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Abstract—Compaction of clay and shale results in large reductions in volume as pore water is expelled. Preferred
orientation of the platy minerals increases with compaction strain and loss of porosity according to the March—
Owens model. This relationship has been studied quantitatively by experimentally consolidating kaolinite clay
from slurries and analyzing the resulting fabrics with the X-ray pole figure goniometer and scanning electron
microscope (SEM). ‘Initial’ porosity corresponds to the onset of the strain recorded by the preferred orientation;
and the values of 0.78 for dispersed slurries and 0.76 for flocculated slurries refiect the electrostatic forces
between the clay platelets. ‘Initial’ porosities of recently deposited fine silt and clay are in the range of 0.60-0.90
and are a function of grain size and mineralogy. Loss of this ‘initial’ porosity has a large effect on the subsequent
development of slaty cleavage. Matrix methods were used to model deformation paths for slates in the Welsh
slate belt. Preferred orientation of mica and ellipsoidal shapes of ‘reduction’ spots were simulated for one locality
by loss of a 0.60 ‘initial’ porosity, a 6° tilt of the beds and horizontal shortening involving plane strain. Strain
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determinations for shales and slates should include the large reduction in volume.

INTRODUCTION

PREFERRED orientation of platy minerals in pelitic rocks
has proven to be a useful quantitative measure of strain
in a wide variety of tectonic environments (Oertel 1983).
However, determination of tectonic strain from fabric
diagrams (pole figures) requires knowledge, or at least a
reliable estimate, of the primary sedimentary fabric,
generated during pretectonic compaction. It is the quan-
titative description of this primary sedimentary fabric
which develops during progressive burial of clay-rich
sediments, that is the subject of the experimental study
in this paper. The effects of compaction fabrics on
physical properties and on the development of tectonite
fabrics are discussed in following sections.

Direct evidence for compaction of pelitic rocks is
found in depth profiles for porosity (Rieke & Chilingar-
ian 1974), seismic velocity (Faust 1951, Magara 1978,
pp- 13-16, Hamilton & Bachman 1982), seismic velocity
anisotropy (Bachman 1979, Jones & Wang 1981), and
observations of microstructures using the scanning elec-
tron microscope (SEM) and the transmission electron
microscope (TEM) (Bennett er al. 1991). Although
there is considerable complexity in the manner in which
porosity is lost (cf. Meade 1966, Rieke & Chilingarian
1974, Bennett et al. 1991), a systematic trend is observed
in deep wells with hydrostatic pressure. With increasing

depth, porosity decreases and seismic velocity and seis-
mic velocity anisotropy increase as the clay platelets
become increasingly aligned parallel to bedding.

EXPERIMENTAL CONSOLIDATION OF
KAOLINITE

The geological process of compaction has been inves-
tigated experimentally at Northwestern University by
consolidating slurries of kaolinite clay particles, using
equipment and procedures described by Sheeran &
Krizek (1971), Chawla (1973) and Edil (1973). Consoli-
dation tests of clay samples are common in soil mech-
anics investigations (Yong & Warkentin 1975, Chap. 7).
The studies of kaolinite consolidation by Martin (1965,
1966), Morgenstern & Tchalenko (1967), McConnachie
(1974), Martin & Ladd (1975) and Griffiths & Joshi
(1990), and studies of montmorillonite compaction by
Bennett et al. (1981), are representative of the sizeable
literature from other laboratories relevant to our experi-
ments. However, lacking in these studies are quantitat-
ive analyses of fabric development in a form useful for
the structural geologist. Previous studies at North-
western University used the scanning electron micro-
scope (SEM), the petrographic microscope and the X-
ray pole figure goniometer to describe the fabrics that
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Table 1. Characteristics of samples tested*

Sample
Parameter DA-2 DA-17 FA-2 FA-17 DI-2 DI-17 FI-2 FI-17
Initial water content, w; (%) 249 260 251 253 248 249 261 271
Final water content, w¢ (%) 53 43 58 48 48 41 64 46
Final porosity, n; 0.58 0.53 0.61 0.56 0.56 0.52 0.63 0.55
Pole density, Qg (a = 0°) 3.8 4.3 2.8 33 1.9 0.5 2.0 0.5
Pole density, Qg (a = 90°) 0.4 0.3 0.6 0.5 0.8 1.3 0.7 1.4
Photometric intensity ratio, R 1.46 1.10 1.87 1.48 1.22 1.27 1.52 1.20
Concentration parameter, k 2.4 2.8 1.7 2.0 0.9 —-1.2 1.1 -1.6
‘Initial’ porosity, »; 0.78 0.78 0.76 0.76

*Water content is defined as the weight of water divided by the weight of dry solids in a sample, expressed as a percentage. Porosity is the
volume fraction of (water-filled) void space. Other parameters are defined and explained in the text.

develop during consolidation of kaolinite slurries (Kri-
zek etal. 1975, 1977, Abdelhamid & Krizek 1976, Edil &
Krizek 1976). In this paper we examine the quantitative
development of preferred orientation as a function of
compaction strain and the geological implications of this
relationship.

Sample preparation

The stress-strain path and the pore water chemistry
are the two most important factors influencing clay
fabric during experimental consolidation. The samples
in this study were prepared by consolidating slurries with
a known chemistry under controlled stress conditions,
while monitoring displacement and strain. Hydrite 10, a
kaolinite marketed by the Georgia Kaolin Company,
was chosen because of its particle size distribution, its
well developed grain morphology, and the nature of its
exchangeable ions (Krizek et al. 1975). Less than 5% (by
weight) of the particles are larger than 2 um and less than
10% are smaller than 0.2 um. Disk-shaped platelets 1.5
um in diameter and 0.15 um thick are representative.
Appropriate concentrations (Edil 1973) of CaCl, and
NaOH were added to obtain flocculated and dispersed
slurries, respectively, and these slurries were consoli-
dated under either anisotropic stress (Sheeran & Krizek
1971) or isotropic stress (Edil 1973, Krizek et al. 1975)
conditions to obtain bulk samples. The anisotropic stress
consolidation tests were performed in a custom-
fabricated consolidometer—a piston and cylinder
apparatus that allows water to escape through porous
stones in the piston and in the base of the cylinder, but
does not allow lateral strain (Sheeran & Krizek 1971,
Abdelhamid & Krizek 1976). To consolidate slurries
under isotropic stress, hydrostatic pressure, applied to a
spherical balloon containing the slurry, caused drainage
out of two diametrically opposite ports (Edil & Krizek
1977).

The experimental design consisted of varying three
parameters; namely, stress symmetry, stress magnitude
and particle association in the slurry. By using two
values or conditions for each parameter, there was a
total of eight combinations and eight experiments
(Table 1). (Edil & Krizek (1976) describe additional
experiments in this series; but since both the conditions
and the resulting fabrics are intermediate to those listed

in Table 1, they will not be discussed further.) The
notation used to describe the samples is as follows: D =
dispersed slurry; F = flocculated slurry; A = consoli-
dation under anisotropic stress; I = consolidation under
isotropic stress; and 2 or 17 represent the approximate
maximum effective consolidation stresses in kg cm ™2
These effective stresses correspond to depths in marine
clays of approximately 25 and 200 m below the sea floor

(Bennett et al. 1977, Bryant et al. 1981).

FABRIC DESCRIPTION

The X-ray pole figure, SEM micrographs and optical
micrographs for sample DA-17 are shown in Fig. 1 (cf.
Chawla 1973, pp. 74-75). The SEM micrograph of the
horizontal plane (i.e. the plane perpendicular to the
compression axis) shows a preponderance of particle
faces with only a few edges, whereas the SEM micro-
graph of the vertical plane indicates a predominance of
particle edges with definite preferred alignment in the
horizontal direction. The thin section of the horizontal
plane exhibits a uniform grayness as the microscope
stage is rotated (as can be seen in the two optical
micrographs in Fig. 1 taken 45° apart). This is because
the symmetry axis of the fabric in the specimen is parallel
to the axis of the microscope stage. The thin section of
the vertical plane shows a uniform grayness in extinction
positions, but is illuminated when the microscope stage
is rotated 45°. The light intensity in these two positions
was measured with a photometer, and the illumination/
extinction ratio, R, listed in Table 1. In the illumination
position, domains on the order of 10-20 um in diameter
can be observed. These domains can also be seen in the
SEM micrograph. The maximum density of poles in the
pole figure for sample DA-17 is about 4.3 times the
density for an equivalent random sample (Fig. 1). Infor-
mation from all three techniques shows that this sample
has a strong preferred orientation of clay platelets in the
horizontal plane, normal to the vertical compression
axis.

Krizek et al. (1975) show data similar to Fig. 1 for all
eight experiments. The numerical data are summarized
in Table 1 (cf. Chawla 1973, p. 136). Pole figures for all
eight specimens show, within experimental bounds,
axial symmetry.
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Fig. 1. Fabric description of sample DA-17.
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In samples which were consolidated under anisotropic
stress the symmetry axis is the piston axis. This is the
direction of maximum compressive stress and greatest
shortening. It is also the direction of maximum pole
density.

Samples consolidated under isotropic (hydrostatic
stress) have weak, but definite preferred orientation.
The axis of symmetry is the general direction of drain-
age. In samples DI-2 and FI-2 the maximum pole density
is parallel to the drainage direction, whereas in samples
DI-17 and FI-17 the maximum is perpendicular to this
direction forming a weak girdle pattern. These samples
provide direct evidence that the development of pre-
ferred orientation of clay platelets correlates with strain,
not stress. The poles to the clay platelets rotated towards
the direction of greatest shortening, which at lower
pressures was the axis containing the drainage ports. At
higher pressures radial constriction must have exceeded
axial shortening. Tullis (1971, 1976), in a fabric study of
experimentally deformed mica aggregates using the X-
ray pole figure goniometer, also found that preferred
orientation correlated with strain, not stress.

Ideal distributions in axially symmetric pole figures

Because of axial symmetry, the pole figures can be
reduced to profiles of pole density, O, vs a, where «a is
the angle between a pole and the axis of symmetry.
(Both the pole figures and the profiles are normalized to
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multiples of the density in a uniform distribution or
‘times random’.) There are two families of ideal distri-
butions suitable for representing the pole figures and
pole density profiles; namely, ‘normal’ distributions for
non-polar lines, and pole figures derived from strain
ellipsoids. Pole density profiles for samples DA-17, FA-
2 and FI-2 are compared with ‘normal’ distributions in
Fig. 2(a). Watson (1965, 1966, 1983) introduced the
function exp(k cos® @) for poles to planes distributed
with axial symmetry about a single maximum, where k is
the concentration parameter (cf. Mardia 1972, p. 233).
This distribution is normalized to multiples of a uniform
distribution by dividing by the mean density on the
reference sphere. After simplification, the expression
for QO can be written as

exp (k cos” a)

Oa) =

J& exp (k cos? a) sin a da M
The integration in equation (1) was done numerically
using Simpson’s rule. The agreement between theoreti-
cal and observed profile shapes shown in Fig. 2(a) is
quite good, with the exception of sample FA-2, in which
case the small discrepancies are attributed to experi-
mental errors in combining data from several scans to
construct a complete pole figure. With ‘normal’ distri-
butions of this type only one parameter is needed to
specify both the profile and the pole figure. Either the
concentration parameter, k, or the pole density, Q,, in

Pole Density, Q
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i ———

o 30 80 80

Angle from Symmetry Axis

Fig. 2. Ideal distributions in axially symmetric pole figures. (a) Comparison of experimental pole density profiles with

profiles through ‘normal’ distributions of the type exp (k cos” a) for 13 values of the concentration parameter, k. Symbols

indicate results from three experiments. (b) Comparison of ‘normal’ distributions from equation (1) (solid curves) with
profiles derived from strain ellipsoids using equation (4) (dashed curves), for two concentrations, k = 1 and 4.
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Fig. 3. Estimation of preferred orientation (Qp,,) from SEM micrograph of section parallel to vertical symmetry axis (=
short dimension of right micrograph in Fig. 1). (a) Histogram of orientations of apparent long axes of 301 grains. Azimuthal
angle of long axis measured clockwise from vertical. Each orientation weighted by area of ellipse. Horizontal lines show
multiples of mean. ‘Bell’ curve calculated from X-ray pole density profile in Fig. 1 by determining mean along great circles as
shown in (b) and normalizing. Half-value width refers to ‘bell’ curve. (b) Equal-area projection showing orientation of poles
to platelets whose apparent long axes have orientation 7 (= intersection of trace of plane and primitive circle). The
primitive circle represents the plane of the SEM micrograph. (¢) Normalized maximum value, half-value width and mean
value width as a function of (Qpa ). Solid curves—‘normal’ distribution. Dashed curves—distribution from strain
ellipsoid.

the direction of the axis of symmetry (thatis, @ = 0°) may
be used, and values for both parameters for the eight
samples are listed in Table 1. If Q, is the maximum value
in the pole figure, as is the case in all but two samples,
this value will be referred to as Q.«-

Another ideal distribution for pole density can be
derived from the strain ellipsoid using the March model
(dashed curves in Fig. 2b). The formula for this distri-
bution is given in a later section. This distribution can
also be characterized by a single parameter. The experi-
mentally determined profiles as plotted in Fig. 2(a) do
not coincide with curves for this distribution. However,
Oertel (1983, pp. 418-419) discussed the practical diffi-
culties in determining the background value for a dif-
fraction peak scanned with the X-ray pole figure
goniometer. By suitable changes in background values
the experimental profiles can be made to nearly coincide
with curves generated from strain ellipsoids.

Estimating Q .« from SEM micrographs

Because only one value is needed to completely spe-
cify either of the ideal distributions, the effect of chang-
ing conditions, such as strain or pore fluid chemistry, on
preferred orientation is easily portrayed. It is useful to
estimate the value of Q,,, from SEM micrographs to
compare with X-ray determinations.

Disk-shaped platelets inclined to the plane of a SEM
micrograph appear as ellipses. The orientation in the
micrograph of the long axis of each ellipse is easily
measured with a protractor, and the length of the long
and short axes, with a ruler. The orientations, weighted
by the area of each ellipse can be plotted in a histogram
or rose diagram. Figure 3(a) shows the histogram of the
orientation of the longest dimension of grains in the
SEM micrograph on the right side of Fig. 1. The mean
value line is the total area of grains counted, divided by
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the number of cells used (18). Three readily determined
parameters characterize the histogram, namely; (1) the
height of the maximum, expressed as a multiple of the
mean value; (2) the width of the peak (in degrees)
measured at positions which are half the peak height;
and (3) the width of the peak at the mean value.

To construct graphs showing the values of these three
parameters as a function of Q,,,, takes several steps. In
Fig. 3(b) the poles to all platelets, whose apparent long
axes have the orientation, 7, lie along the great circle,
G, normal to T. The density of long axes at T is the mean
pole density along G. By letting T assume successive
positions along the primitive circle, one can construct a
frequency profile. Such a profile, normalized by the
mean value of the profile, is shown in Fig. 3(a) for
sample DA-17. Figure 3(c) shows how normalized peak
height and the peak widths vary with the degree of
preferred orientation for both ideal distributions.

Using the curves in Fig. 3(c), the histogram in Fig.
3(a) can be used to estimate the preferred orientation in
sample DA-17, but several factors limit the accuracy of
the estimate. The histogram in Fig. 3(a) is weakly
bimodal. The secondary peak at an azimuth of 45°
corresponds to thin zones of aligned grains, indicating
incipient development of a secondary spaced cleavage.
Diagonal boundaries between domains are visible both
in thin section and SEM micrographs (cf. Krizek et al.
1975). A second factor is operator bias. The long axes of
the grains in this highly oriented specimen were drawn
on a sheet of tracing paper by inspection. Visual percep-
tion of grains in the micrograph emphasizes their paral-
lelism and the histogram shows a greatly sharpened
central peak compared with the profile generated from
the ‘normal’ distribution (Q .« = 4.3X). The technique
of Erslev & Ge (1990) to reduce operator bias is to locate
at least five points along the margin of each grain and use
the method of least squares to determine the best fitting
ellipse. A digitizing tablet attached as a peripheral
device to a personal computer makes such an approach
practical.

INTERPRETATION OF FABRICS

From quantitative data listed in Table 1 for the eight
samples tested, it can be seen that there are systematic
differences in behavior. Samples consolidated from dis-
persed slurries are slightly more compressible than those
consolidated from flocculated slurries; that is, they have
a lower porosity for a given state of stress. In the
anisotropically consolidated samples the degree of pre-
ferred orientation, as measured by k or Q... increases
with increasing axial strain; however, for a given axial
strain or porosity the preferred orientation is greater in
the dispersed samples than in the flocculated ones (Fig.
4). The negative values of k in Table 1 for the two
samples consolidated in the spherical balloon under a
high hydrostatic consolidation stress (17 kg cm™?) indi-
cate girdle, rather than single maximum, fabrics.

Morgenstern & Tchalenko (1967) suggested that the
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photometric intensity ratio could be used for fabric
analysis of petrographic thin sections of experimentally
consolidated kaolinite. However, as shown in Fig. 4, R
drops sharply as porosity is lost. Light traveling through
the thin section passes through many overlapping grains
with inclined grain boundaries where it is refracted and
reflected. The resulting scattering and depolarization
render this technique unsuitable for quantitative analy-
sis.

Compressibility and degree of preferred orientation

In a flocculated slurry, the net forces between par-
ticles are conducive to the formation of edge-to-face
contacts, whereas in a dispersed slurry the net interpar-
ticle force regime tends to favor the formation of face-to-
face contacts. If the net forces between particles are
smaller, as in the case of a dispersed slurry, the particles
are freer to move past one another, thereby leading to
greater deformation for a given state of stress. Since
most of the negative charge on a clay platelet resides on
the faces rather than on the edges, the platelets in a
dispersed slurry tend to be aligned in a parallel fashion,
and this arrangement gives the maximum spacing be-
tween the faces of adjacent platelets. Accordingly, the
tendency of platelets to orient themselves normal to the
direction of greatest shortening is enhanced by rotations
due to the electrostatic forces between particles, thus
leading to stronger preferred orientation in dispersed
samples.

Quantitative model for development of preferred
orientation during anisotropic consolidation

Platelet-shaped particles embedded in a deforming
viscous medium rotate towards the plane of greatest
flattening in the local strain field. March (1932) derived
an expression that gives the pole density, O, of the
platelets as a function of strain, assuming that the
platelets are randomly oriented before the onset of any
deformation. Owens (1973) extended the March analy-
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sis to include the effects of changes in volume and any
initial distribution of pole densities. His general re-
lationship is

_W[EV, W -3
Qf V‘ (lf) Q1 V. (1 + 8) Ql’ (2)
where Q is the density of poles parallel to a line whose
length is /, ¢ is the elongation of the line, the stretch of
the line, L/l = (1 + ¢), V is the volume, and the
subscripts i and f refer to initial and final conditions,
before and after the deformation, respectively (cf. Tullis
1971, p. 195). Porosities (n;, n;) are the volume fractions
of void space. Hence (1 — n) is the volume friction of
particles. The volume ratio in (2) can therefore be
expressed in terms of porosities as

Vi_l-nm 3)

If X, Y and Z are the principal stretches, i.e. axes of the
strain ellipsoid (cf. Ramsay 1967, pp. 121-166), then for
an initially random fabric, Q.0,0Q, = 1 and XYZ =
ViV,

‘Ideal’ distributions or pole figures can be generated
from the (inverse of the transpose of the) strain ellipsoid
matrix using equation (2) and the equation for the length
of a line in any direction (Nye 1957, p. 26, equation 33,
Ramsay 1967, equation 4-5). (For matrix equations, cf.
Owens 1973, p. 251, Flinn 1978, equation 26, Wheeler
1986, equation 4.) To generate the contour lines in a
pole figure, one selects the stretch that corresponds to a
particular contour level, e.g. 2.X. Ramsay’s equation (4~
5) then becomes an equation for one direction cosine in
terms of another (cf. Ramsay & Huber 1983, p. 205,
equation 11.18). Two direction cosines, of course, are
sufficient to locate a pole in the pole figure, using the
equations for equal-area projection. By varying the one
direction cosine in small increments, and calculating the
second direction cosine, one can draw the contour line as
aseries of short straight line segments-—a technique well
suited for programming on a personal computer.

In the case of uniaxial consolidation in which the axes
of the strain ellipsoid are X = Y = 1, Z < 1, and the
volume ratio in equation (3) is Z, the expression for pole
density profiles can be derived from equation (2) as

V4

T Tt a (-7

4)

In comparison with the profiles for ‘normal’ distri-
butions given by equation (1), the peaks from equation
(4) are narrower and sharper, and the minimum value is
closer to unity (Fig. 2b). This distribution has the con-
venient property that Q..(Qmin)* = 1.

The maximum preferred orientation that develops
due to vertical uniaxial strain in the consolidometer can
be expressed by a simplified version of equation (2)
(Oertel & Curtis 1972, Chawla 1973). Thus,

1 1 (1- nd?
Qmaxz—‘_zz_z( f>’

l—ni

)
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Fig. 5. Relationship of preferred orientation (Qp,,). final porosity

and ‘initial’ porosity. Solid dots—DA samples; open circles—FA

samples (number gives consolidation stress). Small dots near left

margin give quartz content in mudrocks of Curtis et al. (1980) and
extrapolated quartz-free value.

where ¢ is the vertical compaction strain, »; is the final
porosity, and there is no lateral (horizontal) strain. The
‘initial’ porosity, n;, is defined as the porosity when the
grains first form a three-dimensional framework, which
is then deformed as the consolidation continues. By
taking the square root of equation (5), one can generate
a family of straight lines for the square root of Q ., vs 1
with n; as the parameter (Fig. 5). The data for our
kaolinite experiments indicate an ‘initial’ porosity of
0.78 for the dispersed slurry and 0.76 for the flocculated
slurry. The higher ‘initial’ porosity in the dispersed
slurry is due to repulsive electrostatic forces between the
kaolinite platelets.

Plots of void ratio, e = n/(1 + n), vs log(pressure) for
slurry-consolidated kaolinite show a sharp bend at
values corresponding to porosities of approximately
0.62-0.69 (Morgenstern & Tchalenko 1967, Sheeran &
Krizek 1971, McConnachie 1974, Martin & Ladd 1975),
indicating the point at which the axial load begins to be
supported by the framework of kaolinite grains, i.¢. the
liquid limit of the clay (cf. Abdelhamid & Krizek 1976,
fig. 4). The values for ‘initial’ porosity of 0.76-0.78 in
Fig. 5 are much higher and indicate that significant
deformation is recorded by the preferred orientation
before the clay slurry acquires measurable compressive
strength. Thus, we picture ‘initial’ porosity as the point
in the consolidation history at which the kaolinite plate-
lets have come into contact with one another and their
poles start rotating towards parallelism with the vertical
piston axis in a statistically coherent manner. This point
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corresponds to the ‘fluid limit’ of Monté & Krizek
(1976).

Estimating strain from center-to-center plots of SEM
micrographs

Although the center-to-center technique of Fry (1979)
for determining strain is well established in structural
geology (cf. Ramsay & Huber 1983, pp. 107-125), this
simple and effective technique apparently has not been
applied to the analysis of deformed clay. The technique
consists of determining and displaying the distance and
direction between the center points of ali pairs of grains
in a micrograph. The low density elliptical shaped area
round the origin in Fig. 6(a) describes the ‘nearest
neighbor’ configuration of the kaolinite platelets in
sample DA-17. According to Fry’s method, this ellipse
has the same shape as the strain ellipse. The ratio of the
short axis to the long axis of the ellipse of approximately
0.5 (= Z) and the final porosity of 0.53 can be used in
equation (5) to calculate an ‘initial’ porosity of 0.77,
which compares favorably with the value obtained using
X-ray data. The strain recorded by the center-to-center
technique is the compaction strain after the grains have
come into contact with one another.

Fry’s (1979) technique can be considered at the ‘low-
tech’ end of the spectrum of available analytical tech-
niques. It is easy, relatively quick and gives meaningful
resuits. Crespi (1986) discusses practical limitations of
the technique. Erslev (1988) and Erslev & Ge (1990)
have made several modifications and enhancements to
the technique which require more measurements (Fig.
6b). Erslev’s program INSTRAIN, when used with a
digitizing tablet, eases the burden of data collection and
analysis.

At the other end of the spectrum are digital image
processing systems and the elaborate mathematical
techniques for stereological specification of anisotropy
(Kanatani 1984, 1985). For example, Altschaeffl &
Thevanayagam (1991) measure the configuration of
pore space and estimate strain by expanding a ‘fabric’
tensor to only the second order. It remains to be demon-
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strated whether these more elaborate techniques will
provide more meaningful strain data than that obtained
with Fry’s (1979) simple graphical technique.

COMPACTION OF MUD AND SHALE

The techniques we used in our laboratory study can be
used to analyze naturally occurring clay-rich mud and
shales. The most accurate and direct method to measure
preferred orientation of platy minerals in clays and
shales is with transmission scans on the X-ray pole figure
goniometer. TEM (and SEM) micrographs, showing the
orientation of clay platelets on sections perpendicular to
bedding, can also be analyzed by constructing histo-
grams similar to Fig. 3(a) and using the graphs in Fig.
3(c) to estimate the value of Q.. or k. The center-to-
center technique, illustrated in Fig. 6, directly measures
strain in oriented sections.

Our experimental study has implications for fabrics
which develop in clay-rich muds and shale during com-
paction. We model the compaction processes as follows.
Clay particles, deposited on the sea floor, usually as
floccules, have random orientations (Bennett et al.
1991). During compaction the clay platelets rotate
towards horizontal. Their poles form a maximum which
is initially very diffuse, but with increasing compaction
becomes sharper. In undisturbed sediments this maxi-
mum is vertical and has axial symmetry. The ideal
distribution in equation (4) describes the preferred
orientation of the clay platelets, requiring only one
number, either Q.. or Z. Preferred orientation as a
result of compaction strain develops according to
equation (5). The plot of the square root of O, ,, vs final
porosity covers a field in Fig. 5 with ‘initial’ porosity as
the parameter. ‘Initial’ porosity, i.e. the porosity of
sediments on the sea floor, is thus a critical parameter.

According to Meade (1966) the main factor control-
ling ‘initial’ porosity is grain size (and secondarily,
mineralogy). Figure 7 gives the general trends in several
marine environments. Mitchell (1976, fig. 4.14) indi-
cated the variation in sorting vs median grain size in

Fig. 6. Estimation of strain from SEM micrograph parallel to symmetry axis (301 grains in Fig. 1). (a) Fry’s (1979)
center-to-center diagram. (b) Erslev’s (1988) normalized Fry diagram.
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marine and non-marine sediments. Curtis et al. (1980)
suggest n; = 0.80 for sediments with at least 60% of <2
um clays and n; = 0.60 for silts with less than 20% of <2
um clays. Of the three most common clay minerals,
montmorillonite tends to form clays with the smallest
grain size and highest ‘initial’ porosities, illite clays are
intermediate, and kaolinite clays have the largest grains
and lowest initial porosities (Bryant et al. 1981).

Although shale is a very common rock type, there are
only a small number of studies using the X-ray pole
figure goniometer (Oertel & Curtis 1972, Curtis et al.
1980, Schiller 1980, Feeser 1986). Curtis et al. (1980)
determined the preferred orientation in Carboniferous-
age mudrocks from southern Yorkshire in England
(which fall in the siltstone grain-size classification) with
final porosities of about 0.05, and found a good corre-
lation between Q... and quartz content. Their thin
section micrographs indicate that this trend also reflects
grain size. The extrapolation of their trend to a quartz
free, i.e. all platy mineral, composition corresponds to
an ‘initial’ porosity of 0.77, in excellent agreement with
our experimental data (Fig. 5). The ‘initial’ porosities
shown in Fig. 5 of 0.64-0.69 for the mudrocks are in the
range typical for silts (Fig. 7).

Schiller (1980) used the X-ray pole figure goniometer
in the reflection mode to obtain partial pole figures for
114 shale and siltstone specimens in Germany. He also
determined porosity and modal composition and esti-
mated the grain size in thin sections. His parameter for
preferred orientation is the half-value width of the
maximum in the pole figure, which he defined as the
angle from the symmetry axis at which the pole density is
the average of the maximum and minimum values. As
shown in Fig. 2, this angle in ‘normal’ distributions does

D. W. Baker, K. S. CHAwLA and R. J. KrizEx

not exceed 45°; however, Schiller listed values up to 75°.
The reflection mode, in contrast to the transmission
mode, requires large intensity corrections (Baker et al.
1969, fig. 3). After correcting Schiller’s data for this
effect, we used the ‘normal’ distributions shown in Fig. 2
and equation (5) to estimate values for ‘initial’ porosity.
Figure 8 shows that clay mineral content and grain size
are inversely correlated and that the ‘initial’ porosity is a
function of both. The results using distributions derived
from strain ellipsoids (equation 4) are similar, but the
‘initial’ porosities are higher. Schiller (1980) also showed
that the development of preferred orientation is in-
hibited by the presence of carbonates, presumably due
to porosity loss by cementation rather than compaction
(cf. Bryant er al. 1981, fig. 34). Thus, we omit discussion
of shales containing carbonates. On the other hand,
Schiller (1980) noted that organic material is highly
compressible and its presence enhances preferred orien-
tation.

ANISOTROPY OF PHYSICAL PROPERTIES IN
CLAYS AND SHALES

Preferred orientation of platy minerals in a rock
causes anisotropy in many of its physical properties.
Krizek et al. (1977) showed how the anisotropy of creep
strength in the same samples used in this study results
from the preferred orientation. Creep strength is an
important soil mechanics parameter affecting the stab-
ility of foundations, dams and other structures as well as
geologic masses subject to downslope movements.
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Fig. 8. Estimated ‘initial’ porosities in Carboniferous shale and silt-

stone containing less than 5% carbonate. Data adjusted from Schiller
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Fig. 9. Coaxial deformation plot (log Flinn diagram) for slate. Hori-
zontal tectonic axes are parallel (par.) and perpendicular (perp.) to
slate belt. Third axis is vertical (vert.). Base for logarithms = 10.

Elastic properties of shale are strongly affected by
preferred orientation of platy minerals. The technique
of Baker & Carter (1972) can be used to determine the
five elastic constants for an aggregate with axial sym-
metry from single crystal constants and the preferred
orientation. Given the elastic constants, the seismic
velocity anisotropy can be calculated. Jones & Wang
(1981) and Heard & Lin (1986) used the alternate
approach for shale specimens and measured the set of
five elastic constants and ultrasonic velocities as a func-
tion of pressure in the laboratory. Wood et al. (1976)
determined both the sonic velocities and the mica pole
figure for Welsh slate from the Penrhyn Quarry. Bach-
man (1979) reviewed seismic velocity anisotropy in mar-
ine sediments.

STRAIN ANALYSIS OF SLATES

Oertel (1983) reviewed studies using the X-ray pole
figure goniometer to determine strain in pelitic tecton-
ites and concluded that the technique is indeed robust
and successful in a wide variety of geological situations.
Because the pole densities include the effect of compac-
tion, reliable estimates of compaction strains are needed
to determine the portion of strain due to tectonic defor-
mation. The intent here is to illustrate the effect of
compaction fabric in a well-studied area with a relatively
simple tectonic history and abundant quantitative
data—the Welsh slate belt (Wood 1974, Tullis & Wood
1975, Wood & Oertel 1980). A thick sequence of shale
was deposited there in the Late Cambrian with the slaty
cleavage forming in the Late Silurian (Dalziel 1969,
Dewey 1969).

In its simplest form the deformation path for these
slates is vertical compaction followed by horizontal
shortening (Fig. 9), whereby all strain is coaxial and
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there is no change in the intermediate axis of the strain
ellipsoid. Thus, the tectonic strain is plane strain. The
deformation path in Fig. 9 is shown in the logarithmic
deformation plot of Flinn (1978, figs. 1c & d and 4a) in
which the X = Y = Z convention is relaxed and tectonic
axes are used. This deformation path is illustrated by
Ramsay & Huber (1983, pp. 185-188) and discussed by
Ramsay & Wood (1973), Sanderson (1976), Flinn (1978)
and Bell (1985). It consists of deposition (0), compaction
until all porosity is lost (0 — A) and plane strain tectonic
deformation (A — B).

Tullis & Wood (1975), Wood et al. (1976) and Wood
& Oertel (1980) show pole figures for 001 of mica in slate
from quarries along the Welsh slate belt. The preferred
orientation of mica can be used to determine the strain
ellipsoid using equation (2); however, Oertel (1983)
described the practical difficulties in determining the X
and Y values of the strain ellipsoid from X-ray peak
intensities that are not much different from background.
Figure 10 shows a grid in a logarithmic deformation plot
for two parameters which are easily measured in pole
figures presented as equal-area projections with the
maximum pole density in the center (cf. Wood et al.
1976, fig. 3). Values for Q.. and the aspect ratio of the
oval-shaped 2X contour (long diameter divided by the
short diameter) allow the ratios of the strain axes to be
determined. (As discussed in a previous section, pole
figures can be derived from the strain ellipsoid, and the
shape of the 2X contour and Q. can be calculated as a
function of the principal axes, X, Y and Z.) The value
plotted in Fig. 10 is for locality 7 in Wood & Oertel
(1980). This value is shown as B in Fig. 9 together with

ASPECT

.2

log,, (X/Y)

log ., (Y/2)

Fig. 10. Determination of strain ratios from pole figures for mica in

slate. Pole figures must have a single maximum and orthorhombic

symmetry. The steeply inclined contours are for Q. Sub-horizontal

contours are for the aspect ratio (long axis/short axis) of the 2X

contour. Dot—locality 7 in Wood & Oertel (1980). Contours for the

volume ratio, V{/V;, are only valid for tectonic plane strain (cf. Ramsay
& Wood 1973).
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the value for the mean shape of ellipsoid-shaped ‘re-
duction’ spots in the spotted slate (point S). The differ-
ence in strains recorded by the mica and the ‘reduction’
spots at this locality can be explained if the sediment had
compacted by the amount C in Fig. 9 before a spherical
diffusion halo (point 0) formed around an object (per-
haps of organic origin). The difference (0 — C) is carried
through progressive deformation and appears as the
difference (S — B).

Also shown in Fig. 9 are the areas of highest density in
Wood’s (1974, fig. 4) plot of 5200 determinations of
strain elipsoids (the majority of which were ‘reduction’
spots in Welsh slate). Ramsay & Wood (1973) showed
that, in the case of rocks which had lost volume and then
were deformed by coaxial plane strain, the deformation
path would plot along a line with a slope of unity, but
shifted to the right of the origin in the deformation plot
by an amount corresponding to the (negative) dila-
tation. The most frequent strain states measured by
Wood (1974) define a path of plane strain close to the
volume ratio contour of 0.4 in Fig. 10 or a volume loss of
0.6 (cf. Ramsay & Wood 1973, p. 274). As shown in Fig,
7, this value of 0.6 for ‘initial’ porosity corresponds to
silt.

According to Dalziel (1969, p. 24) there were approxi-
mately 5 km of Cambrian strata in North Wales and the
total thickness of Lower Paleozoic rocks may have
exceeded 15 km. Thus, Ramsay & Wood (1973) argued
that the amount of porosity left in the shales at the onset
of tectonic deformation did not exceed 20% and was
likely much less (cf. Rieke & Chilingarian 1974, pp. 41~
52). Two coaxial deformation paths for partially com-
pacted shales are shown in Fig. 9. Since compaction is
uniaxial strain in which the reduction in volume corre-
lates 1:1 with the vertical shortening, we consider the
same behavior continues along the path D-E when the
shortening direction changes from vertical to
horizontal—at least initially. The argument is that if the
strain rate is slow enough for the pore water to escape, it
is easier for the horizontal shortening to be accommo-
dated by volume loss in a soft sedimentary rock than by
vertical extension which lifts the overburden. Thus,
according to this model, any remaining pore water is
squeezed out of the shale during the initial stages of
tectonic deformation (cf. Bell 1985).

A second possibility, illustrated in Fig. 9, considers
that at the onset of tectonic deformation the rate of
volume loss equals the rate of horizontal shortening, but
that it decreases according to a hyperbolic curve (cf.
Flinn 1978, fig. 4d):

Vi, (V- Vav)?
Vi =Y+ V.- Vv

where the volume ratio of the solids, V;/V;, is (1 — #;) in
equation (2), Y'is the principal axis of the strain ellipsoid
in the horizontal direction perpendicular to the slate belt
and V_ is the volume at which vertical compaction
stopped. The deformation path for this model is D-F in
Fig. 9.

The results show that for the coaxial strain models

volume ratio =
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shown in Fig. 9 the resulting strain is independent of
path and the most important parameter is ‘initial’ poro-
sity. Porosity is lost and then the deformation proceeds
along the diagonal path of plane strain.

Of course, coaxial strain is an unrealistic simplifi-
cation. General strain, however, leads to an unlimited
number of possible deformation paths. Two families of
‘simple’ deformation paths, which are perturbations to
the plane strain path in Fig. 9, have sufficient degrees of
treedom to allow matching of observed data by varying a
small number of parameters. One family is generated by
gently tilting the beds after compaction, but before
tectonic deformation (cf. Oertel 1970, Tullis & Wood
1975, Bell 1985). The other family is generated by
allowing small amounts of shear strain due to differential
horizontal shortening to occur in addition to the domi-
nant pure shear (cf. Ramsay & Wood 1973, fig. 9, Wood
1974, figs. 6-8).

We used the matrix method of Flinn (1978) to investi-
gate the first family of deformation paths. The path of
progressive deformation in the deformation plot can be
generated by calculating the strains and strain ellipsoids
resulting from a series of incremental deformations (cf.
Ramsay 1967, pp. 326-332), but an equal-area projec-
tion is needed to follow the dramatic reorientation of the
principal strain axes with respect to the tectonic axes (or
vice versa). Figure 11 shows a simulation which matches
the data measured by Wood & Oertel (1980) at their
locality 7. The path is similar to 0-D-E-B in Fig. 9.
However, at point D the beds were gently tilted.

A detailed description of the model in Fig. 11 is as
follows. The clastic deposit destined to become slate was
deposited as silt with an ‘initial” porosity of 0.6. ‘Re-
duction’ spots formed after loss of 0.11 of the volume
(point C). Burial and compaction continued until pore
water that had occupied 0.55 of the original volume was
expelled (point D). Then the beds were tilted 6° about a
horizontal axis trending 70° from the slate belt. The co-
ordinates in Fig. 11(b) are axes of the strain ellipsoid and
the 6° tilt is shown by the small jump of the vertical
direction from the center of the projection towards the
‘P’ in ‘Perpendicular’. Uniaxial horizontal shortening
expelled the remaining pore water (D-E in Fig. 11a).

All subsequent deformation was constant-volume
plane strain (pure shear) with horizontal shortening and
vertical extension. The fractional shortening in the
direction perpendicular to the slate belt at each incre-
ment was 0.05. Due to the tilt of the beds the incremen-
tal strain ellipsoid and the total strain ellipsoid were not
coaxial. After each increment the orientations and mag-
nitudes of the axes of the total strain ellipsoid were
calculated as eigenvalues of the total strain tensor. The
values used in the deformation plot in Fig. 11(a) are the
principal axes of the strain ellipsoid closest to the tec-
tonic directions of ‘vertical’, ‘parallel’ and ‘perpendicu-
lar’. When the X axis of the total strain ellipsoid was
subparallel to the ‘parallel’ tectonic axis, the defor-
mation path (heavy curve in Fig. 11a) followed the thin
straight line for plane strain, but the path diverged from
this line as the difference in orientation increased. At E
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the shortest axis of the total strain ellipsoid, Z, was
subvertical, but with progressive deformation the strain
axis closest to vertical became Y and then X. The short
gap with dots in the deformation path in Fig. 11(a)
indicates the switch from Z to Y. The long gap with dots
which crosses the abscissa is the jump from Y to X. Of
course, the strain ellipsoid changed its orientation in a
continuous manner and the ‘jumps’ are merely an arti-
fact of the convention for the deformation plot that uses
the strain axis closest to a tectonic axis. The orientations
of the vertical axis corresponding to ‘jumps’ in the
deformation plot are shown by dashes in Fig. 11(b).
For comparison, the same deformation path is shown
in conventional format by the dashed line labeled ‘X > Y
> Z’in Fig. 11(a), using log,, (X/Y) as the ordinate and
log,o (Y/Z) as the abscissa. An abrupt reversal in direc-
tion rather than a ‘jump’ indicates a switch in axes. Bell
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(1985) gives an extensive discussion of this form of the
deformation plot.

The term ‘dramatic reorientation’ used in a previous
paragraph also refers to the path for the pole to bedding
in Fig. 11(b), which was parallel to the compaction
direction, —Z, but rotated first towards —Y, then
towards the lineation, —X. The large black dot shows
the orientation of bedding observed by Wood & Oertel
(1980, fig. 6). Had the horizontal shortening continued,
the pole to bedding would have rotated towards the pole
to cleavage, —Z, as indicated by the trail of small dots in
Fig. 11(b), thus completing a large loop.

The small open circles on the curve extending up from
B in Fig. 11(a) show the axial ratios of ‘reduction’ spots
which formed after the sediment had compacted for
fractional amounts ranging from 0 to 0.2. This is the
basis for the estimate that the observed axial ratios,
shown as S, correspond to a fractional volume loss of
0.11 before the diffusion halos formed,

The model in Fig. 11 was able to simulate both the
interrelationships of bedding, cleavage, lineation, Q .«
and aspect ratios, and the axial ratios of the ‘reduction’
spots for locality 7. However, a small post-tectonic tilt is
required to bring bedding, cleavage and lineation to the
attitudes observed in the slate quarry. Similar defor-
mation paths involving compaction, gentle tilting, and
plane strain are able to simulate the relationships among
bedding, cleavage, lineation and strain ellipsoid, at
other localities described by Wood & Oertel (1980).
However, attempts simultaneously to match the ob-
served axial ratios of the ‘reduction’ spots using this
simple model were unsuccessful. Investigation of the
second family of ‘simple’ non-coaxial deformation paths
offers possibilities, but is a topic for future research.

As demonstrated in Fig. 11 ‘lost’ porosity has a large
effect on the development of slaty cleavage. In our
simulation, the principal stretches or axes of the strain
ellipsoid, X, Y and Z, for the successful match to
observed data are:

Constant volume strain ellipsoid
[1.87,1.31,0.41].

Total strain ellipsoid (V;/V; = 0.40)
[1.37,0.97, 0.30].

Compaction strain ellipsoid
[1,1,0.4].

Tectonic strain ellipsoid
[2.90, 1, 0.30].

We modeled the deformation path using Flinn’s (1978)
matrix technique to separate compaction and tectonic
strain. Other approaches are discussed by Qertel (1970),
Sanderson (1976), Bell (1985), Wheeler (1986), Evans et
al. (1989) and Oertel et al. (1989).

Not reporting the large volume reduction during com-
paction makes it difficult to visualize the strains involved
in producing a slate. The constant volume convention to
represent strain can seriously underestimate the amount
of tectonic strain. For example, Wood & Oertel’s (1980)
estimate of tectonic thickening of beds in the Welsh slate
belt was based on the constant volume strain of ‘re-
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duction’ spots. This corresponds to the distance, I, in
Fig. 9 and includes the effect of compaction strain;
whereas the strictly tectonic thickening corresponds to
the distance, II.

SUMMARY AND CONCLUSIONS

Three complementary techniques were used to de-
scribe the fabric of kaolinite which was consolidated
experimentally from slurries. Pole figures measured
with the X-ray pole figure goniometer provide the most
reliable quantitative description of preferred orien-
tation; however, two methods of analyzing SEM micro-
graphs also provide quantitative estimates. The pre-
ferred orientation of clay platelets correlates with strain,
not stress, and is described by the March-Owens model,
when one takes into account loss of volume. The plate-
lets rotated towards the plane of flattening. The ‘initial’
porosities were slightly higher for dispersed than for
flocculated slurries.

The preferred orientation of platy minerals in com-
pacting clays and shales is a simple function of ‘initial’
and final porosities. In slates the volume change
recorded by the preferred orientation includes the ‘lost’
porosity, which is nearly identical with the ‘initial’ poro-
sity. Reasonable estimates of ‘initial’ porosities of clays
and fine silts are in the range of 0.60-0.80 and are a
function of grain size and mineralogy. Because volume
reduction is such a large effect in pelitic rocks, we
recommend separating compaction strain and tectonic
strain and reporting four sets of strains or stretches
rather than one. Errors associated with estimating the
loss of volume and ‘initial’ porosity are certainly less
than ignoring the effects of compaction strain on the
fabric and strain ellipsoid.

In the relatively simple geologic situation of the Welsh
slate belt—a linear fold belt with wvertical slaty
cleavage—a deformation path of uniaxial vertical com-
paction, gentle tilting of the beds, dewatering with
uniaxial horizontal shortening followed by plane strain,
is adequate to explain the gross features of the strain
pattern and to simulate observed relationships at least in
one locality. It also provides a reason why strain deter-
mination of ‘reduction’ spots tend to plot close to the
contour for initial porosity, as noted, but not explained
by Ramsay & Wood (1973).
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