slip systems compared
to orthopyroxene (Doukhan et al. 1986); in particular,
slip on (100) should play a less important role in
clinopyroxene, as observed by Van Roermund (1983).
However, we should note that in some naturally and
experimentally deformed orthopyroxenes, Naze et al.
(1987) have observed (010) [001]. Apart from these glide
fabrics, a (010) fabric in orthopyroxene with [100] and
[001] forming girdles in the foliation has been reported
in Jackson’s (1961) analyses of the Stillwater complex.
In this case the bronzite grains of prismatic forms (a: b:
¢ = 0.67:0.39:1) were orientated by a viscous flow
mechanism. Benn & Allard (in press) have observed a
similar fabric in clinopyroxene from a viscously
deformed gabbro.

Amphibole fabrics

Relatively few fabrics have been reported. Most
observations record a strong concentration of c-axes
parallel to the lineation (e.g. Schwerdtner 1964, Gapais
& Brun 1981, Rousell 1981). A preliminary X-ray fabric
of two amphibolites by Kern & Fakhimi (1975) also
revealed c-axes confined to the foliation plane with a
concentration of (110) planes parallel to the foliation,
and similar results were obtained by Gapais & Brun
(1981). Our own observations (Fig. 16, later) show a
fabric with (100) parallel to the foliation and [001]
parallel to the lineation.

Schwerdtner (1964) suggested that amphibole fabrics
developed under non-hydrostatic stress in the manner
proposed by Kamb’s (1959) thermodynamic theory.
However, this has been criticized by Helmstaedt et al.
(1972), as similar fabrics occur in minerals with differing
elastic properties, contrary to the predictions of Kamb’s
theory. From an inspection of the amphibole structure
one would predict that easy glide occurs on the (100)
[001] system as this does not break any strong Si-O
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bonds. Such slip has been experimentally observed by
Rooney & Riecker (1969, 1973) and inferred from opti-
cal measurements by Dollinger & Blacic (1975). More
recently Biermann & Van Roermund (1983) studied
naturally deformed clino-amphiboles by TEM and
observed evidence for (hk0) [001] slip. However evi-
dence for plasticity is often lacking in amphibole crystals
from deformed metamorphic rocks (Rooney et al. 1975)
and they may often act as rigid inclusions in a more
ductile matrix (see data of Rousell 1981).

Quartz

In this section we will not review all aspects of quartz
LPO, but rather concentrate on the fabric transitions in
shear deformation and the possible physical reasons for
these transitions. Like calcite (see Wenk et al. 1987),
quartz often deforms by slip on several slip planes. The
variation of the critical resolved shear stress as a function
of temperature can be deduced from the experimental
work on single crystals of Hobbs er al. (1972), Blacic
(1975) and Linker & Kirby (1981) (see Fig. 9—based on
the compilation of Hobbs 1985). In an intuitive manner,
one can predict that various fabric regimes will occur on
a constant strain-rate contour (dashed line in Fig. 9) in
the stress—temperature space. A more mathematical
approach can be used to model such fabric transitions
using the Taylor theory (e.g. Lister & Paterson 1979)
within the limitations of that model (see above). In our
schematic Fig. 9, the glide at low temperature is on the
basal plane in {a) direction; with increasing temperature,
the dominant glide activity moves to prismatic planes
and eventually to the [c] direction. Why does this transi-
tion occur? The answer comes essentially from the
experimental work of Blacic (1975) and Linker & Kirby
(1981) who noted that in synthetic quartz glide was
particularly easy in the [c] direction. Linker & Kirby
(1981) proposed that the different glide rates in the (a)
and [c] directions were related to an anisotropy of
diffusion along these directions. Subsequent work of
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Dennis (1984) and Giletti & Yund (1984) confirmed that
oxygen diffusion was much faster in the [c] direction
than the (a) direction. Linker et al. (1984) showed by
TEM that dislocations in samples deformed in orienta-
tions for {(a) and [c] slip had their line directions pre-
dominantly parallel to [c]. In our Fig. 10(a), we schemat-
ically illustrate this microstructure and its interpretation
in terms of diffusion-controlled glide Fig. 10(b). Once it
has been shown that screw dislocations with 1/3 [a]
Burgers vectors can glide more rapidly than edge orien-
tations, it is straightforward to make a correlation
between the c-axis girdle fabric (Fig. 10d) and a crystal
deforming by a rapid cross-slip mechanism (Fig. 10c).
Increasing the temperature will increase the importance
of diffusion in the [c] direction and hence the velocity of
dislocation glide in that direction and on planes contain-
ing it. Hence the prism slip plane and [c] slip direction
become more active with increasing temperature. For
example, quartz c-axis fabrics from a gneiss series
deformed at high temperature on the Red Sea Zabargad
Island (Ji et al. 1988) show considerable topological
variations consistent with (@) (r) and [c] (m) slip, whereas
the plagioclase (010) pole figures did not vary. The
temperature sensitivity of glide in quartz probably
reflects to a large extent the importance of diffusion
(lattice and pipe) in the hydrolytic or water weakening
process so intimately associated with the plasticity of
quartz. The anisotropy of the glide process has not yet
been fully taken into account in fabric modelling.
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Fig. 11. Fabric variation in olivine as a function of temperature.

Olivine

At lower crust temperatures (600-800°C) olivine is at
the lower temperature limit of plasticity. However as
segments of mantle rocks are often tectonically included,
as peridotite massifs, in lower crustal sections, we have
included here a brief review of the typical LPO patterns.
The experimental work of Carter & Avé Lallemant
(1970) has shown that different slip systems are activated
in olivine as a function of temperature. Studies on
naturally deformed peridotites conducted by Nicolas
and co-workers (e.g. Nicolas et al. 1973) confirm this and
make it possible to estimate the temperature domains
using petrological geothermometers and partial melting
evidence; the results are presented in Fig. 11. At very
high temperatures, fabrics can be extremely strong due
to enhanced diffusion and grain-boundary mobility
selecting the favourably oriented grains.

RELATIONSHIP BETWEEN LPO AND
SEISMIC ANISOTROPY

In many seismic sections of the continental crust, the
upper crust and mantle are transparent whereas the
lower crust is strongly reflective (Fig. 1) (see Moody &
Brocher 1987 for review). The reflective lower crust is
seismically laminated and the origin of these laminations
is one of the most important questions posed by the deep
crustal seismic programs (COCORP, ECORS, BIRPS,
etc.). The laminated sections are continuous over tens of
kilometers and 5 km or more thick. It is clear that they
represent a major zone of anisotropy. From the evidence
of vertical to wide-angle reflections (Fuchs er al. 1987)
and synthetic seismograms (Sandmeier & Wenzel 1986,
Hurich & Smithson 1987), the laminations have been
ascribed a thickness of 35-150 m with alternating high
velocity (7.2 km s™!) and low velocity (6.2 kms™') layers
of a solid-state nature, Various interpretations have
been proposed to explain this lamination: intrusion of
mafic igneous sills (e.g. Finlayson et al. 1984); ductile
shear flow (e.g. Klemperer 1987); high pore fluid pres-
sures close to faults, reducing the V values (Jones & Nur

1984). We wish to investigate the influence of fabrics on
this laminar character of the lower crust.

In order to calculate the seismic anisotropy of
deformed rock, we need to study samples within their
tectonic framework (lineation—foliation). In most of the
laboratory measurements, attention has been paid to the
foliation and two orthogonal directions in the foliation.
However to allow a full exploitation of the data in a more
general geodynamic context, care must be taken to
relate properties to both foliation and lineation (e.g.
Peselnick et al. 1974). To calculate the seismic properties
of an aggregate, we must know the LPO, density, single
crystal elastic stiffness coefficients and volume fraction
of each mineral. The calculated seismic properties may
be extrapolated to any temperature or pressure of
interest if the appropriate temperature and pressure
derivatives are available. Details of the calculation pro-
cedure can be found in Peselnick et al. (1974). The
calculation yields a complete projection for any of the
seismic velocities V, V;, V, as well as the difference in
shear wave velocity or ‘shear wave splitting’
AV, = | V, — V,, |, which can be used as a seismic diag-
nostic of anisotropy (Crampin 1984). The major advan-
tages of this approach are:

(a) a clear relation is established between LPO and
seismic anisotropy;

(b) the contribution of each mineral to the anisotropy
can be directly assessed; and

(c) the velocity values are calculated over a complete
hemisphere projection, not just in three orthogonal
directions.

The major disadvantages of this technique are that:

(a) it requires volumetric sampling of LPO, a condi-
tion more rigourously fulfilled by X-ray or neutron
texture goniometry, and

(b) it relies on the quality of the available elastic
constants and their derivatives.

Fabrics, seismic anisotropy and the lamination of the
lower crust

In this section we will illustrate the role of mineralogy
and LPO on the seismic anisotropy of two typical lower-
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crustal rock compositions. We have chosen quartz,
plagioclase diopside and hornblende as the volumetri-
cally important minerals, but we have not considered
gamet as it is elastically isotropic and hence does not
contribute to the seismic anisotropy. Adding garnet to
our hypothetical rocks would increase the seismic vel-
ocities as garnet is an extremely dense mineral and
would dilute the anisotropy. We have also not consi-
dered biotite which is very anisotropic because it is
volumetrically much less important in the deep crust; in
more shallow crustal rocks itis known to be an important
contributor to rock anisotropy (Jones & Nur 1984).

Anisotropy of single crystals

Before considering the anisotropy derived from poly-
crystals it is important to have in mind the properties of
the single crystal. The P-wave velocity projections for
quartz, plagioclase (Ans;), diopside and hornblende are
shown in Fig. 12, calculated from the elastic constants
given by Aleksandrov et al. (1974) for plagioclase, diop-
side and hornblende, and McSkimin et al. (1965) for
quartz. The symmetry of the P-wave contours faithfully
reflects the crystal symmetry of each mineral, except for
plagioclase where the original elastic data have been
reduced in a monoclinic reference frame (see Aleksan-
drov et al. 1974 for discussion). Diopside and hornblende
have similar anisotropies with a maximum V, near the
c-axis. Plagioclase has a maximum V; parallel to the
b-axis with a minimum near the g-axis. Finally quartz has
a maximum near the pole to the rhombohedral plane.
The seismic anisotropies (A) (where A = (Vo
= Vain) / Vmax) of these minerals are: quartz,
A=24.4%; plagioclase, A=27.4%; diopside,

Quartz

12170l
)

Plagioclase
An53

Diopside (100) Hornblende “20’

Fig. 12. Upper-hemisphere stereograms of P-wave velocities for single

crystals of quartz, plagioclase, diopside and hornblende, with the

elastic X axis = north, X, = east and X vertical (origin). Contoutsin
kms™',
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A=23.1%; hornblende, A=23.9%. These values can be
compared with A=21.8% for olivine and A=11.3% for
enstatite, the two minerals that give rise to the seismic
anisotropy of the upper mantle (Nicolas & Christensen
1987). The minerals of the lower crust must be regarded
as extremely anisotropic.

Quartz

The complete orientation of quartz cannot be mea-
sured by optical means, except where second-order
prism sub-boundaries are present (Bouchez 1977) and
even this has to be verified by diffraction methods. To
calculate the seismic anisotropy we need the ODF which
can be derived from X-ray or neutron texture
goniometry. We illustrate seismic P-wave anisotropy of
typical quartz fabric which has been calculated from
ODF of Dervin & Bouchez (unpublished data 1979)
(Fig. 13) derived from neutron diffraction, which has the
distinct advantage over X-rays of sampling a large vol-
ume (1 cm?). The V, distribution reflects concentration
of a-axes (low velocity directions) near the lineation. A
broad band of high V(6.2 km s™!) occurs in the central
region. The V anisotropy of the polycrystal is 6%, much
lower than the single-crystal value. LPOs with single
c-axes maxima either parallel to the lineation (X) or
normal to the lineation in the foliation plane (Z) are
likely to produce higher anisotropies.

Plagioclase

Our plagioclase example (Fig. 14) is taken from the
work of Ji & Mainprice (1988). The fabric shows typical
pattern dominated by the a-axes normal to the lineation
in the foliation (Y) and b-axes parallel to the pole to the
foliation (Z). The V, distribution faithfully reflects the
LPO, in particular the minimum velocity at Y and a
maximum near Z. The anisotropy coefficient is 13%, a
high value essentially being produced by the strong
maximum of a-axes (8.3 multiples of a uniform distribu-
tion).

Diopside

Our diopside example (Fig. 15), whose associated
plagioclase fabric was studied in Ji & Mainprice (1988)
has a typical pyroxene fabric with (100) parallel to the
foliation (Z) and [001] to the lineation (X). The V,
distribution shows a maximum parallel to the lineation
and a minimum near Z. The anisotropy coefficient is
only 5%, principally due to the relatively diffusive fabric
of the a* and c axes (6 times uniform).

Hornblende

The hornblende example (Fig. 16) comes from a rock
with an identical feldspar fabric to Fig. 14. The fabric is
very similar to that of diopside, but the maxima of a* and
¢ are much more pronounced (9 and 10 times uniform).
The V, distribution is similar to diopside except the
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Fig. 13. LPO of a quartzite (Dervin & Bouchez 1979 unpublished data) and the corresponding P-wave variation. (a) (0001),
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Fig. 14. Plagioclase LPO and P-wave variation: (a) [100] pole figure, Fig. 15. Diopside LPO and P-wave variation: (a) (100) pole figure,

contours in times uniform; (b) (010) pole figure, contours in times  contours in times uniform; (b) [010] pole figure, contours in times

uniform; (c) [001] pole figure, contours in times uniform; (d) P-wave  uniform; (c) [001] pole figure. contours in times uniform; (d) P-wave
stereogram, contours in kms™!, stereogram, contours in kms™".
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Fig. 16. Hornblende LPO and P-wave variation: (a) (100) pole figure,
contours in times uniform; (b) [010] pole figure, contours in times

uniform; (c) [001] pole figure, contours in times uniform; (d) P-wave

stereogram, contours in kms™'.

anisotropy coefficient of 12% is less than plagioclase but
significantly greater than our pyroxene example.

Anisotropy of rock

Once we have LPO data for each mineral we can
combine them together with the elastic constants to
produce the seismic velocity data for any composition.
Here we will limit ourselves to two rock compositions
reported by Christensen & Fountain (1975) for granu-
lites (their samples 1 and 9). In the first example (Fig.
17a) with 25% quartz, 68 % plagioclase and 7% diopside,
the V, anisotropy coefficient is 9% with high velocities
near X and Z and a low velocity at Y. The mean V,
velocity is 6.8 km s™!, similar to that found in the lower
velocity layer in the seismically laminated lower crust. In
our second example (Fig. 17b) with 36% plagioclase,
42% hornblende and 22% diopside, a very different
velocity distribution is produced and the anisotropy
coefficient is only 5%. A high V, value still occurs at X
and a low V, value at Y but now the lowest V, value
occurs at Z. The mean V/, for this composition is 7.2 km
s~!, similar to higher velocity layer in the laminated
lower crust. These examples illustrate the relatively
complex interaction between the anisotropies of the
various minerals. The V| anisotropy of each of the
minerals is between 23 and 28%, hence the bulk ani-
sotropy of a rock will simply reflect the relative volume
and orientation of each mineral.

Plagioclase, diopside and hornblende have simple V,
distributions. However as the [100] of plagioclase (low
velocity) and [010] of pyroxenes and amphiboles (mod-
erate velocity) are commonly in the foliation and normal
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Fig. 17. P-wave variation in two hypothetical rocks, contoursin kms ™.

(a) Rock composition of specimen 1 of Christensen & Fountain
(1975) rounded to 100% (quartz 25%, plagioclase 68%, diopside 7%).
They recorded velocities in three orthogonal directions at 600 MPa
confining pressure of 6.48, 6.64 and 6.59 kms™!. (b) Rock composition
of specimen 9 of Christensen & Fountain (1975) rounded to 100%
(plagioclase 36%, hornblende 42%, diopside 7%). They recorded
velocities in three orthogonal directions at 600 MPa confining pressure
0f7.31,7.61and 7.17 kms™ .

to the lineation in typical fabric diagrams, their summed
contribution tends to reduce the seismic anisotropy.
Some highly deformed lower crustal rocks have random
fabrics due to superplastic deformation (Boullier &
Gueguen 1975, Jensen & Starkey 1985, Behrmann &
Mainprice 1987), so these zones are expected to have no
seismic anisotropy and a seismic velocity which is
uniquely determined by the composition. In the case of
a monomineralic plagioclase rock (Fig. 14), our most
anisotropic example, the P-wave velocity varies between
6.4 and 7.2 km s}, whereas a calculated random fabric
gives 6.8 km s™!. Hence, assuming a horizontal layering
of plagioclase rocks with alternating strong fabrics (plas-
tic deformation) and random fabrics (superplastic defor-
mation), the maximum difference in seismic velocity
between the layers would be 0.4 km s™! or an anisotropy
of 6%. Seismic modelling suggests that the velocity
difference between the observed seismic laminations is
1.0 km s™! or an anisotropy of 14%, so if the modelling is
correct some compositional variations or other factors
must intervene to increase the anisotropy.

CONCLUSIONS

We have reviewed the origin of LPO by plastic and
viscous flow, applied it to lower-crustal minerals and
examined its potential application to the seismic anisot-
ropy of the continental lower crust. The lower crust is
often seismically reflective with a laminated structure. In
extensional regions, it is certain that this crust has been
actively deformed by plastic and viscous deformation
(Fig. 1) and hence it is reasonable to ask if the seismic
lamination can be explained by the action of deformation
recorded by the fabrics (LPOs). We have shown that
strong LPOs exist in the main rock-forming minerals of
the lower crust and that these minerals are extremely
seismically anisotropic. Synthetic V,, diagrams of various
compositions illustrate the interaction between the LPO
of each mineral and their contribution to the total rock
anisotropy. The addition of several minerals reduces the



Shape and lattice preferred orientations applied to seismic anisotropy

anisotropy, the highest values being formed in
monomineralic aggregates of plagioclase. The presence
or absence of LPO alone, for example in adjacent layers
deforming of highly anisotropic plagioclase by the plastic
and superplastic modes, can only produce an anisotropy
of 6%, whereas modelling of the laminations represents
an anisotropy of 14%. Layers of alternating plagioclase
fabric result in normal incidence P-wave reflection
coefficients of 0.03-0.05, very similar to values estimated
for compositional layering (Hurich & Smithson 1987).
We suggest that a combination of other factors, such as
composition, the effect of anisotropy on reflection
coefficients (Daley & Hron 1979) or constructive inter-
ference effects (Blundell & Raynaud 1986, Hurich &
Smithson 1987) could be responsible for increasing the
anisotropy to the observed value. Such effects are com-
plex and require detailed modelling with synthetic seis-
mograms to distinguish between the geometrical effects
and those due to variations in physical properties. That
deformation fabrics alone cannot be responsible for the
laminations seems to be confirmed by the absence of
laminations in upper mantle which has a strong seismic
anisotropy due to deformation-induced fabrics.

The application of our knowledge of seismic anisot-
ropy resulting from LPOs to the kinematics of the lower
crust awaits regional seismic studies of anisotropy cur-
rently being undertaken in many parts of the world.
Studies by structural geologists of exposed sections of
the lower crust, combined with physical measurements
(e.g. Fountain 1976, Kern & Schenk 1988), calculations
of seismic properties from LPOs (e.g. Ji & Mainprice
1988) and calculation of seismic profiles using synthetic
seismograms (e.g. Hurich & Smithson 1987), should
reveal valuable information on the still mysterious lami-
nated lower crust.
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