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AbstractÐTwo parameters of incipient cleavage development are compared in a series of Tertiary ¯ysch from
the Helvetic zone of the Swiss Alps: (1) the overall relative phyllosilicate orientation as obtained from the X-
ray di�raction intensity ratio of their 00l re¯ections in cleavage- and bedding-parallel slabs (I10AÊ (0.58) C/B) and
(2) the dimensional aspect ratios of ®ssility fragments, the `cleavage/bedding ®ssility ratio' (c/b).

These two parameters show a roughly linear power relationship with a wide scatter. Appreciably better ®ts
are obtained if populations showing di�erent cleavage morphology (closely vs widely spaced cleavage; crenula-
tion vs non-crenulation cleavage) and lithology (silt and ®ne-sand size quartz content; carbonate content) are
plotted separately. In contrast, there is no clear link between the two criteria of cleavage intensity and the
degree of incipient metamorphism as expressed by illite `crystallinity'.

Samples with crenulation cleavage show both lower (I10AÊ (0.58) C/B) and c/b cleavage/bedding ®ssility ratios
than most of those with non-crenulation domainal cleavages with closely spaced cleavage domains; these lower
ratios re¯ect the presence of an earlier, largely bedding-parallel, cleavage fabric. This di�erence in the ratios
between these groups of cleavage morphologies proves that the cleavage/bedding ®ssility ratio is not only
dependent on the overall phyllosilicate orientation, but also on the cleavage microstructure, in particular the
morphology and spacing of the cleavage domains and the persistence of a bedding-parallel cleavage fabric in
the microlithons of the crenulated samples. The relationship between the c/b cleavage/bedding ®ssility ratio
and the I10AÊ (0.58) C/B ratio can provide a useful indication of the type of incipient cleavage fabric developed,
and help in detecting the presence of an earlier slaty cleavage. Additional measurement of the intersection/bed-
ding ®ssility ratio i/b on the ®ssility fragments is likely to help in assessing the e�ect of lithology, particularly
the e�ect of the initial bedding anisotropy.

The di�erences in the illite/chlorite ratios in the cleavage and bedding planes, as determined from the I10AÊ /
I7AÊ C/B ratio, provides information regarding the relative formation of illite and chlorite in the cleavage
domains and the chlorite±mica `stacks' during development of the cleavage fabric. # 1998 Elsevier Science
Ltd. All rights reserved

INTRODUCTION

Attempts to relate the intensity of bedding- and
cleavage-parallel ®ssility or quality of parting to degree
of phyllosilicate orientation are of venerate standingÐ
Sorby (1853) in slates; Ingram (1953) in mudrocks (see
also references in Groshong, 1988, p. 1332). In earlier
studies, the degree of orientation was qualitatively
assessed by microscopy.
Since the 1970s several studies have used X-ray tex-

ture goniometry (pole ®gures) to quantitatively assess
the degree of phyllosilicate orientation in relation to
strain (Oertel, 1983) and to mechanisms of phyllosili-
cate reorientation in sequences of progressive cleavage
development (Holeywell and Tullis, 1975; Ho et al.,
1995, 1996 and references therein). However, this tech-
nique, although admittedly more quantitatively three
dimensional, is time-consuming and not universally
available.

XRD intensity ratios on C- and B-parallel slabs

In an earlier paper the writer developed a simple X-
ray di�raction method to assess the relative orientation
of phyllosilicate minerals in the cleavage (C) and the

bedding (B) directions in samples with an appreciable
cleavage±bedding angle (Kisch, 1994). The method

uses the ratios of the intensities of the basal X-ray

re¯ections of these minerals as measured on slabs cut
parallel to the C and B planes, using a divergence/scat-

ter slit set of 0.58. For the mica-type phyllosilicates a
10 AÊ re¯ection is used, and the ratio of their intensities

in the C- and B-parallel slabs is hence referred to as
the I10AÊ (0.58) C/B intensity ratio. The method is essen-

tially a `poor man's method' to determine the total

phyllosilicate microfabric. In addition, the intensity
ratios of the basal re¯ections of di�erent phyllosilicate

minerals give information on di�erences between phyl-
losilicate proportions in the C- and B-parallel slabs,

for instance the I10AÊ /I7AÊ intensity ratio on the mica/
chlorite ratio.

Provisional high-resolution X-ray texture goniome-
try (HRXTG) work was carried out by van der Pluijm

at the University of Michigan, Ann Arbor, on ®ve
samples from the Caledonides of JaÈ mtland (western

central Sweden), using the transmission-mode methods
described by van der Pluijm et al. (1994). This yielded

orientation parameters showing good qualitative corre-

spondence with the C/B 10 AÊ XRD intensity ratios for
four of the samples. A more extensive study of the re-
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lation between the di�erent orientation parameters is
being planned.

The c/b cleavage/bedding ®ssility ratio

A ®eld classi®cation and intensity scale for cleavages
has been developed by Durney and Kisch (1994). It is
based on the cleavage/bedding ®ssility ratio (hence the
c/b ratio) as quanti®ed by measurement of the dimen-
sional aspect ratios of ®ssility fragments in the clea-
vage direction relative to the bedding directionÐi.e.
along the planes of cleavage- and bedding-fabric aniso-
tropyÐin the plane normal to the bedding/cleavage
intersection, and represents the intensity of cleavage
®ssility relative to bedding ®ssility in the same sample.
The I10AÊ (0.58) C/B ratios re¯ect the relative phyllosi-

licate orientation parallel to cleavage only, whereas the
cleavage fabric anisotropy, and therefore the cleavage/
bedding ®ssility ratios, must re¯ect additional micro-
structural characteristics, such as the presence and
shape of cleavage domains, and lithology. The two
parameters, therefore, cannot be expected to show a
strictly linear relationship, and it is of interest to evalu-
ate to what extent they correlate, and whether the lack
of correlation provides evidence on the microstructure.
The phyllosilicate orientation as obtained from the

XRD method was compared to the ®eld classi®cation
and intensity scale for cleavages for a suite of rocks
from the Caledonides of JaÈ mtland. An attempt was
made to interpret the appreciable di�erences between
the cleavage intensity as obtained by these two
methods in terms of di�erences of the microfabric. It
was concluded that the common combination of rela-
tively good cleavage/bedding ®ssility ratios of 0.67 and
3 with poor I10AÊ (0.58) C/B ratios of less than unity can
be related to the development of discrete crenulation
cleavages or domainal cleavages with little C-parallel
mica orientation either in the microlithons or the clea-
vage domains.

The i/b intersection/bedding ®ssility ratio

As the c/b ratio shows the relative degree of cleavage
development compared with bedding fabric, and incor-
porates e�ects due to the initial bedding anisotropy,
di�erences in this ratio are, in part, due to di�erences
in initial bedding anisotropy. In order to indicate the
extent of tectonic fabric development in rocks of di�er-
ent initial bedding anisotropy, an additional i/b inter-
section/bedding ®ssility ratio was adopted by Durney
and Kisch: ``i/b represents an index for the degree of
directional tectonic fabric development which begins at
the most incipient stages [and] for this reason should
be closely related to the degree of tectonic defor-
mation'' (Durney and Kisch, 1994, p. 272).
On the logarithmic three-axis grid for plotting c/b

and i/b ®ssility ratios introduced by Durney and Kisch
(1994, ®g. 6) (cf. Fig. 9), the three-dimensional ®ssility-

fragment shapes of a cleavage±®ssility series of mud-
stones with a similar lithology from the Manilla dis-
trict, New South Wales, Australia, are distributed in
an I-constant band parallel to the c/b axisÐthe
`Manilla mudstone ®eld' (Durney and Kisch, 1994, ®g.
12). As the tectonic deformation style that gave rise to
these cleavages was similar, this feature re¯ects the
similar initial bedding fabrics; the strong initial bed-
ding/cleavage ®ssility ratio b0/c0=6.3, a measure of
this initial anisotropy, is obtained by projecting the
samples back to the -C axis (or i/b = 1 axis). Rocks
with signi®cantly higher bedding anisotropies occupy a
parallel `shale ®eld', at lower c/b ratios for similar i/b
ratios, and a much higher initial bedding anisotropy
b0/c0 of 30±50 (Durney and Kisch, 1994, p. 220 and
®g. 15).

The i/b ratio thus gives information on the degree of
tectonic fabric development in any one lithology and
structural/tectonic regime. Unfortunately, i/b was only
measured for some of the samples because at the time
of sampling its relevance was not apparent.

The purpose of this paper is to investigate the re-
lationship between the cleavage intensities as expressed
by the two methods in a suite of slates and slaty mud-
stones of mid-anchimetamorphic to `diagenetic' grade
from Tertiary ¯ysch of the Helvetic zone of the Swiss
Alps, and to relate the di�erences to the lithology and
microfabric of these rocks.

SAMPLES STUDIED

Samples were collected from Tertiary ¯ysch of the
Helvetic realm, largely from localities from which the
illite `crystallinities' had earlier been studied by Kisch
(1980). The sampling localities can be divided in three
groups, from northeast to southwest

1. Linthal±Urnerboden±upper SchaÈ chental±TruÈ bsee;
2. Gasperini quarry near Attinghausen±Seedorf (Reuss

Valley); and
3. Kandertal, La TieÁ che and Diablerets area.

The samples from areas (1) and (2) are from the
Infrahelvetic complex (Milnes and P®�ner, 1977;
P®�ner, 1978), which ``encompasses all units under-
lying the Glarus overthrust'' (the basal thrust of the
Helvetic nappe system), including the exotic ultrahelve-
tic and allochthonous subhelvetic units and the under-
lying autochthonous±parautochthonous ¯ysch; most
are from the subhelvetic Griesstock nappe and the
North-Helvetic Flysch.

Crenulation cleavage is common in the Linthal±
Urnerboden±SchaÈ chental. Milnes and P®�ner (1977;
also P®�ner, 1978) noted that the regional penetrative
foliation in the Infrahelvetic complex ``is a�ected in
irregular patches by small-scale crenulations often ac-
companied by a well-developed crenulation cleavage''
(1977, p. 89). They attributed the penetrative cleavage
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to the Calanda deformation phase of probably Late
Oligocene age, and the superimposed crenulation clea-
vage to the last Helvetic deformation phase, related to
movements along the basal Helvetic thrust (Glarus
overthrust), the Ruchi phase of mid-Miocene age.
However, ``structural correlation on the basis of style
is a hazardous procedure in this region'' (Milnes and
P®�ner, 1977, p. 90), and ``there is no argument for a
speci®c time of non-deformation between the Calanda
and Ruchi phases'' (Milnes and P®�ner, 1977, p. 89).
The samples from area (3) are largely of ¯ysch of

the Helvetic nappe system proper, mainly of the lower-
Helvetic Morcles nappe (e.g. southeast of Solalex), the
middle-Helvetic Diablerets±Gellihorn nappe (e.g.
Kandergrund) and the Ultrahelvetic Plaine±Morte
nappe (e.g. northeast of Taveyanne; Creux de Culan,
south of Diablerets; south of Lac de Derborence).
These sampling localities are listed in Table 1 and

shown on Fig. 1.
The metamorphic grades as determined from illite

`crystallinity' are largely mid- to high-anchimeta-
morphic for the ®rst area, with low-anchimetamorphic
to high-`diagenetic' grades for two localities; for the
other two areas the grades are almost exclusively
`diagenetic'.

MICROFABRICS

A brief summary of the lithology and cleavage type
of the investigated samples is given in Table 1.

(1) Linthal±Urnerboden±upper SchaÈchental±TruÈbsee

The typical Dachschiefer at Linthal, Chlus and
Wanneler Bach are ®ne-silty shales (less than 25% silt-
size clasts) and mudstones showing a smooth incipient
crenulation cleavage, visible even when the angle
between cleavage and bedding is as small as 158 (e.g.
Z91-8 and Z91-9). The domains are spaced some 50±
100 mm and have a high continuity, but typically con-
stitute only <10% of the slate volume. The crenula-
tion cleavage is predominantly discrete, but in many
samples the micas in the outer margins of the microli-
thons locally show a strong cleavage-parallel de¯ection
into the cleavage domains, giving the latter di�use and
frayed boundaries (`zonal' crenulation cleavage);
locally clastic micas continue through the crenulation-
cleavage domains with angles of up to 258 to the clea-
vage. The fabric being crenulated is a marked penetrat-
ive slaty cleavage, bedding-parallel in most samples.
It should be noted that `zonal' is used here as a

morphologic variety of crenulation cleavage in the
original sense of Gray (1977a,b; also Powell, 1979) as
the opposite of `discrete' crenulation cleavage: ``the
cleavage is a zone and has di�use somewhat arbitrary
boundaries through which the initial fabric is continu-
ous''. Such crenulation cleavage is called `gradational'

in the terminology of Borradaile et al. (1982, p. 5):

``gradational crenulations are laminar domains, coinci-

dent with fold limbs, the zones having di�use, grada-

tional boundaries through which the pre-existing fabric

is continuous''. `Zonal' is not used here in the sense of

Borradaile et al. (1982, p. 6) ``Cleavage that occupies a

considerable fraction of the rock volume. . . . [we] use

zonal only as a width descriptor''.

Crenulation cleavage is not observed in the silty

marl lithologies (Z91-2B and Z91-4).

In the marly slates at Wanneler Bach (Z91-8 and

Z91-9) the incipient discrete and zonal crenulation

cleavages appear to be slightly less developed than in

similar lithologies at Linthal, which may also be

re¯ected in the smaller c/b ratios, as they are not par-

ticularly well laminated.

Most of these crenulated slates are rich in chlorite±

mica `stacks'. A large proportion of these `stacks', par-

ticularly the coarser ones, consist almost entirely of

chlorite with very subordinate muscovite lamellae;

others have mainly chloritic centres, with muscovite

along the margins. The stacks in some of the more

silty rocks show a marked `expansion' (c/b aspect

ratios of 1±1.5 are very common); most of these stacks

consist almost entirely of chlorite. This predominance

of chlorite suggests formation at the expense of clastic

biotite, in addition to deposition of chlorite in the

voids of extended clastic mica.

In the calcareous micaceous-silty shale beds of one

bedded sample from Linthal (Z91-3) the crenulation

cleavage is observed to constitute a second cleavage

formed by crenulation of an earlier slaty cleavage S1 at

an angle of some 158 to the bedding; this S1 cleavage

is particularly distinct where it is marked by opaques,

close to the contact with the calcareous mudstone±silt-

stone. This slaty S1 fabric is the same as the crenulated

bedding-parallel fabric in the other samples of this

area. In the calcareous mudstone±siltstone the S1 clea-

vage is absent; the S2 cleavage domains are locally

concentrated in sharp `cleavage bundles' spaced some

1 mm apart. The high c/b in this sample is due to the

absence of distinct b directions, and presence of these

cleavage `bundles'.

The cleavage of the samples from AÈ sch and the

Friterental (north of RuÈ bi) is not a crenulation clea-

vage. The cleavage domains in the calcareous silty

shales (Z91-6, Z91-10 and Z91-11) are anastomosing

but still continuous, and closely spaced; the microli-

thons are rich in bedding-parallel clastic micas and

`stacks' (Z91-6 and Z91-11). In the ®ner-grained shale

and calcareous-shale lithology (Z91-6, 7, 11), the clea-

vage domains are even more closely spaced, and b-

oriented clastics and stacks are very subordinate or vir-

tually absent; the c/b in these and in other slates with

very few b-oriented clastic micas is high.

Criteria for cleavage development, Helvetic Zone, Swiss Alps 603
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(2) Gasperini quarry near Attinghausen±Seedorf (Reuss
Valley)

Samples from this locality show a pronounced litho-
logical bedding lamination on a scale of 1±4 mm, with
alternation of beds of calcareous micaceous mudstone
with calcite-cemented micaceous siltstone±®ne sand-
stone.
Cleavage is visible only in the mudstone beds. The

cleavage domains are very discontinuous±anastomos-
ing and consist mainly of opaques (?rutile) or are
fuzzy. In the fold hinges (Z91-12C) there is a local cre-

nulation cleavage marked by opaque seams, with poor
continuity and without mica reorientation.

The samples from this locality appear to di�er from
those of the previous area only in having a much
weaker crenulation cleavage superimposed on the
marked lamination and strong bedding-parallel fabric.

(3) Kandertal, La TieÁche and Diablerets area

No distinct crenulation cleavages were found in the
samples collected. They cover a wide range of textures,
ranging from only very incipient cleavage domains

Fig. 1. Simpli®ed tectonic map of the central Alps showing localities of the samples discussed. Modi®ed from Laubscher
and Bernoulli (1980, ®g. 1Ðbased on Spicher, 1980). The horizontal line ornament indicates the Mesozoic and Tertiary
of the foreland and cover of external massifs, and of the Helvetic and Ultrahelvetic nappes; the vertical lines denote the

Pennine nappes. Abbreviations: Dbl, Les Diablerets mountain.
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(Z91-15, Kandergrund), through irregular, discontinu-
ous `wiggly' opaque cleavage domains (Z91-19, La
TieÁ che), and sharp, closely-spaced cleavage domains,
either mainly marked by opaques and with many
stacks (Z91-21, Derborence), or more micaceous with
some clastic bedding-parallel mica but few stacks
(Z91-25 and 26, Taveyanne), to a virtually penetrative
cleavage without cleavage domains or clastic micas at
a large angle to the cleavage domains (Z91-18,
Kandergrund; Z91-31, Kandergrund).
The cleavage domains in some of these samples are

mica-poor and are predominantly marked by opaques.
The ®ne-grained phyllosilicates in the microlithons
appear to be largely oriented in the cleavage direction
(although this is often di�cult to assess due to the
high carbonate content of the microlithons).

METHODS

Aspect ratios of ®ssility fragments

The cleavage/bedding ®ssility ratios after Durney
and Kisch (1994), (the c/b ®ssility ratio or c/b ratio),
were measured in the ®eld. The measurements of the
aspect ratios of the ®ssility fragments were made on
the actual cleavage and bedding directions, even where
these are not perpendicular, rather than orthogonal,
for instance in the c and ^c directions, and then angle-
corrected to oblique c/b values.
When evaluating the c/b ®ssility ratios, it should be

realized that the bedding and cleavage of some of the
samples measured in the ®eld and collected were far
from being at a moderate to high angle, as required by
Durney and Kisch (1994, p. 270): the CRB angles
diverged widely, in some cases being as small as 208.
In order to assess to what extent the value of the c/b
®ssility ratio might be a�ected by the small CRB
angles, they were plotted against each other (Fig. 2).
The plot shows a distinct tendency for low c/b ®ssility
ratios (<1) to be associated with small CRB angles,
and for the samples with the large C < B angles to
yield high c/b ®ssility ratios.

Illite `crystallinity'

The current awareness of the e�ect of slide thickness
on the measured 10 AÊ half-height peak widths (Kisch,
1991; Frey, 1988; Krumm and Buggisch, 1991) did not
exist at the time of the earlier illite `crystallinity'
measurements (Kisch, 1980): many of the slides pre-
pared at the time were probably too thin, and the
peak widths measured consequently somewhat too
narrow, yielding anomalously high degrees of meta-
morphism. For this reason, new illite `crystallinity'
(IC) measurements were measured on appropriately
thick slides of the <2 mm fractions of the samples
collected for this study; these new values are given in

Table 2. The scale used is the one earlier adopted by
Kisch, in which the high- and low-grade limits of the
anchizone correspond to 10 AÊ peak half-height widths
of, respectively, 0.198 and 0.378D2Y (in the <2 mm
size fraction).

X-ray di�raction intensity ratios of phyllosilicate 00 l
re¯ections

The methods of measurement are those developed in
the paper by Kisch (1994), to which the reader is
referred for further details. The slabs were cut parallel
to the cleavage and bedding directions determined in
the ®eld; with ®ve exceptions (and those only for the
bedding-parallel slabs), they were cut at a width of at
least 18 mm. The intensities of the low-angle basal
mica and chlorite re¯ections at 10 AÊ and 7 AÊ used for
the calculation of the intensity ratios were measured
using a divergence/scatter slit set of 0.58; in addition,
these intensities were measured using a divergence/scat-
ter slit set of 18 (see below). Higher-angle re¯ections
were measured using a divergence/scatter slit set of 18
only. All re¯ectionsÐusing either slit setÐwere
measured without removing the slab from the sample
holder.
Tests of reproducibility using 18 and 0.58 slit sets. The

earlier paper (Kisch, 1994, pp. 257±258) advocated the
use of the intensity ratios of the same re¯ection as
measured using 18 and 0.58 slit setsÐspeci®cally that
at 10 AÊ , i.e. the I10AÊ (0.58)/I10AÊ (18) intensity ratioÐto
monitor mispositioning of the slab in the goniometer:
this ratio is then reduced, as the decrease in intensity
of the re¯ection upon mispositioning in the goniometer
as measured with the 0.58 slitÐwhen a correctly posi-
tioned 20 mm sample at a di�raction angle of
8.958D2Y (10 AÊ ) almost completely intersects the X-
ray beamÐis much stronger than as measured with
the 18 slit set, when the X-ray beam is much wider
than the slab. In the current study both the I10AÊ (0.58)/

Fig. 2. Variation of the c/b cleavage/bedding ®ssility ratio with the
C^B angles. The high c/b cleavage/bedding ®ssility ratios are associ-

ated with large C^B angles.
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I10AÊ (18) and I7AÊ (0.58)/I7AÊ (18) intensity ratios were used
for this purpose (Fig. 3). The usual ranges of these
intensity ratios are, respectively, 0.35±0.75 and 0.30±
0.70; measurements on four slabs for which these
ratios fell outside these ranges were rejected. However,
in this case mispositioning is unlikely to be the main
reason for the anomalous ratios, as the slabs were not
removed from the goniometer upon changing the slit
set and care was taken to position them correctly.
Inspection of these slabs and the peak height measured
shows that these anomalous ratios can con®dently be
attributed to two other factors.

1. Lithological inhomogeneity in the slab. In three of
these slabs a cm-scale swath of di�erent compo-
sition extends along the long slab axis which is
inserted parallel to the goniometer axis (and thus
also to the slit length). At the low di�raction angles
of 8.8582Y (10 AÊ ) and 12.682Y (7 AÊ ), the 18 beam
is wider than the widest slabs used: the 18 slit set
will thus illuminate the whole slab width and inte-
grate its lithology, whereas the 0.58 slit set will pre-
ferentially illuminate the central strip, and highlight
its divergent lithology. The result is an anomalous
ratio of the intensities of the same re¯ection as
measured with 18 and 0.58 slits.

2. Very low peak heights. The very weak 10 AÊ re¯ec-
tions (<40 c.p.s.) measured on a few slabs using
the 0.58 slit set cannot be measured with any degree
of accuracy; these result in very imprecise I10AÊ (0.58)/
I10AÊ (18) intensity ratios for these slabs.

Correction for lithological heterogeneity. The I10AÊ (0.58)

C/B ratio strictly re¯ects the mica fabric only when
the C and B slabs sample the same microfabric, i.e.
lithology and mica content. However, because of the
ubiquitous presence of some bedding inhomogeneity
in layered metasedimentary rocks, the C slab una-
voidably tends to represent a somewhat more varied
lithology and concomitant phyllosilicate content than
does the B slab. The di�erence in lithology between
the C and B slabs of some samples is evident from
the di�erence in the content of quartz and calcite, the
major non-phyllosilicate phases present. In order for
the I10AÊ (0.58) C/B ratio to represent the phyllosilicate
fabric rather than the di�erence in lithology/phyllosi-
licate content between the C and B slabs, the intensi-
ties of the phyllosilicate re¯ections in both slabs need
to be normalized to the same phyllosilicate content.
In an earlier paper (Kisch, 1994, p. 259), it was pro-

posed to normalize the absolute intensities of the phyl-
losilicate re¯ections to those in quartz-free samples
using the intensity of a quartz re¯ection. In this study,
this was done for both quartz and calcite, the total
phyllosilicate content of the slabs being approximated
by subtracting the calcite + quartz content from the
total. The quartz and calcite contents were assessed
from the intensities of their di�raction peaks at, re-

spectively, 20.858 2Y (4.255 AÊ ) and 29.58 2Y (3.028

AÊ Ð10±14). In order to use these peak intensities as

parameters of mineral content in the C and B slabs, it

has to be ascertained that they are not a�ected by

orientation e�ects. A plot of the ratios of the intensi-

ties of the re¯ections in the C and the B slab of the

same sample against the I10AÊ (0.58) C/B ratio showed

no such e�ects. Because the 10±14 peak of calcite

(primitive rhombohedral cell) corresponds to the clea-

vage rhombohedron r ({10±11} or {100} in the face-

centred rhombohedral cell) whose faces are at angles

of 44836.5' with (0001) and of 75855' to each other, no

enhancement upon reorientation is to be expected. The

content of each of these minerals is therefore taken as

the intensity of the di�raction peak (Ipeak slab) normal-

ized to its intensity in a slab of the pure mineral (Ipeak

pure mineral), i.e. Ipeak slab/Ipeak pure mineral, hence Ipeak*.

The total phyllosilicate content in the slab is then ap-

proximated by

1ÿ I�29:5� calcite ÿ I�20:8� quartz;

and the normalized I10AÊ (0.58) C/B ratio, I10AÊ (0.58)

C/B*, is obtained by dividing the measured I10AÊ (0.58)

C/B ratio by the ratio of the approximate phyllosilicate

contents in the C and B slabs, i.e.

�1ÿ I�29:5� calcite ÿ I�20:8� quartz�C slab�

�1ÿ I�29:5� calcite ÿ I�20:8� quartz� B slab:

The correctness of this procedure was tested by

plotting the I10AÊ (0.58)/I4.46AÊ -19.98 (18) C/B against both

the measured I10AÊ (0.58) C/B ratio and the corrected

I10AÊ (0.58) C/B* ratio; a markedly better ®t is obtained

Fig. 3. Ratio of peak intensities of two low-angle re¯ections as
measured on the slabs with 18 and 0.58 slit sets. Note that the inten-
sity ratios are consistently lower for the lower-angle illite 10 AÊ

(8.882Y) than for the higher-angle chlorite 7 AÊ (12.582Y) re¯ections.
Strongly divergent ratios (I0.58 slits/I18 slits >0.75 or <0.30) are due
either to very low measured intensities of the I10AÊ (0.58) re¯ections
(less than 40 c.p.s.), or to probable measurement errors (in this case
the intensity ratios I0.58 slits/I18 slits are anomalous for both the illite
10 AÊ (8.882Y) and the chlorite 7 AÊ (12.582Y) re¯ections as measured

on the same slab).
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in the latter (R= 0.972) than in the former
(R = 0.889) case. This procedure might be further per-
fected by also correcting for di�erences in the content
of further minor non-phyllosilicate phases present,
such as albite and dolomite, but this has not been
done in the present study.

RESULTS

Metamorphic gradeÐillite `crystallinity'

The results of the new illite `crystallinity' (IC)
measurements on appropriately thick slides of the
<2 mm fractions of the samples collected for this study
are given in Table 2.

1. Linthal, Urnerboden and upper SchaÈ chental. The
peak-width values range between 0.27 and
0.308D2Y, with somewhat broader, low-anchizonal
to `diagenetic' values (0.33±0.428D2Y) at AÈ sch and
Friteren.

2. Gasperini quarry near Attinghausen±Seedorf (Reuss
Valley). IC values of 0.35±0.558D2Y were measured
earlier (Kisch, 1980, Table 1); re-measurement gave
a similar range of 0.36±0.518D2Y.

3. Kandertal, La TieÁ che, and Diablerets areas. The
samples have `diagenetic' illite `crystallinity' values
ranging from ca 0.408D2Y (La TieÁ che), ca
0.458D2Y (Taveyanne), through 0.47±0.548D2Y
(Kandergrund, Taveyanne) to 0.74±0.798D2Y
(Creux de Culan, Diablerets); only the sample from
Derborence has a higher-grade, low-anchimeta-
morphic illite `crystallinity' of 0.358D2Y.

Phyllosilicate orientation and cleavage/bedding ®ssility
ratio

The c/b ®ssility ratios as measured in the ®eld and
the I10AÊ (0.58) C/B* intensity ratios are listed in Table 2.
The values range, respectively, from 0.3 to 8, and from
0.01 to 14.
The c/b ®ssility ratio has been plotted against the

I10AÊ (0.58) C/B* intensity ratio for all the samples inves-
tigated (Fig. 4). This plot shows considerable scatter,
with a power regression

c=b � 1:28� �I
10A
� �0:5��C=B

��0:589 �R � 0:789�:

The sense of divergence of the sample points from this
regression shows a relationship to the lithology: par-
ticularly low c/b values for given I10AÊ (0.58) C/B* inten-
sity ratios are shown by the siltstones and very ®ne
sandstones, and by all the samples from the Gasperini
quarry, most of which contain subordinate to pre-
dominant siltstone and very-®ne sandstone beds, and a
marked lithological bedding inhomogeneity. When

these siltstones and very ®ne sandstones are not taken

into consideration (Fig. 4), a power regression

c=b � 1:53� �I
10A
� �0:5��C=B

��0:589 �R � 0:794�

is obtained, which is rather similar to the regression

c=b � 1:45� �I
10A
� �0:5��C=B�0:462 �R � 0:557�

found earlier for a series of mudstone samples from

the Caledonides of the MoÈ rsil-JaÈ rpen area in

JaÈ mtland, western central Sweden (Kisch, 1994).

In contrast, the marly samples show relatively high

c/b ®ssility ratios (de®ned as marls here are all non-

siltstone±sandstone samples with Icalcite 29.58 (average

C, B) > 2800 cps). When the shale±mudstone and

marly and siltstone±very ®ne sandstone lithologies are

plotted separately (Fig. 4), two close to parallel power

regression lines are obtained for the mudstone and

marly samples, the marly lithologies showing much

higher c/b cleavage bedding ®ssility ratios for a given

I10AÊ (0.58) C/B* intensity ratio (c/b= 2.72� (I10AÊ (0.58)

C/B*)0.542 (R = 0.829)) than the shale±mudstones (c/

b = 1.01� (I10AÊ (0.58) C/B*)0.735 (R = 0.924)); the silt-

stone±very ®ne sandstones show the lowest c/b ®ssility

ratios for a given I10AÊ (0.58) C/B* intensity ratio, and a

smaller increase in the c/b cleavage bedding ®ssility

ratios with the I10AÊ (0.58) C/B* intensity ratio than the

other lithologies.

Another conceivable e�ect on the relationship

between the c/b ®ssility ratio and the I10AÊ (0.58) C/B*

intensity ratio is the grade of metamorphism as

expressed by the illite `crystallinity' values in the

<2 mm fraction. For instance, enhanced recrystalliza-

tion of phyllosilicates in the cleavage direction at

higher metamorphic grades, particularly in the micro-

lithons, would conceivably a�ect the I10AÊ (0.58) C/B*

intensity ratio more than the c/b ®ssility ratio. In order

Fig. 4. Variation of the c/b cleavage/bedding ®ssility ratios with the
I10AÊ (0.58) C/B* intensity ratios: relation to lithology. Regressions are
given for (1) all samples; (2) shale, mudstone and marl (i.e. all
samples excluding siltstone and very ®ne sandstone); (3) calcite-poor

shale and mudstone (full dots); and (4) marl (open dots).
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to assess this e�ect the points were divided into two
classes of illite `crystallinity' values, IC<2 mm

<0.368D2Y and IC<2 mm r0.368D2Y; the ®rst group
includes all except one of the samples from Linthal,
Urnerboden and the SchaÈ chental. However, the plot of
the c/b ®ssility ratio against the I10AÊ (0.58) C/B* inten-
sity ratio showing these two classes of illite-`crystalli-
nity' values (Fig. 5) shows that the e�ect of the degree
of metamorphism is only very minor, expressed mainly
at the lower I10AÊ (0.58) C/B* intensity ratios.
A major di�erence appears to be the presence of the

initial crenulation cleavage common in the samples
from the Urnerboden and SchaÈ chental valleys (see sec-
tion on microfabrics). As shown above, this crenula-
tion cleavage is a second cleavage crenulating an

earlier slaty cleavage fabric, which is bedding-parallel
in most of the samples studied but locally at a distinct
angle to the bedding. The crenulated samples have
lower I10AÊ (0.58) C/B* intensity ratios (0.4±2 vs 0.7±13)
and c/b cleavage bedding ®ssility ratios (0.3±2 vs 1±8)
than most of the non-crenulated slates, mudstones and
marls (Fig. 6); the presence of crenulation cleavage has
a somewhat stronger e�ect on the c/b cleavage±bed-
ding ®ssility ratios than on the I10AÊ (0.58) C/B* intensity
ratios. These reduced ratios must mean that the strong
b-parallel orientation of the phyllosilicates, presumably
re¯ecting the enhancement of the bedding-parallel fab-
ric by the S1 slaty-fabric in the microlithons, predomi-
nates over any c-parallel phyllosilicate orientation in
the crenulation-cleavage domains. For good order, it
should be noted that the small c/b ®ssility ratios in the
crenulated samples could in part re¯ect the small
C < B angles measured in most of these samples.

In parallel with the above is the tendency for the
slates, mudstones and marlsÐi.e. all samples except
the siltstones±very ®ne sandstones and the strongly
bedding-laminated samples from the Gasperini
quarryÐwith a closely spaced (R30 mm) domainal clea-
vage to show higher values of the c/b ®ssility ratio for
given I10AÊ (0.58) C/B* intensity ratios than the samples
showing a more widely spaced (50±150 mm) domainal
cleavage; the latter include those with an incipient cre-
nulation-cleavage and phyllosilicate-rich cleavage
domains (Fig. 7).

Illite/chlorite ratios in the cleavage and bedding direc-
tions

In order to assess the possible preferential formation
of illite or chlorite in the cleavage relative to the bed-
ding as cleavage formation progresses, the mica/chlor-
ite ratio in the C slab divided by that in the B slab,

Fig. 5. Variation of the c/b cleavage/bedding ®ssility ratios with the
I10AÊ (0.58) C/B* intensity ratios: relation to illite `crystallinity' (<2 mm
size fraction). Separate regressions are given for shale, mudstone and
marl samples with IC<2 mm <0.368D2Y and IC<2 mm r0.368D2Y.
No regression given for the siltstone and very ®ne sandstone (all

with IC<2 mm r0.368D2Y).

Fig. 6. Variation of the c/b cleavage/bedding ®ssility ratios with the
I10AÊ (0.58) C/B* intensity ratios: relation to presence or absence of cre-

nulation cleavage.

Fig. 7. Variation of the c/b cleavage/bedding ®ssility ratios with the
I10AÊ (0.58) C/B* intensity ratios: relation to the cleavage-domain

spacing.
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hence referred to as the I10AÊ /I7AÊ C/B ratio, was plotted
against the I10AÊ (0.58) C/B* ratio (Fig. 8).
As found by Kisch (1994), there is a distinct ten-

dency for the illite/chlorite ratio to be somewhat lower
in the C slab that in the B slab in the incipient devel-
opment of phyllosilicate orientation, but to markedly
increase with increasing phyllosilicate orientation, so
as to be almost uniformly higher when the I10AÊ (0.58)

C/B* ratio exceeds unity. This increase in the I10AÊ /I7AÊ
C/B ratio is markedly stronger for the `higher-grade'
samples with IC<2 mm <0.368D2Y than for the `lower-
grade' samples with IC<2 mm r0.368D2Y; these `higher-
grade' samples ratios either contain chlorite-predomi-
nant mica±chlorite stacks, or show strong reorienta-
tion of clastic mica in the cleavage.
It is rather striking that if the I10AÊ /I7AÊ C/B ratio is

plotted directly against the c/b ®ssility ratio, rather
than against the I10AÊ (0.58) C/B* ratio, a rather good
positive relationship is obtained, which is even some-
what better than the relationship between the c/b ®ssi-
lity ratio and the I10AÊ (0.58) C/B* ratio. Again, the
e�ect is stronger for the `higher-grade' (IC<2 mm

<0.368D2Y) than for the `lower-grade' (IC<2 mm

r0.368D2Y) samples.

Degree of tectonic fabric development: the i/b intersec-
tion/bedding ®ssility ratio

Most of the i/b intersection/bedding ®ssility ratios
measured on the Helvetide samples (Fig. 9) plot in a
roughly I-constant band parallel to the c/b axis, predo-
minantly in the high i/b ratio part of the `Manilla
mudstone ®eld', i.e. towards the `shale ®eld' (Durney
and Kisch, 1994, ®gs 12 and 15). The average initial
bedding/cleavage ®ssility ratio b0/c0, obtained by pro-
jecting the samples back to the -C axis (or i/b = 1

axis) along parallel loci, is 5 (the reciprocal of the in-
itial cleavage/bedding ®ssility ratio of c0/b0=0.2), or
`strong' according to the divisions of Durney and
Kisch (1994, ®g. 4). However, as for the c/b cleavage/
bedding ®ssility, the i/b ratios for the crenulated
samples from the Linthal±Urnerboden±SchaÈ chental
area (from 2 to 5) are rather smaller than for most of
the other samples, which may be indicative of a higher
initial bedding anisotropy (b0/c0)Ðwhich may explain
the lower c/b ®ssility ratiosÐand/or a di�erent defor-
mation style for these samples (see Discussion).

DISCUSSION

Microfabric and the relationship between phyllosilicate
orientation and ®ssility morphology

Scatter in plots of the c/b ®ssility ratios against the
I10AÊ (0.58) C/B* intensity ratios re¯ects di�erences in
the relative development of cleavage ®ssility and the
total phyllosilicate fabric, i.e. in the cleavage domains
and the microlithons: a high c/b ®ssility ratio for a low
I10AÊ (0.58) C/B* intensity ratio re¯ects strong cleavage
®ssility for little overall cleavage-parallel phyllosilicate
orientation, and vice versa. Cleavage-domain develop-
ment enhances the development of cleavage ®ssility,
even in rocks showing little cleavage-parallel phyllosili-
cate orientation or retaining a strong bedding-parallel
(or S1-parallel) fabric in the microlithons, and there-
fore showing low I10AÊ (0.58) C/B* intensity ratios. In
the extreme case of cleavage domains consisting mainly
or entirely of non-phyllosilicate minerals such as opa-
ques, iron oxides and organic matter, without major

Fig. 8. Variation of the I10AÊ (0.58)/I7AÊ (0.58) C/B ratios with the
I10AÊ (0.58) C/B* intensity ratios: relation to illite `crystallinity' (<2 mm
size fraction). Separate regressions are given for shale, mudstone and
marl samples with IC<2 mm <0.368D2Y and IC<2 mm r0.368D2Y.
No regression given for the siltstone and very ®ne sandstone (all

with IC<2 mm r0.368D2Y).

Fig. 9. Three-axis plot of three-dimensional ®ssility ratio measure-
ments c/b and i/b after Durney and Kisch (1994). In departure of the
plot proposed by Durney and Kisch, in which the ln (c/b) and ln
(i/b) axes are at an angle of 608, these axes are here shown as orthog-
onal. The ®eld for the Manilla mudstones, Tamworth Belt, New
South Wales, Australia (Durney and Kisch, 1994, ®g. 12), is outlined

with a thin broken line.
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reorientation of phyllosilicates, either in the cleavage
domains or in the microlithons, appreciable c/b ®ssility
ratios for extremely low I10AÊ (0.58) C/B* intensity ratios
are to be expected.
Earlier, we have noted that samples with crenulation

cleavage have somewhat lower I10AÊ (0.58) C/B* ratios,
but much lower c/b cleavage/®ssility ratios than most
of the samples with non-crenulation domainal clea-
vages. The reduced I10AÊ (0.58) C/B* ratios probably
re¯ect the good bedding-parallel fabric, enhanced by
the S1 slaty fabric, in the microlithons, rather than the
nature of the crenulation cleavage. However, this fab-
ric in the microlithons by itself would be expected to
lower the I10AÊ (0.58) C/B* ratios much more strongly:
the rather minor amount of the reduction probably in-
dicates that its e�ect is in part counterbalanced by
good cleavage-parallel phyllosilicate orientation in the
cleavage domains. The markedly lower c/b cleavage±
®ssility ratios in the crenulated samples must mean
that these phyllosilicate-rich crenulation-cleavage
domains contribute relatively little to the cleavage ®s-
sility. An explanation of this small contribution may
lie in the partly zonal nature of the crenulation clea-
vage: the `frayed' transitions of the crenulation-clea-
vage domains into the microlithons, with clastic micas
commonly continuing through the cleavage domains at
an angle of up to 258 to the cleavage, presumably lend
relative toughness to the crenulation-cleavage domains.
The slate, mudstone and marl samples with closely

spaced (R30 mm) domainal cleavages tend to show
high values of the c/b ®ssility ratio for given I10AÊ (0.58)

C/B* intensity ratios compared to the samples showing
a more widely-spaced (50±150 mm) domainal cleavage,
notably those with an incipient crenulation cleavage
and phyllosilicate-rich cleavage domains.
Indeed there appears to be a distinct di�erence

between the phyllosilicate orientation±®ssility mor-
phology relationship in the samples in which the
domains are mainly phyllosilicate (this includes
samples with incipient crenulation cleavage), and those
in which they are mainly opaques: the former tend to
have low c/b ®ssility ratios for given I10AÊ (0.58) C/B*

intensity ratios; for the latter the relationship is oppo-
site.
As an example, compare the samples from south of

Linthal, Chlus (upper Urnerboden) and the upper
SchaÈ chental (Z91-1 to Z91-11), all with similar mid-
anchimetamorphic illite `crystallinities'. Z91-1, Z91-2A,
Z91-2B, Z91-8 and Z91-9 show incipient crenulation
cleavages with distinct cleavage-parallel phyllosilicate
reorientation in the smooth cleavage domains spaced
some 50±100 mm, and de¯ection towards this orien-
tation in the outer adjoining microlithon margins (in
part `zonal' crenulation cleavage): this fabric is
re¯ected in low c/b ®ssility ratios for their I10AÊ (0.58) C/
B* intensity ratios (the same holds for Z91-4, but here
the cleavage domains are restricted to a subordinate
thin bed). In contrast, the continuous S2 crenulation-

cleavage domains of Z91-3 essentially consist of
opaques without phyllosilicate re-orientation, resulting
in a high c/b ®ssility ratio, while Z91-6, Z91-7 and
Z91-11 have very closely spaced (120 mm) cleavage
domains resulting in high c/b ®ssility ratios for the
already high I10AÊ (0.58) C/B* intensity ratios re¯ecting
the advanced phyllosilicate orientation in both the
cleavage domains and the microlithons (almost com-
plete in Z91-7).

Illite±chlorite ratios

These crenulated slates are rich in mica±chlorite
`stacks', which supports the view that the earlier-noted
high I10AÊ /I7AÊ C/B ratios found in some of these at
least in part re¯ect the growth of chlorite in the bed-
ding-parallel mica±chlorite `stacks'. The predominantly
chloritic composition of many of the stacks suggests
chloritization of clastic biotite rather than (or in ad-
dition to) chlorite growth in the voids between ¯akes
of extended clastic white mica as the predominant pro-
cess of formation of this chlorite (cf. White et al.,
1985; Dimberline, 1986; Li et al., 1996; Ho et al.,
1995).

Di�erences in orientation of mica and chlorite have
been noted in X-ray texture goniometry studies of inci-
pient cleavage, for instance in the mudstone-to-slate
transition in the Martinsburg Formation at Lehigh
Gap, Pennsylvania (Holeywell and Tullis, 1975; Ho et
al., 1995) at high-anchizone grade (Wintsch et al.,
1991): in the mudstone zone, the mica basal planes are
parallel to the bedding, whereas the preferred orien-
tation of the chlorite is up to 308 shallower than the
bedding; this angular di�erence between chlorite and
mica decreases towards the transition zone, where their
preferred orientations are intermediate to cleavage and
bedding. In contrast, Ishii (1988) found that, beyond a
metamorphic grade of IC = 0.29, chlorite showed a
better cleavage-parallel orientation than illite. In a pro-
grade slate sequence from Central Wales, Ho et al.
(1996) found that at the lower grades the preferred
orientation of mica and chlorite were similar; in the
higher grades, anchizone and epizone, the preferred
orientations of mica were mainly in the cleavage orien-
tation, whereas those of chlorite were largely parallel
to bedding. They concluded that growth of minerals in
the cleavage orientation in the higher-grade samples is
dominated by the dissolution and neocrystallization of
mica.

The `higher-grade' samples with IC<2 mm

<0.368D2Y that show high I10AÊ /I7AÊ C/B ratiosÐi.e.
much higher I10AÊ /I7AÊ ratios in the C- than the B-
slabÐat increased I10AÊ (0.58) C/B* ratios either contain
chlorite-predominant mica±chlorite stacks, or show
strong reorientation of clastic mica in the cleavage
direction. These high ratios could therefore re¯ect
either or both the following relative tendencies: (1)
increase in the formation of cleavage-parallel mica or
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in the preferential re-orientation of mica in the clea-
vage direction; and (2) increase in the formation of
bedding-parallel chlorite during cleavage development,
speci®cally the growth of chlorite on clastic mica
during formation of chlorite±mica `stacks'.

Degree of tectonic fabric development and initial bed-
ding/cleavage ®ssility ratio

The fact that most of the i/b intersection/bedding
ratios plot in a roughly I-constant band parallel to the
c/b axis suggests that the tectonic deformation style
that gave rise to these cleavages was essentially similar,
with similar strong initial bedding anisotropies of
c0/b0=0.2.
However, the i/b ratios for the crenulated samples

from the Linthal±Urnerboden±SchaÈ chental area (from
2 to 5) are rather smaller than for most of the other
samples. If the tectonic deformation style that gave
rise to these crenulation cleavages was the same as for
the more `penetrative' cleavages, and the initial aniso-
tropies were similar, then the tectonic deformation that
gave rise to these crenulation cleavages must have
been weaker than for the more `penetrative' cleavages.
This di�erence accords with the crenulation cleavages
being second-generation S2 cleavages, whereas the
`penetrative' cleavages are largely S1 cleavages.
However, the crenulation cleavages were observed to
have been superimposed on an earlier, largely bedding-
parallel, slaty fabric, presumably having a high initial
bedding-parallel anisotropy. A higher initial bedding-
parallel anisotropy for the crenulated samples would
require a di�erent tectonic style for the deformation
that gave rise to the crenulation cleavage, for instance
more alike to the non-plane ®ssility-fragment loci N1

and N2 in Durney and Kisch (1994, ®g. 8B), rather
than a weaker tectonic deformation. This could be
suggested by the ¯atter slope of the band occupied by
the points for the crenulated samples alone (Fig. 9),
which projects back to a very high initial bedding/clea-
vage ®ssility ratio b0/c0Ð`b0' in this case representing
(S0 + S1)0, and `c0' representing (S2)0. However, the
small amount of data at hand do not allow a choice
between these two possibilities.

CONCLUSIONS

The c/b ®ssility ratio and the I10AÊ (0.58) C/B* ratio,
respectively, represent the intensity of cleavage ®ssility
relative to bedding ®ssility, and the overall degree of
cleavage-parallel relative to bedding-parallel phyllosili-
cate orientation. Both are parameters of relative clea-
vage intensity, but they do not express exactly the
same attributes of cleavage. The departure from a lin-
ear relationship between these two parameters can
therefore provide useful indications of the type of in-
cipient cleavage fabric developed, and help in detecting

the presence of an earlier cleavage, while the di�er-

ences in the I10AÊ /I7AÊ C/B ratios provide information as

to the relative formation of illite and chlorite during

formation of the cleavage fabric in the cleavage

domains and in the chlorite±mica `stacks'.

The scatter in a plot of the c/b ®ssility ratio against

the I10AÊ (0.58) C/B* ratio for a series of samples of

Tertiary ¯ysch from the Helvetic zone of the Swiss

Alps is markedly reduced when subgroups of samples

with di�erent lithology and microstructure are con-

sidered separately.

1. The siltstones and very ®ne sandstones and samples

with a pronounced lithological bedding inhomogen-

eity show a much slower increase of the c/b ®ssility

ratio with the I10AÊ (0.58) C/B* ratio than do the slaty

shales, mudstones and marls.

2. The samples with anchimetamorphic and `diage-

netic' illite `crystallinity' values show rather similar

relationships.

3. The samples with crenulated and the non-crenulated

microfabrics show similar increases of the c/b ®ssi-

lity ratio with the I10AÊ (0.58) C/B* ratios; however,

the samples with crenulation cleavage have some-

what lower I10AÊ (0.58) C/B* ratios and appreciably

lower c/b cleavage/®ssility ratios than the samples

with non-crenulation domainal cleavages. As the

crenulation cleavage in these samples was superim-

posed on an earlier slaty-cleavage fabric, this di�er-

ence re¯ects the enhancement of the bedding-

parallel phyllosilicate orientation by persistence of

this earlier, largely bedding-parallel fabric in the

microlithons of the crenulated, but not of the non-

crenulated samples. The crenulation-cleavage

domains also show wider spacings (50±150 mm)

than the cleavage domains in most of the non-cre-

nulated samples (<30 mm).

4. There is a distinct tendency for the illite/chlorite

ratio to be somewhat lower in the C slab that in the

B slab in the incipient development of phyllosilicate

orientation, but to markedly increase with increas-

ing phyllosilicate orientation, so as to be almost

uniformly higher when the I10AÊ (0.58) C/B* ratio

exceeds unity. The strong increase in the I10AÊ /I7AÊ C/

B ratio in the `higher-grade' samples with IC<2 mm

<0.368D2Y should re¯ect either or both of the fol-

lowing relative tendencies: (1) increase in the for-

mation of cleavage-parallel mica or in the

preferential re-orientation of mica in the cleavage

direction; and (2) increase in the formation of bed-

ding-parallel chlorite during cleavage development,

speci®cally the growth of chlorite on clastic mica

during formation of chlorite±mica `stacks'.

5. A more extensive use of the intersection/bedding ®s-

sility ratio i/b is likely to help in assessing the e�ect

of lithology, particularly the e�ect of the initial bed-

ding anisotropy.
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