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Individual orientation measurements in quartz polycrystals: advantages
and limitations for texture and petrophysical property determinations
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Abstract—Individual orientation determination of quartz grains by electron channelling in principle gives the
complete orientation. However, in routine analysis the noise level in electron channelling patterns (ECPs) does
not permit the determination of handedness of a quartz grain in a polycrystal. In practice, all quartz grains are
arbitrarily indexed as right-handed. Hence, Dauphiné twins can be identified, but not Brazil twins. This practice
also means that only the centrosymmetric petrophysical properties can be determined from texture measure-
ments. These include most geologically relevant properties (e.g. thermal conductivity, thermal expansion and
elasticity). However, other properties (e.g. piezoelectricity) which are not centrosymmetric cannot be calculated
from such texture measurements. Some texture-forming processes (e.g. dislocation glide) can also be considered
to be centrosymmetric in quartz, whereas others (e.g. grain boundary migration) may not be.

The method of quantitative texture analysis from individual measurements is briefly recalled. As an example,
382 grains from Tongue quartzite are used to illustrate the advantages of texture analysis from ECPs. The
orientation distribution function (ODF) is calculated from ECPs and X-ray pole figures of the same sample. The
agreement is found to be good between the two methods, proving that ECPs can be used for quantitative analysis.
The methods used in local texture analysis and the definitions of the various misorientation distribution functions
(MODFs) are given. Data collected from a traverse of a quartzo-feldspathic shear zone in Lewisian gneiss
(Torridon ‘quartzite’) are used to illustrate local texture analysis. Examples from a region of shear strain of about
one are given of core and mantle subgrains and Dauphiné twins. Dispersion trails of the crystallographic axes
within a single grain show an apparent rotation about the intermediate structural axis Y. Detailed analysis of the
subgrain misorientation axes in specimen and crystallographic co-ordinates show an important scatter, implying
that the subgrains resulted from local incompatibility strains rather than specimen-scale kinematics.

The method of calculation of physical properties from individual orientation measurements is given for second-
and fourth-order tensors. Using the texture data from Tongue quartzite we have calculated thermal conductivity,
thermal expansion and seismic velocities. All these properties are extremely anisotropic in quartz. However, it is
emphasized that the presence of a second phase on grain boundaries (e.g. water, graphite) may completely alter a
physical property (e.g. electric) and render the values calculated from texture measurements inappropriate.

INTRODUCTION

IN QUANTITATIVE texture analysis (e.g. Bunge 1982) the
bulk diffraction techniques of X-ray and neutron texture
goniometry have dominated routine analysis. These
classic techniques are particularly well adapted to the
study of pure fine-grained (<200 xm) homogeneous
specimens of high crystal and sample symmetries (e.g.
axial) such as produced by metallurgical or experimental
rock deformation studies (Wenk 1985). Natural defor-
mation more frequently produces heterogeneous poly-
phased samples of variable grain size and low specimen
symmetry (e.g. triclinic). Some aspects of the texture of
coarse-grained polyphased specimens can be studied by

neutron diffraction texture goniometry combined with a
position sensitive detector, even those containing tri-
clinic crystal symmetry phases (e.g. plagioclase, Wenk et
al. 1986). However, access to neutron diffraction facili-
ties is limited and the data processing involved in the
deconvolution of the pole figures from the continuous
Bragg angle (26) scan is extremely time consuming and
hence not suited to routine analysis.

The traditional technique used by Earth Scientists for
texture (or crystallographic fabric as it is more often
called) analysis is the optical microscope equipped with
a universal (U) stage. This is an individual orientation
technique which allows the study of heterogeneous,
optically transparent polyphase specimens. The small-
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est grain size one can study is typically 30 um, although
this varies slightly from mineral to mineral. The
method relies on the identification of the orientation of
the optical indicatrix, and in many cases additional
crystallographic features (e.g. twins, cleavages), for the
complete orientation determination. Textures compris-
ing complete individual orientation determinations
have been derived for most of the principal rock-
forming minerals (e.g. calcite, dolomite, olivine, ortho-
pyroxene, clinopyroxene and plagioclase). The major
exception is quartz where only the c-axis fabric can be
determined by optical methods and hence quantitative
texture analysis has almost exclusively been undertaken
using X-ray or neutron diffraction with the limitations
that this imposes.

The U-stage has proved a valuable tool, albeit time
consuming for fabric studies. The routine absolute
orientation determination is about *5°, with relative
orientation determinations between neighbouring
grain or subgrains being about +3°. In contrast, indi-
vidual orientation determination methods based on dy-
namical electron beam interaction with a sample
provide highly accurate routine orientations (e.g.
+0.05°, Heilmann et al. 1982). In transmission electron
microscopy (TEM) it is the kikuchi pattern, whilst in
the scanning electron microscope (SEM) it is either the
electron channelling pattern (ECP) generated by a
scanning beam or the electron backscattered pattern
(EBSP) generated by a stationary beam, which have
been routinely used over the last 10 years in material
science. These techniques can be applied to any
mineral system including opaques. However, TEM can
only be applied to very small regions (less than 3 mm in
diameter) and hence small grain sizes (less than 10
um), which limit its application to micro-textures such
as shear bands. Nevertheless, it has been successfully
applied to a range of minerals (e.g. plagioclase, Fitz
Gerald er al. 1983; quartz, Gapais & White 1982). The
SEM has the advantage that it can study the surface
region of samples of several square centimetres from
the centimetre to the micron scale (e.g. Lloyd ez al.
1992). Orientation determinations can be made from
regions of 2-3 ym diameter in ECP-mode and 0.5 um
diameter in EBSP mode with the best commercial sys-
tems. In addition to orientation determination, an
SEM imaging mode called orientation contrast (OC) is
also available with the EC configuration. Regions with
the same Bragg orientation with respect to the scan-
ning beam have the same backscattered electron
emission (i.e. grey level) in the image. This provides a
valuable micro structural image similar to that pro-
duced by strain features in the optical microscope with
crossed polarizers (e.g. White 1973).

In the presentation that follows we illustrate the
important advantages of individual measurement tech-
niques over the traditional texture goniometry. We use
an SEM study of two deformed quartzites as examples
of the information that can be obtained by the routine
measurement of ECPs in a commercially available
SEM (CamScan series 4MD).
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THE ORIENTATION DISTRIBUTION FUNCTION

Texture measurements made by individual orien-
tation determinations involve the correlation of several
symmetry elements of the individual crystal (e.g.
optical axes, cleavages, electron channelling bands,
zone axes, etc.), which define the complete orientation
of the crystal. Certain types of observation (e.g. kine-
matic electron diffraction, optical axes) are not capable
of distinguishing between positive and negative crystal
directions, hence the crystals appear to be centric or
have Laue symmetry. However, if three or more crys-
tal directions (e.g. zone axes) can be measured, then
the complete orientation determination can be un-
equivocally defined for centrosymmetric crystals
(Wenk et al. 1988). The situation is more complex for
non-centric enantiomorphic crystals, such as quartz,
where additional information is required to determine
the handedness. The ODF can then be determined,
within the limitations of the uniqueness of the indi-
vidual orientation determination, by the summation of
the volume of each individual orientation.

The situation is very different when pole figures
measured by X-ray or neutron diffraction are used for
texture analysis. The intensity at a given orientation in
the pole figure is proportional to the volume of
material in the Bragg orientation for diffraction. As
stated by Friedel’s law, the diffraction intensity for
planes (h k) and (A k) is the same because a centre of
symmetry is imposed by the diffraction process. The
crystal symmetry is therefore increased to an expen-
mental diffraction or Laue symmetry in the kinematic
approximation, where dynamic processes such as ab-
sorption are ignored. Hence, the sign of a crystallo-
graphic direction (for example +a axis in quartz)
cannot be determined by diffraction. More fundamen-
tally, there is no direct correlation between the orien-
tation of one pole and another pole as the figures are
measured independently. The result of the loss of cor-
relation between poles in the pole figure inversion
method is that part of the ODF, sometimes called the
undetermined part, which remains undefined by pole
figure measurement. Formally, in terms of the har-
monic analysis, we can identify the measurable part of
the ODF f(g) by pole figure inversion as the even terms
f(g)**°" and the undetermined part as the odd terms

f(g)()dd,
f(g) = f(g)"*" + f(g)*** = 0, (1)

where g is the orientation of each crystal element,
described by three Euler angles v, ¢, y, which define
the relative orientation of the crystal with respect to a
right-handed specimen co-ordinate frame.

Physically it is obvious that the function f(g) is
always positive, and various methods have been devel-
oped to estimate the odd function based on this
inequality and other imposed constraints (e.g. Matthies
1979, Matthies & Vinel 1982, Schaeben 1988; see re-
view in Wenk et al. 1988). For the evaluation of many
physical mineral and/or rock properties the lack of
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knowledge of the odd function is not a handicap be-
cause all centrosymmetric properties can be derived
from the even function as determined by X-ray texture
goniometry. These include the majority of the second-
and fourth-order tensorial properties of geophysical
interest (e.g. magnetic susceptibility, electrical conduc-
tivity, thermal expansion, thermal conductivity, elastic
and seismic properties). However, two non-
centrosymmetric properties in quartz (piezoelectricity
and plasticity) do require a knowledge of the function
f(g) and hence the odd part.

The piezoelectric properties are probably of minor
geological interest, although of great commercial inter-
est for electrical components. Quartz is piezoelectric
because it has no centre of symmetry, hence the +a
direction is physically distinct from —a direction. Thus,
two space groups are required to describe the right-
and left-handed forms of a-quartz.

Plasticity also has directional properties, which are
polar even in centrosymmetric crystals. For example,
the ease of dislocation glide or critical resolved shear
stress (CRSS) in a positive direction is not generally
equal to that in a negative direction. According to
Buerger (1930), the CRSS should be equal for both
senses of slip only in the following cases: (1) when
there is an even-fold symmetry axis parallel to the slip
direction or normal to the slip plane; and (2) when
there is a reflection plane normal to the slip direction
or parallel to the slip plane. For example, in the case of
deformation twinning, the partial twinning dislocation
can only glide in one direction. In higher symmetry
crystal classes we can expect the polarity of glide sys-
tems to be less prevalent, although examples exist in
body centred cubic metals. In lower symmetry crystal
classes, which includes most rock-forming minerals,
the polarity of glide systems will be more common,
although documented examples are surprisingly rare
(this may reflect a lack of experimental information)
and include: calcite r* {1014}(2021); dolomite f~
{1012}0221); anhydrite {012}(121); and diopside
(100)[001] (i.e. sense opposite to twinning).

QUARTZ CRYSTAL STRUCTURE
Enantiomorphism

Low-temperature a-quartz crystallizes in two struc-
tural states, either the enantiomorphic right-handed
structural helix (space group P3,22) or left-handed helix
(space group P3,22). For texture analysis we can con-
sider these two enantiomorphic forms as separate phases
which require independent ODFs of different volume
fractions in the aggregate, one for the right-handed form
f(g)® and another for the left handed form f(g)-. The
simplest case we can imagine is a single crystal which is
composed of a right-handed part of orientation g® and a
left-handed part of orientation g". The orientation re-
lationship between the two parts can be described as,
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QUARTZ TWIN LAWS
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Fig. 1. Quartz axis parallel twin laws. (a) Right-handed structural
helix. The positive rhombs r are marked with black dot and negative
rhombs z with an open circle. (b) Left-handed helix in a Brazil
orientation with respect to (a). (C) Right-handed structural helix in a
Dauphiné twin orientation with respect to (a). (d) Morphology of
right-handed structural helix quartz crystal.

gR =4 gL» (2)
where a;; maps orientation g® onto go. This operation is
areflection in the (1210) plane (Fig. 1) and is equivalent
to the Brazil twin law (see below). In the case where
Brazil twinning is an active mechanism during texture
development we would predict a cross-relationship be-
tween f(g)® and f(g)". The cross-related ODFs would
have the same sample (statistical) symmetries with the
right and left forms being interchanged for a given
sample direction (Bunge & Esling 1985). The poles to
the basal (¢) and rhombohedral (r,z) planes will be
parallel whereas the +a and —a axes positions will be
interchanged for a given sample direction (Fig. 1).

Two possibilities exist for the determination of the
right- and left-handed forms. The most routine determi-
nation of handedness can be made by using the optical
rotatory power to determine the optical helix. To avoid
confusion we will follow the terminology suggested by
Donnay & Le Page (1978). The quartz structure with the
right-handed helix in a right-handed co-ordinate system
has laevorotatory power; the plane of polarization is
rotated counter-clockwise, as seen when facing the
source of light. Conversely, the left-handed helix has
dextrorotatory power; the plane of polarization is
rotated clockwise. Thus, the hand of the helix and the
sign of the rotatory power are not the same. The angle of
rotation (a) is proportional to the thickness of the crystal
(21° mm™') and hence thick sections are required for
routine measurement. Wenk (1985) has undertaken such
measurements using two coarse-grained quartzites to
avoid grain overlap in sections of 0.5 mm thickness. The
results showed a very similar distribution of ¢ axes for
right- and left-handed forms. As the technique is optical,
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no information could be obtained about the other crystal
axes.

An alternative approach is to use electron diffraction
to determine the orientation and handedness. Kikuchi
(Faivre & Le Goff 1979) and convergent beam diffrac-
tion patterns (Goodman & Johnston 1977, Goodman &
Secomb 1977) can be used for enantiomorphic space
group determination in TEM. Similarly, the breakdown
of Friedel’s law has been used in electron channelling
patterns (Marthinsen & Hgier 1988) for enantiomorphic
space group determination. It is clear that ECPs are
better suited to routine texture analysis than TEM
techniques. The breakdown of Friedel’s law in quartz
can only be observed for channelling bands which are
not parallel to one of the two-fold a axes. In Miller—
Bravais notation, all bands with one of their three first
indices equal to zero are eliminated from the analysis;
this includes (0kil), (h0il), (hk0l) and (0007). The
determination requires that positive and negative (hkil)
channelling bands have different intensities. However,
the noise level in the ECPs is such that it may not be
routinely possible to determine handedness with this
method, especially in highly deformed specimens (see
also Olesen & Schmidt 1990).

Textural implications

What bearing do full orientation determination have
on the interpretation of texture in terms of the major
orienting processes in a-quartz? Texture development
will be affected by twinning, dislocation slip and grain
boundary migration processes. We now consider reper-
cussions of these mechanisms on texture measurement.

(a) Twinning. In a-quartz, two twin laws, Brazil and
Dauphiné, are commonly developed either as growth or
mechanical defects. The Brazil twin law is a reflection on
the a (1210) plane. Although, the host and the twin have
opposite hands, crystallographic planes remain parallel
(i.e. the positive rhombs are parallel), but the piezoelec-
tric sign of the a axes changes from the right-handed to
left-handed structure (i.e. the +a axis in the twin will be
parallel to the +a axis in the host, Fig. 1). Brazil twins
can be observed by X-ray topography, transmission
optical and electron microscopy (e.g. McLaren & Pit-
kethly 1982). The observations are made using the
interference fringe contrast effects due to the phase
angle between the right and left structures and the
presence of a fault vector parallel to the composition
plane. Thus, it is fringes located at the boundary rather
than orientation dependent contrast between host and
twin that are observed. The physics of the observation
are important because it is evident that such twins
cannot be detected in SEM using the interference con-
trast of back scattered electrons from a solid specimen
because the electrons are back scattered only from the
surface region (<50 nm). Brazil twins nucleate during
growth and hence could nucleate during grain boundary
migration as growth accidents. Mechanical Brazil twins
have also been produced in experimental deformation of
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natural single crystals at high stresses where the twin is
associated with the development of glass on basal
planes. It would therefore appear that mechanical Brazil
twins are unlikely to be active in natural deformation at
low stresses.

Dauphiné twins may be described as 180° rotation
about the ¢ axis, which is equivalent to a 60° rotation as
the ¢ axis is a three-fold axis. Both the host and the twin
have the same structure, either left- or right-handed,
and the positive piezoelectric +a axis in the host is
parallel to the negative —a axis in the twin (Fig. 1). If the
host and twins have equal volumes then the piezoelectric
effect will cancel for the grain in question. The twins
cannot be observed optically as the ¢ axis in the twin and
host are parallel. In the SEM, TEM and X-ray topogra-
phy Dauphiné twins are routinely observed because
strongly diffracting planes with different reflecting
powers (or structure factors) are parallel. For example,
whilst the positive rhomb r in the host is parallel to the
negative thomb z in the twin, the intensity diffracted by r
is greater than z and hence the regions in the host and
twin orientations can easily be imaged in SEM, TEM or
X-ray topography using the appropriate diffracting con-
ditions. In this case it is the orientation dependent
contrast between the host and the twin that is observed.
At this point it should be recalled that X-ray and neutron
texture goniometry can also contribute to our under-
standing of Dauphiné twinning. Although in diffraction
based pole figure measurements one can only measure
the combined pole figure r + z as they have the same
Bragg angle, the data processing methods (e.g. har-
monic analysis) are capable of calculating separated r
and z pole figures. Dauphiné twins develop during
growth, for example during the phase transition § — a
quartz and during deformation. Although no defor-
mation of the structure is caused by Dauphiné twinning
(but see Lloyd ez al. 1992) it has been found experiment-
ally in quartzites (e.g. Tullis et al. 1973) that differential
stress activates Dauphiné twinning resulting in a pre-
ferred orientation of the pole to r thombs parallel to the
compressional stress axis.

(b) Dislocation slip. Perhaps the most important
orienting mechanism, at least in a-quartz tectonites, is
dislocation slip (e.g. Christie & Ardell 1976, Wenk &
Christie 1991). Because slip is centrosymmetric, we can
therefore consider a-quartz to belong to point group
32/m rather than point group 32 (e.g Lister et al. 1978).
In so doing, we can avoid the need to determine the
right- and left-handed forms as we have implicitly
assumed a centre of symmetry for slip. The same is also
true for Dauphiné twinning as there is no need to
distinguish the handedness of the host and twin, but not
for Brazil twinning (see above).

(¢) Grain boundary migration. This process is much
less well understood from all points of view than those
considered previously. Nevertheless, it is clear that grain
boundary migration can have a profound effect on the
crystallographic textures of an aggregate because large
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Tongue Quartzite Pole Figures

E.C.P.

X-ray,calc.

Fig. 2. Calculated pole figures from the ODF coefficients from Tongue quartzite, contoured in multiples of a uniform
distribution {m.u.d.). Harmonic expansion of the pole figure coefficients truncated at L = 22 for the ECP data and L = 8 for
the X-ray data. Lineation E-W, foliation vertical.

volume fractions can attain similar orientations by this
process (e.g. Jessell 1986, Urai et al. 1986, Wenk &
Christie 1991). Migration may favour the development
of grains with the same handedness. The few scattered
observations available suggest that this may be the case
(Frondel 1978) and hence we need to be able to deter-
mine the handedness to characterize fully the mechan-
ism(s) of grain boundary migration.

The driving force for migration may be derived from
the spatial variation of the stored elastic strain energy
due to heterogeneous dislocation density. The dislo-
cation density will vary as a function of relative orien-
tation of crystals with respect to the deviatoric (local)
stress and the relative efficiency of recovery processes
such as climb, annihilation and cross-slip for the slip
system under consideration. We must also consider
possible chemical driving forces (e.g. point defect con-
centrations for quartz). Finally, there is the driving force
for the minimization of the overall grain boundary
energy. This may simply reduce the curvature of the
boundary, but perhaps more fundamentally for texture
analysis is the elimination of arbitrary grain boundaries
by the preferential preservation of low energy bound-
aries (e.g. twin orientations). The sub-grain rotational
recrystallization of quartz will be strongly linked to the
dislocation slip system and will produce grain bound-
aries of rather specific crystallographic orientations (e.g.
former sub-grain boundaries).

QUARTZ TEXTURE ANALYSIS
Bulk texture analysis of quartzites

The orientation of single grains in Tongue quartzite
(Moine Thrust zone, Eriboll, N. Scotland) has been

measured using ECPs. In a previous study (Lloyd et al.
1987), 100 grains were measured and indexed using an
electron channelling map for quartz constructed over a
spherical surface (Lloyd & Ferguson 1986). An addi-
tional 282 grains have been measured and all ECPs
indexed using a computer indexing program (CHAN-
NEL, Schmidt & Olesen 1989). The 382 individual
orientations have been indexed as right-handed crystals
with convention that the positive rhomb r is a stronger
reflection than the negative rhomb z (see Donney & Le
Page 1978). We have used the method of Wagner et al.
(1981) to calculate the coefficients CT™" of the spherical
harmonic method, which provides an analytical ex-
pression of the total ODF f(g). The harmonic method
allows a straightforward calculation of crystal pole fig-
ures, inverse pole figures, physical properties and a
comparison with X-ray texture goniometry via the even
part of the total function.

For comparison, the pole figures fora, mandr + z
have been measured on the same specimen using an X-
ray texture goniometer and recalculated from the even
coefficients with an L,,, = 8 (Lloyd er al. 1987). The
ECP and X-ray calculated pole figures have similar
density distributions (Fig. 2), indicating that the ECP
method has statistically sampled the texture. The ECP
pole figures have a stronger coherence or single-crystal
like pattern than the X-ray pole figures. The ECP
requires that the orientations of several planes (chan-
nelling bands) are measured for each crystal orientation,
whereas in the X-ray method each pole figure is
measured independently. The difference in the two
techniques is clearly revealed in the lower coherence of
the X-ray harmonic coefficients which were themselves
determined with the crystal symmetry properties
imposed by the quartz structure. The reduced corre-
lation between pole figures in X-ray measurements is
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Tongue Quartzite IPFs
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Fig. 3. Inverse pole figures calculated from the ECP coefficients (L = 22) for Tongue quartzite, for the directions parallel to
the lineation (X) and the maximum in a pole figure. Minimum contour is a dashed line.

probably due to experimental factors which vary from
pole figures to pole figure, such as absorption correc-
tions.

Inverse pole figures (IPF) have been calculated from
even and even + odd coefficients derived from the ECP
data. We have chosen to illustrate the symmetry of the
IPFs with two directions. Firstly, parallel to the lineation
(Fig. 3) the IPF calculated from the even coefficients has
a mirror symmetry about the ¢ — m line (an a plane). In
the IPF calculated with even + odd coefficients (i.e. the
total function) a slight asymmetry is evident about the
¢ — m line. The major feature of both IPFs is a strong
concentration of lineation directions close to the m
direction. The second direction we have chosen is the
maximum in the a pole figure. Again the IPF calculated
from the even coefficients has mirror symmetry about
¢ — m and the IPF calculated from the even + odd
coefficients has an asymmetry about ¢ — m line. In this
case, the asymmetry is extremely marked with maxi-
mum of over six parallel to +a, and two parallel to —a;.

Note the signs of the a axes (a,, a;) must be different in
the IPF, but their signs are arbitrary in terms of physical
properties, such as piezoelectricity, because we have not
determined the handedness of the crystals. The IPF is
illustrating that the pole figures, such as a, are not
revealing the full nature of the texture as the +a and —a
poles (or directions) have not been distinguished in the
*a pole figure representation.

The ODF can be represented as a series of serial
sections at constant values of the Euler angle ;. In Fig.
4 we present the sections for the even and total (even +
odd) functions. The symmetry of the two functions is
very similar, there are no major peaks in the even
function that do not appear in total function, although
there are sometimes minor peaks referred to as ghosts
(e.g. Matthies & Vinel 1982). However, the peaks in the
total function are significantly higher than in even func-
tion. For example, the prominent peak at y; = 120°
section is 13.2 in the even and 19.6 in the total function.
The even function has significant volumes of physically



Orientation measurements in quartz polycrystals

1175

Tongue Quartzite ODF psil sections
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Fig. 4. Sections of the three-dimensional ODF with orthogonal axes y,, ¢ and y,. ODF sections at constant y; with an

interval of 40° for Tongue quartzite. Even function for X-ray and ECP data. Total (even + odd) function for the ECP data.

Calculated with truncation at L = 8 for X-rays and L = 22 for ECPs. Contours at 2 m.u.d. intervals. The lowest contour
(2 m.u.d.) is a dashed line.

meaningless negative values, whereas the total function
is always zero or positive.

Local texture analysis of quartzites

Individual orientation measurements provide a statis-
tical estimate of the texture of a polycrystal in a similar
manner to X-ray texture goniometry. The number of
measurements required depends upon the nature of the
texture itself. In the extreme case of a single crystal only
one measurement is required, whereas for a random
texture a very large number of measurements may be

necessary depending on the sampling procedure. When
the measurements are made grain-by-grain we have also
a spatial measure of texture which can be allied with
micro structural observations (e.g. combination of ECP
measurements and OC images). We therefore have
information of the relative orientation or misorientation
between neighbours (either grains or subgrains) and
their spatial distribution.

We can describe the misorientation (or rotation) Ag;;
between two volume elements of orientation g; and g;
which brings the two orientations into coincidence by
Ag; = gj_l -g;. These three orientations may be de-
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scribed in terms of Euler angles, rotation matrices or
axis—angle pairs. Such an approach evaluates the three
degrees of freedom associated with the rotation which
brings the two crystal lattices into perfect registry, but
does not define the orientation of their (planar) interface
(an additional two degrees of freedom involved), nor the
rigid body translation necessary (three degrees of free-
dom) for the complete macroscopic characterization of
an interface between two crystals (Smith 1975). Bearing
in mind that we have only partially characterized the
interface between crystals with measurements of Agy;, it
is clear that such information will help to further con-
strain the interpretation of the mechanisms of texture
development, as the following examples illustrate.

Example (1). In the case of dislocation glide, low-
angle subgrains boundaries (sgb) are produced in order
to reduce the stored elastic strain energy. The rotation at
a planar sgb between two sub-grains is given by Frank’s
relation,

d=3b; = (r\u)2sin 6/2, 3)

where r is an arbitrary line in the plane of the sgb, d is the
vector sum of the Burgers vectors b; of all the dislo-
cations by r, u is a unit vector parallel to the axis of
rotation, and 0 is the rotation angle. This approach has
been applied to glide systems in quartz by Trépied et al.
(1980) and Mainprice er al. (1986). In a quartzo-
feldspathic shear zone in Lewisian gneiss, hereafter
called Torridon ‘quartzite’, Lloyd et al. (1992) studied
the local quartz texture as a function of strain along a
transect of the shear zone. In a region on the edge of a
shear zone (shear strain = 1), in the core of a grain the
misorientation between subgrains was measured by
SEM/ECP. The misorientation axes in structural co-
ordinates for subgrains 58 and 60 is close to the Y axis
(Figs. 5a and 6a). In crystallographic co-ordinates the
rotation axis is [1.34 0.01 1.33 0.19] and the angle of
13.13°, close to the [1010]. Such a misorientation could
have been produced by slip on (a,)(c) forming a pure tilt
subgrain wall. Furthermore, the rotation angle in theory
gives us an estimate of dislocation density in subgrain
wall, at least at low values of 8. However further analysis
of the local texture in this region shows the situation to
be more complex. The mosaic of subgrains around 58
and 60 show a dispersion of orientations in structural co-
ordinates (Fig. 7a) and a scatter of orientation of the
misorientation axes in structural and crystallographic
co-ordinates (Figs. 7b & c). To assess if this complexity is
typical, we have studied the local texture in the adjacent
grain which has a core and mantle structure. The mosaic
of subgrains which constitute the core has more marked
dispersion trails in structural co-ordinates (Fig. 8a) with
an apparent rotation about the intermediate structural
axis, Y. The misorientation axes are again scattered in
orientation (Figs. 8b & c¢). The mantle subgrains show
very marked dispersion trails (Fig. 9a) with a rotation
about Y or perhaps about the r rhomb. The misorien-
tation axes again show considerable dispersion in struc-
tural and crystallographic co-ordinates (Figs. 9b & ¢).
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Subgrain misorientation in grain core

rotation axis [ -1.34 0.01 1.33 0.19]/13.13°

NaJoeo

(a) gglz%rain Numbers

Dauphiné Twin related orientations

rotation axis [ -0.00 0.03 -0.03 1.85]/61.99°

N300

Twin Numbers
7374

(b)

Fig. 5. Examples of misorientation analysis in Torridon ‘quartzite’.
(a) Subgrain misorientation between subgrains 58 and 60. (b) Twin
misorientation between grains 73 and 74.

Example (2). Similarly, for twinning we can measure
the rotation axis and angle to deduce the twin law. In the
case of the ¢ axis parallel twins, it is only possible to
determine the Dauphiné law as the r and z forms are
parallel in the host and twin, respectively. For example,
grains 73 and 74 in Figs. 5(b) and 6(b) have misorientation
axis [0.00 0.03 0.03 1.85] and angle of 61.99°, close
to the ideal values of [0001] and 60° for the Dauphiné
twin law. Inclined axis twin laws are rare in a-quartz
(Frondel 1962), although a crystallographic study by
McLaren (1986) has shown that such relative orien-
tations have coincidence site lattice (CSL) periodicities
which are probably associated with low energy grain
boundary structures. In a CSL orientation the fraction of
lattice points of two crystals that are in coincidence is
given as 1/Z. In trigonal crystals, such as quartz and
calcite, rotations about the ¢ axis of 60.00°, 38.21°,
27.80°, 46.83° and 21.79° produce CSLs with = of 3, 7,
13, 19 and 21, respectively (McLaren 1986, Grimmer
1989, 1990). The Dauphiné twin law is a CSL orientation
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Fig. 6. Orientation contrast SEM images of Torridon *quartzite™. (a) Mosaic of subgrains with core and mantle structure.
Subgrains 58 and 60 of Figs. 5(a) and 7 are located in the upper core region. The core and mantle subgrains of Figs. 8 and 9
are the lower grains marked core and mantle. (b) Dauphiné twins and the location of 73 and 74 in Fig. 5.
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Dispersion trails within one grain core in structural co-ordinates

NTJoO0

Subgrain Numbers

49 51 52 57 58 60 76 79 80 81 82 83 85 86

Minimum rotation axes within grain core in structural
and crystallographic co-ordinates

Fig. 7. Misorientation analysis of subgrain mosaic in Fig. 6(a). (a) Dispersion trails in grain core in structural co-ordinates.

(b) Misorientation axes of subgrains in structural co-ordinates. (c) Misorientation axes of subgrains in crystallographic co-

ordinates. Note we use the 60° sector for bicrystal misorientation axes, rather than 120° sector used for the IPFs in Fig. 3.
Square symbols are the misorientation axes. The numbers at each data point in (b) are the misorientation angles.

with = = 3. In any mineral a CSL will be produced by a
rotation about any crystallographic direction [uvw]
which is exactly normal to a plane (hk!) with the same
indices, i.e. [uvw] is parallel to L(hkl). In the case of
quartz, a rotation about the ¢ axis or any direction
perpendicular to ¢ in the basal plane, will produce CSLs.

Example (3). All twin orientations (180° rotations)
produce CSLs but other orientation relationships may
also produce CSLs. The presence or absence of such
interface structures is likely to be important for grain
boundary migration and grain boundary sliding mechan-
isms. The existence of epitaxial relationships between
crystals of different symmetry (and chemistry) indicate
that the periodicity of interface structure may be import-
ant even in polyphase rocks. In metamorphic processes
phase changes can produce distinct crystallographic

orientation relationships between phases (Mainprice et
al. 1990). For example, in the case of andalusite to
silliminite transformation in a granite aureole the b axes
are parallel (Lloyd et al. 1991). From a geometrical point
of view CSLs will be less frequent as the crystal sym-
metry decreases. However, decreasing symmetry often
results in more anisotropic physical properties and
hence perhaps an increasing importance of such inter-
faces. To date, few measurements are available on
ceramic or geological materials (e.g. McLaren 1986) to
evaluate the importance of periodic interface structures
in rocks.

To understand the physical significance of a misorien-
tation measurement, it is often essential to generate all
the symmetrical equivalent misorientations of an experi-
mental determination. For each experimentally indexed
orientation (g) there are n symmetry equivalent orien-
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Dispersion trails within one grain core in structural co-ordinates

()
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NSZoo

Subgrain Numbers

2734383940414345464761 626364686970

Minimum rotation axes within grain core in structural
and crystallographic co-ordinates

(b)

(c)

Fig. 8. Misorientation analysis of subgrains grain core in Fig. 6(a). (a) Dispersion trains in grain core in structural

co-ordinates. (b) Misorientation axes of subgrains in structural co-ordinates. (c) Misorientation axes of subgrains in

crystallographic co-ordinates. Square symbols are the misorientation axes. The numbers at each data point in (b) are the
misorientation angles.

tations. If we have n symmetry operations for the crystal
symmetry given in matrix form as S”, then there are n’
symmetry equivalent misorientations Ag}; and Agj;

Agr=(S5"-g) (5" &)
Agh=(S"-g) (8" - g)).

For a-quartz, we have n = 6 symmetry equivalent
orientations for each crystal (g;and g;) and hence n*=36
symmetry equivalent misorientations Agj; and Agj;. Agj
is the operation that rotates orientation g; into perfect
coincidence with orientation g; and Agj; is the operation
that rotates orientation g; into perfect coincidence with
orientation g;. Agf; is the transpose matrix of Agj; as
rotation matrices are orthogonal. Both Agj; and Agj; are
required for the description of a bicrystal as we have
arbitrarily assigned the orientations of the two crystals

and

(4)

the labels { and j; these labels may be exchanged in
equation (4) to give Ag; and Agj. For the complete
description of a bicrystal composed of two holohedral
trigonal crystals there are 2n° = 72 symmetry equivalent
misorientations (Grimmer 1980). One may choose any
one of the 72 degenerate misorientations as they are
physically indistinguishable from the orientation
measurement. In practice a choice is made according to
the application: (a) low-angle boundaries (or sub-
boundaries)—smallest rotation angle; (b) twin
description—180° rotation angle; (c) periodic interface
or CSL—tabulated axis—angle pair; and (d) Euler
angles—texture analysis.

In the same way that we can describe the ODF of
crystal orientations in sample co-ordinates we can de-
scribe the misorientation ODF (MODF) in crystal co-
ordinates (e.g. Pospiech er al. 1986, Bunge & Weiland
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Dispersion trails within one grain mantle in structural co-ordinates

(a)

Ome =0
N 3IoO

Subgrain Numbers

101112 131415253642 44

Minimum rotation axes within grain mantle in structural
and crystallographic co-ordinates

Fig. 9. Misorientation analysis of subgrains grain mantle in Fig. 6(a). (a) Dispersion trails in grain mantle in structural

co-ordinates. Note tight grouping of positive rhombs r near Y, marked by circle. (b) Misorientation axes of subgrains in

structural co-ordinates. (c) Misorientation axes of subgrains in crystallographic co-ordinates. Square symbols are the
misorientation axes. The numbers at each data point in (b) are the misorientation angles.

1988, Adams & Field 1992) between grains which one
can characterize by distributions f?(g) and f°(Ag- g).
Three such distributions can be described.

(1) An uncorrelated [Fyncor{Ag)] or disordered
MODF,

Funcorr(Ag) = ffa(g) : fb(Ag ' g) dg (5)

which is the autocorrelation of the ODF and represents
the misorientation of each orientation with every other
orientation regardless of spatial co-ordinates of the two
orientations. The uncorrelated MODF can be calculated
from ODFs derived from volume diffraction methods
(e.g. X-ray or neutron texture goniometry).

(2) The correlated [F,,(Ag)], ordered or physical
MODF can be calculated only from individual measure-
ments; in this case only the misorientation between
neighbouring orientations are taken into account,

Fcorr(Ag) = £2(g) - fb(Ag . g) dg. (6)

(3) A third type of distribution may be derived from
the uncorrelated and correlated MODF, which is simply
the ratio of two distributions [F(Ag)] and which helps to
identify the misorientations that are more frequent be-
tween neighbours than in all possible situations found in
the polycrystal with that specific texture

Flag) = st rb) )

Applications using these functions are developing
rapidly in metallurgy (e.g. Field & Adams 1992) and we
can expect them to make an important impact in Earth
Sciences for grain boundary sensitive properties (e.g.
recrystallization, grain boundary transport). However,
to use these functions the basic bi-crystal crystallography
of minerals needs to be developed to define the appro-
priate asymmetric domains. For example, Grimmer
(1990) suggests that for trigonal materials the asymmet-
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ric unit is “a spherical triangle bounded by two mirror
planes” and “the plane perpendicular to its three-fold
symmetry axis”;i.e. the 60° sector bounded by 1 (0001),
1(1010) and 1(0170) which we have used in Figs. 7, 8
and 9.

DETERMINATIONS OF PETROPHYSICAL
PROPERTIES

Introduction

Texture data provide a unique possibility for the
calculation of anisotropic tensorial properties of rocks.
The majority of rock-forming minerals have anisotropic
physical properties (e.g. elasticity). It is often difficult or
impossible to evaluate such properties in all directions
experimentally, whereas it is straightforward to calcu-
late the values from the single crystal tensors and the
texture data. As most geologically important properties
are centrosymmetric, the calculations only require the
even part of the texture function. For many applications
volume-true texture measurement by X-ray or neutron
goniometry are more appropriate for pure aggregates
(e.g. quartzites). However, as most rocks are poly-
phased, individual measurement techniques have their
place.

Electrical conductivity

For studies of electrical conductivity, either by resist-
ivity or magnetotelluric methods, have shown the
Earth’s crust to be many orders of magnitude more
conductive than predicted by laboratory measurements
of dry rock samples (e.g. Shankland & Ander 1983). The
agreement between field and laboratory measurements
is much better for the upper mantle (Shankland 1981).
In the crust, high conductivity is associated with high
heat flow (e.g. Kaufman & Keller 1981) and hence the in
situ conductivity mechanism is a thermally activated
process. The discrepancy between laboratory and field
measurements can be explained by the addition of a
small amount of highly conductive material to the insu-
lating silicate rock. Some experimental studies on care-
fully dried sandstones require the presence of a high
dielectric constant grain boundary coating to explain the
measurements (Tuck & Stacey 1978). Most workers
(e.g. Connernery et al. 1980) favour the addition of
water. For example, the addition of 1-2% water can
increase the sub-solidus electrical conductivity of granite
by 4-5 orders of magnitude (Olhoeft 1981). Shankland
& Ander (1983) estimate that most lower crustal con-
ductivity measurements can be explained by the pres-
ence of 0.01-0.10% water in rocks containing ~0.1%
porosity which may or may not be connected. The case
of electrical conductivity is an interesting one as the
extrinsic effects associated with a second phase (e.g.
H,0) may completely mask the intrinsic (‘dry’) lattice
conductivity. In such a case the intrinsic anisotropic
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electrical properties we calculate using texture measure-
ments and single crystal values may have no practical
value for geophysics. The situation may be different for
mantle rock compositions as suggested by Shankland
(1981).

Bearing in mind the limitations mentioned above we
have calculated the dielectric constant for Tongue
quartzite. The calculation procedure for second order
properties of an aggregate of N grains of equal volume is
as follows. The single crystal tensor property (T;) is
rotated into the grain orientation (T};) using the rotation
matrix (g;) defined by the Euler angles,

(8)

The tensor property for each grain (7}, are summed to
give the Voigt average aggregate property defined by,

N
2.7

TVoigt _ 1
Tyoe =

Tl{j = 8ik " &ji* Ty.

9)

Similar methods are used for the Reuss average. The
aggregate tensor property T}; can then be evaluated (7')
in any direction (X) by
T=T; X; X, (10)
The calculated anisotropy of Tongue quartzite is very
low (1.3%) because the quartz single crystal anisotropy
is itself very low (3.5%). Hence the evaluation of this
particular property has no geophysical application, ex-
cept to indicate that it will be almost isotropic even in a
strongly textured pure quartzite. A similar situation
exists for magnetic susceptibility. The single crystal has
an anisotropy of less than 1%, hence the polycrystal is
virtually isotropic.

Thermal conductivity

Thermal conductivity (or thermal diffusion) is an
extremely anisotropic property in single crystal quartz.
The palaeo-distribution of heat flow will be directly
controlled by the anisotropy of the thermal conductivity
of rocks. Such distributions can be deduced from meta-
morphic isograds (Wenk 1970) and K—Ar cooling ages
(Borradaile & Hermes 1980) which record the palaeo-
isothermal surfaces at a given epoch. Many sophisti-
cated numerical models of complex metamorphic histor-
ies have failed to take into account the anisotropy of
thermal conductivity, even though it may be as high as a
factor of 2 in schists (Wenk & Wenk 1969). Indeed, in
some metamorphic root zones where the foliation is
nearly vertical, the parallelism of the schistosity and the
metamorphic isograds is explained by the high thermal
conductivity parallel to the schistosity (Wenk 1970, Den
Tex 1975). As with electrical conductivity, the intrinsic
thermal conductivity calculated using texture measure-
ments will only be valid in the absence of other heat
transport mechanisms, such as fluid migration. In the
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case of thermal conductivity an interconnected network
of pores or fractures will be necessary for fluid percola-
tion and hence fluid volumes much larger than 0.1%
which perturbed the intrinsic electrical conductivity
values are required to perturb the thermal conductivity.

The calculated intrinsic thermal conductivity for
Tongue quartzite has an anisotropy of 30.1%, with a
maximum broadly coincident with the maximum in the ¢
axis pole figure. The ¢ axis is the axis of greatest thermal
conductivity in the single crystal. The apparent coinci-
dence between the minimum in thermal conductivity
and the maximum in the a axis pole figure is fortuitous. It
must be due to the ¢ axis distribution, because the
second-order tensor properties have a unique value in
the basal plane for hexagonal or trigonal crystals.

Thermal expansion

The increase in temperature from some reference
value results in anisotropic change in dimensions of a
single crystal quartz. In a quartz polycrystal the same
temperature increase will result in strain incompatibili-
ties at the grain boundaries. If there is no cohesion on
the grain boundaries the polycrystal will disaggregate. In
the geological or experimental situation where the
aggregate is under confining pressure, the temperature
rise will cause the build-up of internal stresses which are
proportional to the incompatibility strains. To evaluate
the internal stresses rigorously, we need to know the
orientation of individual grains and their neighbours.
Such information can be obtained from ECPs. On the
other hand, if we want to consider the specimen as one
volume element (i.e. not considering neighbour inter-
actions), then we can integrate the properties of all
grains. We have performed an integral calculation of the
thermal expansion of Tongue quartzite. The anisotropy
is high at 24.2% . The minimum thermal expansion of a
single crystal is parallel to the ¢ axis and hence the
minimum thermal expansion of a polycrystal is parallel
to the maximum in the ¢ axis pole figure. If we calculate
the Young’s modulus (E), we can evaluate the variation
of the compressive stress (o) with direction, using

o=a-E-AT, (11)
where a is the thermal expansion, AT is the change in
temperature. We have assumed that the sample is per-
fectly constrained; i.¢. there is no external dimensional
change of the aggregate. If the temperature is raised
from a reference value, compressive stresses are gener-
ated. On the other hand, if the temperature is lowered
then tensile stresses result. In the approximation that
tractions on the grain boundaries and neighbour inter-
actions can be ignored, the calculated tensile stress
distribution should be similar to that of thermal cracks
when tensile (mode I) cracks open during temperature
reduction. This approach could be taken further if physi-
cally reasonable crack distribution-permeability models
are used to investigate fluid transport properties or the
influence of crack distribution on seismic properties.

S6 15:9/10-4
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The piezoelectric effect is the polarization of electric
charge when differential stress is applied to a crystal.
The phenomenon is characteristic of insulating crystals
which lack a centre of symmetry, quartz and tourmaline
being the best known examples. Polycrystalline aggre-
gates of quartz may also be piezoelectric, depending on
the ODFs of the right- and left-handed forms. The
recent literature shows that whilst certain workers have
found no measurable effect (Tuck e al. 1977), others
report a strong effect (Bishop 1981, Nikitin & Parkho-
menko 1982). The situation is all the more remarkable as
both Tuck et al. (1977) and Bishop (1981) studied the
same sample locality (Poughquag Quartzite from New
York, originally described by Balk 1952). Atleastin part
this controversy may be due to the difficulty in
measuring the phenomenon, especially via static
methods.

Laboratory measurements record two effects; one
statistical, proportional to the number of grains in the
specimen; one textural, due to the ODF. Thus, a speci-
men with a large grain size and relatively few grains may
have an effect almost as important as in a single crystal in
one sample and almost no effect in another sample from
the same site. This would represent a statistical or
sampling effect. The statistical effect is undoubtedly
important in many of the Russian measurements as
samples are almost exclusively taken from pegmatitic
quartz veins (¢.g. Parkhomenko 1971) which must be
coarse grained. Undoubted textural piezoelectric effects
have been reported by Bishop (1981) on three out of
eight pure quartzites and 12 out of 100 gold-bearing
quartz veins by Nikitin & Parkhomenko (1982). Ghom-
shei et al. (1988) report a strong a axes preferred orien-
tation in a vein quartz sample with an important
texturally related piezoelectric effect. Although it is
theoretically possible to have a piezoelectric effect with
equal proportions of right- and left-handed forms (Park-
homenko 1971), it seems more likely that a dominance
of one enantiomorph is the cause (Bishop 1981). Why
one enantiomorph is volumetrically dominant in a
quartz vein is unknown. Tuck et al. (1977) speculated
that it may be due to the presence of electrical currents
during crystal growth, presumably during vein opening.

As previously mentioned, we have not determined the
handedness of our individual measurements, all grains
have been indexed as right-handed. Using this assump-
tion, we have calculated the piezoelectric constants for
Tongue quartzite. We have not assumed any particular
stress tensor and present the results as contours in
Coulombs Newton™! (C N7!). The complete triclinic
sample symmetry piezoelectric tensor (18 constants) is
determined in this manner, rather than the partial tensor
(nine constants) experimentally determined by Bishop
(1981) which correspond to orthorhombic sample sym-
metry. If we follow the IRE 1949 convention (see Bishop
1981) then the positive end of a right-handed quartz has
a negative change in tensional stress. We see that the
maximum effect (+£0.59 X 1072 C N™") is 25.7% of the
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Physical Properties - Tongue Quartzite
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Fig. 10. Physical properties of Tongue quartzite. Second-order tensor properties thermal conductivity and thermal

expansion. Third-order tensor property piezoelectricity, calculated assuming all the grains are right handed. Fourth-order

seismic velocities V,,, AV, and polarization plane of fastest S-wave. Pole figures of ¢, a and z are shown next to second-, third-
and fourth-order properties to show the correlation between the texture and the property.

maximum single crystal value (£2.3 x 1072 C N™'),
which is of course much greater than the 0.1-0.01%
typically encountered for statistical effects (Tuck et al.
1977, Bishop 1981) of quartzites. The maximum in the a
pole figure (Fig. 10) corresponds to +a axes in the

piezoelectric stereogram and the +a, crystallographic
axis in the IPF (Fig. 3). However, our assumption that
all the grains are right-handed is unreasonable. In vein
quartz a dominance of one hand has been reported
(Frondel 1978). Perhaps a more reasonable assumption
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is that there are one-third left and two-thirds right
crystals as this could explain the strong asymmetry in the
IPF (Fig. 3). In this case, the piezoelectric effect will be
reduced to a maximum of 8.6% of the single crystal
value, which is very close to the 7% value reported by
Ghomshei et al. (1988) for a vein quartz.

Seismic properties

To calculate seismic properties from individual orien-
tation measurements, we need to evaluate the elastic
properties of the aggregate. For each orientation g the
single crystal properties have to be rotated into the
specimen co-ordinate frame using the orientation matrix

gij’
Cijkl(g) = 8&im " 8jn" ko " glpCmnop(go)’ (12)

where Cj;(g) is the elastic property in sample co-
ordinates, g the measured orientation in sample co-
ordinates and C,,,,,(g°) is the elastic property of quartz
in crystal co-ordinates.

The elastic properties of the polycrystal may be calcu-
lated by integration over all possible orientations of the
ODF. In the case of n individual orientation measure-
ments from crystals of the same volume we can define
the Voigt average of the quartz polycrystal as

<Cijk1)v°igt =1nX Cijkl(g)- (13)

The final step is the calculation of the three seismic phase
velocities by the solution of the Christoffel equation

Det|<cijkl)V0ithle - 8xpV? =0, (14)

where XX are the direction cosines of the wave propa-
gation direction, d;; is the Kronecker delta, pthe density
of quartz and V is one of the three seismic phase
velocities. Similar procedures can be used to calculate
the Voigt, Reuss or Voigt—-Reuss—Hill elastic averages
and their corresponding seismic velocities. Measure-
ments on the Twin Sisters Dunite by Crosson & Lin
(1971) have shown that the seismic velocities calculated
with the Voigt average give the closest agreement be-
tween velocities calculated using petrofabric data and
laboratory measurements, and hence the Voigt average
has been used for all the calculated velocities presented
here.

P-wave velocities of Tongue quartzite (Fig. 10) show a
strong anisotropy of 11% with a broad maximum of over
6.3 km s~ ! near the Y structural axis. The topology of the
maximum corresponds to that of the z pole figure, the
maximum V, being close to the z thomb normal in a
quartz single crystal. The minimum V/;is in the XZ struc-
tural plane with values below 5.9 km s~!. The topology
of the minimum is similar to that of the a and m pole
figures as the minimum V, is in the basal plane in single
crystal quartz. The difference in shear wave velocity
(AV,), sometimes called ‘shear wave splitting’, shows a
pronounced maximum of over 0.6 km s™'. The topology
of AV, is very similar to the a pole figure. The polariz-
ation planes of the fastest S-wave has a very complex
distribution which is not easily related to the texture.
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The V,, maximum can be correlated with a maximum
density of ¢ axes and the V,, minimum with the basal
plane. Similar observations were made by Mainprice &
Casey (1990) on a series of five quartzites and by Braun
et al. (1991) on two quartzites where the textures were
measured by X-ray goniometry. The SEM/ECP method
has been applied to polyphase quartz-rich rocks by
Barroul ez al. (1992) for seismic studies where traditional
texture measuring methods (e.g. U-stage or X-ray
goniometry) are not applicable.

CONCLUSIONS

Recent advances in the electron optics and backscat-
tered electron detectors of commercial SEMs, combined
with computer-aided indexing allow the routine indi-
vidual orientation determination of quartz grains using
electron channelling patterns. In routine analysis it is not
possible to determine the handedness of a quartz grain,
all grains are indexed as right-handed. The ECP data can
be used to study Dauphiné twinning, but not Brazil
twinning. Textures resulting from centrosymmetric pro-
cesses like dislocation glide will be completely character-
ized by the ECP data, whereas texture produced by
non-centrosymmetric processes (e.g. grain boundary
migration, Brazil twinning) will not be completely char-
acterized. The ECP texture data (for example, from
Tongue quartzite) provides a means of calculating all
centrosymmetric physical properties (e.g. thermal con-
ductivity, thermal expansion, seismic velocities), but not
non-centrosymmetric properties such as piezoelectri-
city.

Individual orientation determination in quartz pro-
vides a new method for investigating local textures.
Examples taken from Torridon ‘quartzite’ show that
subgrains in individual grains have crystallographic axes
which form dispersion trails, with an apparent rotation
axis about the Y structural axis. Detailed analysis of the
misorientation axes of the subgrains in specimen and
crystallographic co-ordinates indicate a scattered distri-
bution. We interpret the scatter as the influence of grain-
scale strain incompatibilities as the dominant formation
requirement for the subgrains, rather than the specimen
scale kinematic flow. Unlike traditional texture analysis
the information requires considerable interactive data
processing as the link between micro structure and
texture is important. Ideally the texture data should be
mapped onto the micro structure, for example by plot-
ting the orientation of each measurement point.
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