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Abstract

Phyllosilicate preferred orientations, X-ray diffraction intensity ratios, and c¢/b fissility ratios were determined from 23
metasedimentary rocks from the Helvetic zone of the Swiss Alps and from the Caledonides of Jiamtland, Sweden. The
relationships between these parameters of phyllosilicate orientation depend strongly on the lithology and the cleavage
morphology. Differences in orientation direction and in degree of preferred orientation reflect both deformation intensities and
lithologies. Whereas polyphase deformed, fine-grained samples generally have phyllosilicates that are oriented parallel to
cleavage showing high orientation intensities, phyllosilicates in less deformed and/or coarse-grained rocks are oriented parallel to
bedding with low orientation intensities. Weak orientation intensities in samples with phyllosilicates that are oriented parallel to
bedding reflect compaction strain. The higher strain in samples with micas and chlorites that are parallel to cleavage is a
combination of compaction and tectonic strain due to the development of crenulation cleavage. © 2000 Elsevier Science Ltd.

All rights reserved.

1. Introduction

The preferred crystallographic orientation of phyllo-
silicates in argillaceous rocks reflects the strain and the
degree of reorientation of platy minerals during clea-
vage formation in these rocks. The importance of the
development of preferred orientations of phyllosili-
cates, particularly of mica and chlorite, has been stu-
died by many authors to investigate mechanisms of
cleavage development (Holleywell and Tullis, 1975; Ho
et al., 1995, 1996) or to estimate finite strain (Chen
and Oertel, 1980; Oertel, 1983; Oertel et al., 1989).

* Corresponding author.
E-mail  addresses:  jacob@geologie.uni-halle.de (G. Jacob),
kisch@bgumail.bgu.ac.il (H.J. Kisch), vdpluijm@umich.edu (B.A.
van der Pluijm).

Cleavage development in pelites is closely related to
the development of phyllosilicate preferred orientations
(Ramsay and Huber, 1983). Phyllosilicate pole figure
measurement is one of only a few ways to represent
strain in pelitic rocks, and the determination of phyllo-
silicate preferred orientation also allows a quantifi-
cation of the degree of cleavage development
(Sintubin, 1994a).

The determination of the preferred orientation of
phyllosilicates is generally done by X-ray goniometry.
Although the latter method has specific advantages
(suitable for a wide range of minerals, rapid determi-
nation of orientations, large number of grains), it
requires special equipment (special stage—see van der
Pluijm et al., 1994), and so is not universally available.
Kisch (1994, 1998) combined the measurement of X-
ray diffraction intensity ratios of the (001)-reflections
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of white mica, and the (002)-reflection of chlorite in
cleavage- and bedding-parallel slabs with the dimen-
sional aspect ratios of fissility fragments (the cleavage/
bedding fissility ratios after Durney and Kisch, 1994)
to establish combined criteria for a quantitative
description of incipient slaty cleavage. Both the X-ray
intensity ratios and the ¢/b fissility ratios reflect relative
cleavage intensities, but they do not relate exactly to
the same aspect of the fabric. The X-ray intensity ratio
provides information about the orientation of phyllosi-
licates during the development of cleavage fabrics, and
about the relative formation of illite and chlorite in
cleavage domains and in chlorite-mica aggregates. The
fissility ratios depend on both the overall phyllosilicate
orientation and the cleavage microstructure, particu-
larly on the morphology and on the spacing of clea-
vage domains, and on the intensity of a bedding-
parallel cleavage fabric in the microlithons of rocks
with a crenulation cleavage.

The purpose of this paper is to compare results of
phyllosilicate preferred orientation measurements with
X-ray diffraction intensity ratios and c¢/b fissility ratios
measured on a series of metasediments of various stra-
tigraphical positions, and from different locations
(Tertiary flysch of the Helvetic Alps, and Ordovician
and Silurian metasediments of the Caledonides of
Jamtland, western central Sweden). The intensities of
phyllosilicate preferred orientation will be used to ver-
ify different parameters of cleavage intensities, such as
X-ray intensity ratios and cleavage/bedding fissility
ratios.

2. Sample locations and descriptions

Samples were selected from suites of rocks collected
from Tertiary flysch of the Helvetic Alps and from
Ordovician to Silurian series of the Jidmtlandian
nappes (lower Allochthon) of the external Caledonides
of Jiamtland Province, western central Sweden. The
sample localities are listed in Table 1 (see also Kisch,
1980, 1994, 1998).

The localities in the Helvetic Alps are part of the
Infrahelvetic complex; i.e. all units underlying the
Glarus thrust, which is the basal thrust of the Helvetic
nappe system (Milnes and Pfiffner, 1977; Arkai et al.,
1997; Pfiffner, 1978). Most of the samples are from the
Subhelvetic Griesstock Nappe and the Upper Eocene
to Lower Oligocene parautochthonous North Helvetic
Flysch (area 1 — Linthal-Urnerboden—upper
Schichental-Triibsee of Kisch, 1998).

The samples of the Swiss Alps represent a suite of
fine, silty shales, mudstones and slaty, marly claystones
with a smooth incipient slaty or crenulation cleavage.
The crenulation cleavage is predominantly discrete, but
in most samples the micas in the margins of the micro-

lithons show deflection into the cleavage domains, giv-
ing them diffuse boundaries (zonal crenulation
cleavage in the sense of Gray, 1977). The crenulated
fabric is an earlier penetrative slaty S;-cleavage, which
is bedding-parallel in most cases (Kisch, 1998).

The Swedish samples were collected from the
Ordovician Féllinge Graywacke Formation and one
(N92-7) from the Middle Silurian Rode Sandstone
Formation, from two anchimetamorphic areas in the
internal part of the Follinge Nappe (Asklund and
Thorslund, 1935)—the Morsil-Jarpen—Béangasen area
to the south and the Follinge area to the north. One
additional sample (N78-59B) was studied from the
Middle Ordovician Andersén Shale on Norderén
island in the low-grade anchizone of the external
underlying lower thrust sheets of the southeastern
Storsjon area (Sunne Nappe of Thorslund, 1940 and
Froson Allochthon or Fréson Nappe of Gee and
Kumpulainen, 1980).

With three exceptions, all of the samples of the
Swedish Caledonides are mudstones and siltstones
with almost no, or only a very incipient, crenulation
cleavage. The siltstones show a domainal, discontinu-
ous sometimes anastomosing cleavage, whereas the
finer mudstones (N78-8A, 59B, N92-15D, 17A), and
the three claystone samples (N92-15G, 18B, 20) show
an incipient crenulation cleavage. The crenulation clea-
vage in these samples is predominantly zonal; some of
the clastic micas at the margins of the cleavage
domains are rotated and sigmoidally deformed. There
is no crenulation cleavage in the coarser grained silt-
stones (N78-7, 44B, 47A, N92-6, 18A) or in the sandy
siltstone (N92-15F). Only irregular, discontinuous clea-
vage domains and poorly marked bedding fabrics were
found. There is no significant crystallization of mica in
the cleavage domains, but abundant bedding-parallel
clastic mica. For additional details of the lithology,
cleavage type, and localities of the samples the reader
is referred to Kisch (1994, 1998).

3. Methods and sample preparation

The samples were studied by optical microscopy,
scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD). Cleavage/bedding fissility ratios (c/b
ratio), after Durney and Kisch (1994), were determined
in the field. These ratios are quantified by the measure-
ment of the aspect ratios of fissility fragments in the
cleavage direction relative to the bedding direction.
The ratios are measured along the cleavage- and bed-
ding-fabric anisotropy on the plane normal to the bed-
ding/cleavage intersection. The measurements were
made on the real cleavage and bedding directions, and
then, if not perpendicular, the angle was corrected to
oblique ¢/b values.
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Locations, lithology and cleavage type of samples

247

Sample Locality Lithology/size of detrital grains Cleavage morphology
No.
Z91-1 1.5 km SSE of Linthal, northern end of claystone/ < 10 pm discrete and locally zonal crenulation,
second road tunnel CDS 30-100 pm
Z 91-2A 1.5 km SSE of Linthal, northern end of slaty mudstone/ < 20 pm discrete and zonal crenulation, CDS 30—
second road tunnel 100 um
7 91-3 1.5 km SSE of Linthal, northern end of calcareous siltstone with claystone and silty  discrete and zonal crenulation in
second road tunnel mudstone beds/ < 20 pm; in silty layers claystone layers, CDS 50-100 um;
quartz-grains 20—100 pm; chlorite mica anastomosing in silty layers
stacks ~ 100 pm
Z91-6  NE Asch, Vorder Schichental calcareous silty mudstone with mudstone domainal sinuous anastomosing in silty
layers/20—40 pm layers, CDS 20 um; discontinuous
anastomosing in mudstone layers, no
crenulation, CDS 50 pm
Z 91-7  NE Asch, Vorder Schichental slaty mudstone/ < 20 pm domainal sinuous, no crenulation, CDS
15 pm
7 91-8  Wanneler Bach, Vorder Schichental slaty calcareous mudstone/10—-40 um discrete and zonal crenulation, CDS 50—
100 pm
Z 91-9  Wanneler Bach, Vorder Schichental mudstone with laminae of calcareous zonal and some discrete crenulation in
siltstone/ < 30 pm mudstone layers, CDS 40-150 pm
Z 91-10 Fritertal, N of Friteren, Vorder Schichental calcareous slaty mudstone/10-40 pm local zonal crenulation, CDS 30 um
Z 91-13  SE of Triibsees, S of Engelberg marly siltstone/20-70 pm domainal anastomosing, no crenulation
CDS 30-50 pm
N 78-5 W Follinge slaty mudstone, many chlorite-mica stacks/ domainal anastomosing, no crenulation,
10-70 pm; stacks ~100 pm CDS 50 pm
N78-7  Follinge—Lillholmsjo siltstone/10-70 pm zonal, discontinuous, domainal, no
crenulation, CDS 100-200 pm
N78-8A NW Follinge silty mudstone/20—-100 pm discontinuous, locally zonal crenulation,
CDS 50 pm
N78- E Jarpen bedded silty mudstone with claystone and discontinuous anastomosing, no
44B quartz-rich siltstone layers/ < 10 um in crenulation, CDS 70 pm
claystone layers; 20—70 um in silty layers
N78- Morsil-Jéarpen siltstone/20-100 um domainal anastomosing, no crenulation,
47A CDS ~100 pm
N78- N Norderon slaty mudstone/10-70 pm domainal, locally zonal crenulation, CDS
59B 50 um
N92-6  E Morsil siltstone/10-100 um domainal, discontinuous anastomosing,
no crenulation, CDS 50—-80 um
N92- W Féllinge slaty mudstone/20—-50 pm domainal, continuous, locally zonal
15D crenulation, CDS 30 um
N92- W Follinge sandy siltstone/50-250 pm domainal, discontinuous anastomosing,
15F no crenulation, CDS ~200 pm
N92- W Féllinge slaty claystone/ < 10 pm domainal, locally zonal crenulation, CDS
15G 30 um
N92- NW Follinge mudstone/10—40 um domainal, discontinuous, locally zonal
17A crenulation, CDS 20 um
N92- Follinge Skédrvangen silty mudstone with layers of quartz-rich domainal, discontinuous, no crenulation,
18A siltstone/10-100 um CDS 20-50 pm
N92- Follinge Skérvangen claystone/ < 10 pm domainal, locally zonal crenulation, CDS
18B 20 pm
N92-20  Follinge—Lillholmsjé slaty claystone/ < 10 pm domainal, locally zonal crenulation, CDS

10-20 pm

The illite crystallinities (IC; i.e. the full-width-at-
half-maximum (FWHM) of the 10 A basal reflection
of illite—muscovite) were measured by X-ray diffracto-
metry (XRD) in order to determine the metamorphic
grade of the samples. The measurements were per-
formed on slides (air-dried and Ca-saturated powder

samples) of the <2 um fraction. The measurements
were carried out at the Department of Geology &
Mineralogy in Beer-Sheva with a Philips generator
1730/goniometer 1050 with the following instrumental
and measuring settings: Cu Ka, normal focus tube, Ni-
filter, slits 1°-0.2 mm—1°, Xenon proportional detector
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Fig. 1. Selected BSE images of samples with chlorite-mica aggregates: (A) and (B) sample Z91-13; (C) and (D) sample Z91-7. Mica (illite/musco-
vite — Mu), chlorite (Chl), and orientation of bedding (B), and cleavage (C) are labeled. (A) Voltage=20.0 kV, magnification x 1.5k, scale
bar=20 pm. (B) 20.0 kV, x 1.5k, scale bar=20 pm. (C) 20.0 kV, x 1.0k, scale bar=50 um. (D) 20.0 kV, x 1.5, scale bar=20 um. See text for dis-

cussions.

(PW 1711), T.C. = 2 sec for scan rate 0.6° 26/min (or
T.C. = 1 sec for scan rate 1.2° 26/min).

The high- and low-grade limits of the anchizone cor-
respond to 10 A peak half-height widths of 0.21° and
0.37-0.38° A20 (Kisch, 1980, 1990).

Polished bedding- and cleavage-parallel slabs were
used for the measurements of the X-ray intensity ratios
of illite/muscovite (001)-reflections. To avoid a slab-
size dependent variation of the measured X-ray inten-
sity values it is important to cut the slabs at a width of
at least 18 mm (Kisch, 1994). The intensities of the
low-angle reflections of mica and chlorite at 10 A and
7 A were measured using a divergence/scatter slit set
of 0.5°. In addition these intensities were measured
using a slit set of 1°. All measurements were performed
without removing the slabs from the sample holder.

The crystallographic preferred orientations of phyl-
losilicates were measured on a modified X-ray pole
figure device attached to an automated Enraf-Nonius
CAD4 single-crystal diffractometer with Mo Ka-radi-
ation source and scintillation detector. Detailed instru-

mentation and correction procedures are described in
van der Pluijm et al. (1994) and Ho (1997).

The X-ray goniometry measurements and the SEM
observations were performed on polished sections of
about 200 um thickness. The sections were cut perpen-
dicular to both bedding and cleavage. The exact thick-
ness of each sample was measured to calculate the X-
ray absorption factors.

4. Results
4.1. SEM

Three types of phyllosilicate microstructures were
observed by SEM observations:

Type 1. Fine-grained mica and chlorite in the
matrix. The size of these phyllosilicate aggregates
are less than 20 um, which is too small to be
resolved by SEM.
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Type 2. Fine-grained mica and chlorite in the clea-
vage domains. The grains are too small (less than
20 um) for SEM observations. The mainly cleavage-
parallel crystals are authigenic in origin. Some of
these phyllosilicates were rotated during the for-
mation of the crenulation cleavage.

Type 3. Large chlorite—-mica aggregates. These
stacks are variably dominated by chlorite and by
muscovite/illite. The stacks are detrital or early
diagenetic in origin, and at least the chlorite domi-
nated stacks are modified biotite grains formed by
replacement of biotite by chlorite during diagenesis
and metamorphism, as described by Li et al. (1994).

A large proportion of the stacks consists almost
entirely of chlorite with very subordinate muscovite
lamellae, others have chlorite centers with muscovite
margins. The mainly bedding-parallel chlorite—mica
stacks show different morphologies, depending on the
deformation mechanisms and the intensity of cleavage
formation. In samples with incipient and less devel-
oped cleavage the aggregates are roughly rectangular
or ellipsoidal, with the longest dimension parallel to
the crystallographic (001)-plane of both mica and
chlorite. In samples with a stronger crenulation clea-
vage the chlorite—mica stack aggregates are deformed
and irregular in shape. The observed deformation
mechanisms are mainly rigid-body rotation and intra-
granular kinking with external deformation of the
aggregates being stronger than the internal defor-
mation. Large and relatively thin stacks show kinking
and they are cross-cut by cleavage-planes (Fig. 1b and
c), whereas the thicker aggregates are rotated or
dragged with respect to the shear direction on the cre-
nulation cleavage planes (Fig. 1a and d).

4.2. Metamorphic grade—illite crystallinity

The results of the illite crystallinity (IC) measure-
ments of the <2 um fraction of the samples collected
for this study are listed in Table 2 and are used to esti-
mate the metamorphic grade.

The peak-width values of the Swiss samples range
between 0.27 and 0.39° A26. Using the low- and high-
grade limits of the anchizone of Kisch (1980, 1990),
the metamorphic grade can be determined as low- to
medium-grade anchizonal with one high-grade dia-
genetic exception (Z91-7). Metamorphism of the
samples from Jdmtland is medium-grade anchizonal in
the Morsil-Jarpen—Béangasen area (0.25-0.27° A20)
and low- to medium-grade anchizonal in the Follinge
area (0.27-0.31° A20).

10.0
y=0.34x +1.39
2 _

.8 R*=0.52
s
)
2
= 10}
> s
2
-
a o
© o

0.1 " A e " " R RN § " Al

0.1 1.0 10.0 100.0

110A (0.5) C/B

Fig. 2. Variation of the ¢/b cleavage/bedding fissility ratios with the
110 A (0.5°) C/B ratios.

4.3. Phyllosilicate orientation and cleavage/bedding
fissility ratio

The ¢/b fissility ratios as measured in the field and
the I110A (0.5°) C/B intensity ratios are shown in Table
2. The fissility ratios range from 0.30 to 6.00 for the
Swiss samples and from 0.67 to 3.00 for the samples
from Jamtland. The 10 A intensity ratios range from
0.31 to 11.00 and from 0.34 to 2.47, respectively.
There are no obvious differences between the values of
the ¢/b fissility ratios of the two regions, but the 110 A
(0.5°) C/B intensity ratios of the samples of the
Helvetic Alps seem to be slightly higher than those of
the Jimtland samples.

The ¢/b fissility ratios have been plotted against the
110 A (0.5°) C/B intensity ratios for all measured
samples (Fig. 2). The plot shows a rather scattered cor-
relation, with a regression of:

¢/b=0.34x110 A(0.5)C/B+1.39 (R>=0.52).

As mentioned by Kisch (1998), a major reason for the
divergence of some samples from this relationship
appears to reside in the lithology of the samples.
Indeed, the lithology of the investigated samples shows
a relationship to the type of cleavage. Apart from the
composition a major difference is the presence of an
initial crenulation cleavage in all of the claystone and
mudstone samples. When the coarser-grained silty
samples with no crenulation cleavage are removed
from consideration, a better relationship is obtained

(Fig. 3):
¢/b=0.42110 A x (0.5)C/B+1.30 (R® = 0.90).

In contrast to Kisch (1994, 1998) the marly samples
show lower ¢/b fissility ratios for given 110 A (0.5°) C/
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Fig. 3. Variation of the ¢/b cleavage/bedding fissility ratios with the
110 A (0.5°) C/B ratios: relation to lithology and cleavage mor-
phology.

B intensity ratios than the claystone/mudstone samples
(Fig. 3).

With one exception (Z91-7) there are no significant
differences between the 110 A (0.5°) C/B intensity
ratios and the ¢/b fissility ratios for the non-marly cre-
nulated samples and the samples without a crenulation
cleavage. The silty, non-crenulated samples show a
somewhat narrower range for the 110 A (0.5°) C/B
intensity ratios, but a wider range for the ¢/b fissility
ratios than do the finer-grained claystone/mudstone
samples with an incipient crenulation cleavage.

4.4. Crystallographic preferred orientation

The preferred orientation of phyllosilicates was
measured in transmission mode. The transmission geo-
metry allows a maximum reduction of surface effects
(Oertel, 1978), and this mode is recommended for

Table 3
Maximum values and contour intervals for projections in Fig. 4

phases with low 26 diffraction angles, such as phyllosi-
licates.

Intensity data were measured on nine samples from
the Helvetic Alps and 14 samples from the Swedish
Caledonides using a pole-figure device. The data were
corrected for background, irradiation volume, and
absorption effects. The final values were normalized
and weighted, and the intensities were expressed as
multiples of a random distribution (mrd) after two
smoothing cycles. The mrd is equivalent to a percen-
tage of 1% area (Wenk, 1985). The orientation distri-
butions were plotted on lower hemisphere equal-area
projections. For the calculation of the March strain
from the contour ellipses, the pole figures were rotated
so that the maxima are oriented in the center of the
plot (i.e. normal to cleavage, or to bedding if the maxi-
mum is parallel to bedding).

In all samples measurements were made from illite/
muscovite  (001)  reflections (corresponding to
d=10 A), the chlorite (001) reflections (corresponding
to d=14 A), and the chlorite/kaolinite (002) reflec-
tions (corresponding to d =7 /ok). Prior to the orien-
tation measurements, a full 20 scan was made to
determine the precise diffraction angles for these
phases and to determine the background correction.

The results of the measurements of preferred orien-
tation (after correction and smoothing) are listed in
Table 2. The crystallographic preferred orientations of
phyllosilicates (both mica and chlorite) change from
bedding-parallel, to intermediate between cleavage and
bedding, to parallel to cleavage. There are no differ-
ences between the preferred orientations of mica and
chlorite in individual samples, but their intensities dif-
fer; Fig. 4 shows representative results (pole figure
plots) (Table 3). The variations in both orientation
and intensity of the various samples, and between the
different regions, is remarkable. The maximum orien-
tation intensities for all samples range from 2.35 to
12.91 for mica (001), from 2.86 to 16.71 for chlorite

Sample No. Mica (001) Chlorite (001) Chlorite/Kaolinite (002)
Max Contour interval Max Contour interval Max Contour interval
Z91-1 7.08 0.67 7.99 0.78 7.85 0.78
7Z91-2A 9.20 0.95 8.88 0.89 6.44 0.65
791-3 6.55 0.65 10.70 1.11 7.63 0.78
791-6 10.43 1.05 13.73 1.45 9.68 0.95
791-8 7.46 0.70 11.96 1.20 8.20 0.80
791-9 8.44 0.80 12.38 1.25 9.05 0.85
Z91-10 12.15 1.30 11.33 1.20 9.79 1.00
791-13 8.85 0.85 14.89 1.55 6.96 0.65
N78-44Bf 8.20 0.80 5.64 0.83 5.42 0.53
N78-47a 4.08 0.33 3.48 0.55 2.65 0.55
N78-59B 5.47 0.53 12.46 1.25 4.36 0.44
N92-15G 8.65 0.85 14.29 1.55 9.97 1.00
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Chilorite (001) Chilorite (002) Mica (001)

Z91-6

Fig. 4. Equal area projections of mica (001), and chlorite (001) and (002). Poles to cleavage and bedding are marked. No data can be obtained in
the central area of the projections, due to the angular limitation of the transmission mode. Plots are contoured in multiples of random distri-
bution (mrd). Maximum and contour intervals for each sample are listed in Table 3.

(001), and from 2.45 to 10.77 for chlorite/kaolinite
(002). The orientation intensity strongly depends on
the homogeneity, the lithological composition and the
amount and size of detrital grains of the samples. The
highest intensity values were obtained in samples

where the intensity maxima (i.e. the phyllosilicates) are
oriented parallel to the cleavage or in transition
between bedding and cleavage. The high orientation
intensities are characterized by high maximum count
values, whereas some of the low orientation intensities
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Chlorite (001)

Chlorite (002)

Mica (001)

Z91-13

Fig. 4 (continued)

show very low count values in the maxima. Samples
with mica and chlorite preferred orientation parallel to
the cleavage generally show higher orientation maxima
than those with a phyllosilicate preferred orientation
parallel to the bedding planes. A difference in the
intensities of the orientation maxima of the two
regions is clear. The phyllosilicate preferred orien-
tations in the samples of the Helvetic Alps are much
stronger in intensity than in those of the Jdmtland
samples. In all samples from the Swiss Alps the phyllo-

silicate orientation is parallel to the cleavage or in
between cleavage and bedding. The maximum intensi-
ties (in mrd) range from 6.55 to 12.91 for mica (001),
from 7.99 to 16.71 for chlorite (001), and from 6.44 to
10.59 for chlorite/kaolinite (002).

The maximum intensities for the Jimtland samples
are significantly lower than those of the Swiss samples.
With few exceptions (N78-59B, N92-15G, N92-20) the
phyllosilicates are oriented parallel to bedding. The
intensity values range from 2.39 to 8.65 for mica (001),
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Chlorite (001)

Chilorite (002)

Mica (001)

Fig. 4 (continued)

from 2.86 to 14.29 for chlorite (001), and from 2.45 to
9.97 for chlorite/kaolinite (002). Considering the phyl-
losilicate orientation, there is a trend to higher orien-
tation values in samples with cleavage-parallel or
transitional bedding/cleavage orientation (5.47 to 8.65
for mica (001), 5.64 to 14.29 for chlorite (001), 4.36 to
9.97 for chlorite/kaolinite (002), samples N78-44Bf,
N78-59B, N92-15G, N92-20). The ranges for samples
with bedding-parallel phyllosilicate preferred orien-

tations are 2.39 to 4.22 for mica (001), 2.86 to 8.36 for
chlorite (002), and 2.45 to 5.34 for chlorite/kaolinite
(002). Sample N78-44Bg does not contain chlorite. In
samples N92-6, N92-15F and N78-8A the chlorite
(001) peak and the chlorite/kaolinite (002) peak,
respectively, were not detected. In samples with bed-
ding-parallel phyllosilicate preferred orientations (i.e.
the samples with ill-defined maxima) the maximum
orientation intensities of the mica (001) reflections are
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connected with low numbers of counts in the maxima,
whereas the samples with well-defined maxima result
from larger numbers of counts (Table 2).

With few exceptions (Z91-2A, Z91-10, N78-44Bf),
the chlorite preferred orientation is significantly stron-
ger than that for mica. The orientation of the chlorite/
kaolinite (002) reflections is weaker than that of the
chlorite (001) reflections in most of the samples, but in
most cases the absolute number of counts in the max-
ima of the (002) reflections is considerably higher than
for the (001) reflections. With two exceptions the
(001)/(002) intensity ratios range between 0.88 and
1.58. There is no obvious relationship between this
ratio and the orientation of the maxima (parallel to
cleavage or bedding).

4.5. March strains

The March model (March, 1932) has been used by
several authors (Lisphie et al., 1976; Etheridge and
Oertel, 1979; Curtis et al., 1980; Oertel, 1983; Chen
and Oertel, 1991) to calculate principal preferred orien-
tation densities and strains in some natural rocks.
March (1932) considered the rotation of planes and
lines during homogeneous deformation that affected
all components of a given material. The elements in
his model are passive markers which are reoriented by
the strain. Thus the model represents an analytical re-
lationship between strain and preferred orientation of
markers. This relationship is subject to some assump-
tions:

unimodal orientation distribution;

constant volume;

initially random distribution of markers;
homogeneous deformation of both markers and
matrix;

e March strain reflecting the total cumulative defor-
mation of the sample from deposition onward.

Only few phyllosilicate-rich rocks fit these constraints,
but some correlation with results of strain determi-
nations on independent strain markers (Oertel, 1970;
Tullis and Wood, 1975; Oertel et al., 1989) show that
the strain values obtained by the March model are
acceptable.

March (1932) derived a formula to describe the re-
lationship between strain and preferred orientation:
e = pfl/ o1
where ¢; is the principal strain, expressed as the ratio
of the change of length to the original length, and p; is
a principal pole density of planar markers, normalized
by dividing it by the average pole density for all orien-
tations.

Orientations of the markers can be measured by

pole figure analysis, and changes of orientations are
reflected in changes of the pole figures.

March strain values and the parameters for the
strain ellipsoid are listed in Table 4, and they are
plotted in Fig. 5. This FLINN-plot (Flinn, 1962) is a
graphical representation of the shape of strain ellip-
soids made by plotting R,. versus R, (Ramsay and
Huber, 1983). The maximum March strains occur in
the samples Z91-7, Z91-10 (Swiss) and N92-15G
(Jimtland), and minimum values in the samples Z91-1
(Swiss), N78-5 and N78-18A, respectively. There are
no significant differences in the trends of the strain
values of mica and chlorite. In the FLINN-plot the
values of mica and chlorite both plot in the field of
axial shortening (apparent flattening) and the ellipsoids
are all oblate. Therefore their intensities can be directly
compared.

5. Discussion and conclusions

The samples of the Helvetic Alps are characterized
by cleavage-parallel or -subparallel mica and chlorite
preferred orientations, whereas most of the samples
from the Swedish Caledonides show bedding-parallel
phyllosilicate preferred orientations. That difference
does not mean that the preferred orientation of phyllo-
silicates depends on the region or the structural re-
lationship of the samples, but rather on the lithology,
the cleavage morphology, and the deformation inten-
sity of the analyzed rocks. The cleavage morphology
and, consequently the phyllosilicate preferred orien-
tation, are strongly affected by the lithology of the
samples. Samples with bedding-parallel oriented phyl-
losilicates mainly show a domainal, discontinuous ana-
stomosing cleavage. Mostly zonal or even discrete
crenulation cleavage occurs in samples with cleavage-
parallel, or in a transitional position between bedding-
and cleavage-oriented micas and chlorites. The discon-
tinuous anastomosing cleavage occurs in coarser-
grained siltstones with a large number of clastic grains
or chlorite/mica stacks (>50 um) and in marly silt-
stones, whereas cleavage in finer-grained slates and
silty mudstones with only few small clastic grains
(<50 um) appears as crenulation cleavage. The phyllo-
silicates in coarser-grained samples are mainly bedding
parallel, and in finer-grained rocks, are either cleavage-
parallel or are oriented at some intermediate angle to
bedding and cleavage.

In contrast to the observations of Sintubin (1994b),
the chlorite fabric intensities (with few exceptions) are
higher than those of illite (Table 2), but do not always
correspond to higher count numbers. Almost all
samples show higher chlorite (001) intensity values,
and about 50% of the samples show higher chlorite/
kaolinite (002) intensity values. In contrast, only one
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Table 4
March values from X-ray texture goniometry (calculated for mica
(001) reflections)

Sample No. el e e3 XY Y Z X/Z
parallel C

791-1 0.62 0.19 —0.48 1.36 2.28 3.11
791-3 0.52 0.23 —0.47 1.23 2.31 2.84
791-6 0.68 0.30 —0.54 1.29 2.84 3.67
791-7 0.79 0.31 —0.57 1.37 3.07 4.21
791-13 0.61 0.28 —0.52 1.26 2.65 3.34
N78-59B 0.41 0.25 —0.43 1.12 2.21 2.48
N92-15G 0.53 0.34 —0.51 1.14 275 3.15
N92-20 0.46 0.34 —0.49 1.09 2.62 2.85
B-C

Z91-2A 0.67 0.26 —0.52 1.33 2.63 3.50
791-8 0.48 0.32 —0.49 1.12 2.58 2.90
791-9 0.54 0.32 —0.51 1.16 2.69 3.13
791-10 0.64 0.40 —0.57 1.16 3.23 3.76
N78-44Bf 0.76 0.15 —0.50 1.54 2.31 3.55
parallel B

N78-5 0.23 0.09 —0.25 1.13 1.45 1.64
N78-7 0.30 0.12 —0.31 1.16 1.62 1.88
N78-8A 0.31 0.09 —0.30 1.20 1.57 1.88
N78-44Bg 0.32 0.18 —0.35 1.12 1.82 2.03
N92-6 0.37 0.11 —0.34 1.23 1.70 2.08
N92-15D 0.28 0.11 —0.29 1.15 1.57 1.81
N92-15F 0.20 0.17 —0.29 1.03 1.63 1.68
N92-18A 0.18 0.14 —0.26 1.04 1.52 1.59
N92-18B 0.32 0.22 —0.38 1.09 1.97 2.14

sample has a higher chlorite (001) count number, and
less than 50% of the samples have higher chlorite/kao-
linite (002) count numbers. The orientation of chlor-
ite—mica stacks in the coarser-grained samples, which
reflects processes at the time of deposition, is a reason
for the high intensity values of the chlorite-reflections,
especially in samples with bedding-parallel phyllosili-
cate orientations. During crenulation cleavage develop-
ment, the high degree of cleavage-parallel preferred
orientation results in almost complete recrystallization

10.00
k=00
P olB
4 apparent
= constriction s lIC
3 2 B-C
n
E apparent
Il flattening
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1.00 Ryz = 1+e2/1+e3 10.00

Fig. 5. Flinn diagram with pole figure patterns of samples with
different phyllosilicate preferred orientations: parallel to bedding,
parallel to cleavage, and in-between bedding and cleavage. See text
for discussions.

and reorientation of fine-grained chlorite. In such
samples the chlorite—mica stacks are mica-dominated
and are highly deformed, mainly by rigid-body ro-
tation and intragranular kinking (Fig. 1).

The March compaction strain ranges from 25% to
57%, which becomes narrower upon grouping different
mica orientations. Compaction in samples with bed-
ding-parallel mica preferred orientations ranges
between 25% and 38%; March strain in samples with
cleavage-parallel oriented micas, or with micas
oriented between cleavage and bedding, ranges from
34% to 57%.

The FLINN-plot of our measurements shows a clear
division into two clusters (Fig. 5):

I. samples with bedding-parallel oriented phyllosili-
cates;

II. samples with cleavage-parallel, or between clea-
vage- and bedding-oriented phyllosilicates.

The first cluster (I) represents pure compaction,
whereas the second cluster (I) is a combination of
compaction and tectonic strain. The first compactional
strain episode is likely to be dominated by vertical
shortening. Four of the Jdmtland samples and all of
the samples from the Helvetic Alps underwent further
strain. Assuming a bedding-parallel first cleavage in
the samples of the Alps (Kisch, 1998), finite strain in
these rocks must be a combination of three elements:
(a) compaction after the deposition; (b) development
of a first, bedding-parallel cleavage; and (c) develop-
ment of a second, non-bedding-parallel cleavage.

There are clear relationships between phyllosilicate
preferred orientations and both X-ray diffraction
intensity ratios and ¢/b fissility ratios. The degree of
phyllosilicate preferred orientation of the samples with
cleavage-parallel oriented phyllosilicates increases with
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c/b fissility ratio

Fig. 6. Relationship between maximum intensities (mrd) of phyllosili-
cate preferred orientations and ¢/b cleavage/bedding fissility ratios.



G. Jacob et al. | Journal of Structural Geology 22 (2000) 245-258 257

14
I n
— 12 }
T !
§, 10 | y =1.32Ln(x) + 9.13
2 R*=0.61
2 8
S
< 6| " u//C,C-B
£ o
=
IE 4 /DVD o //B
s 2 | . Fhd y = 0.77Ln(x) + 3.30
i R?=0.14
0 | L
0.1 1.0 10.0 100.0
110A C/B

Fig. 7. Relationship between maximum intensities (mrd) of phyllosili-
cate preferred orientations and 110 A (0.5°) C/B ratios.

increasing c¢/b fissility ratios, whereas the degree of pre-
ferred orientation remains essentially unchanged with
increasing fissility ratios in samples with bedding-paral-
lel phyllosilicate orientations (Fig. 6). This relationship
is not unanticipated, because samples with cleavage-
parallel oriented phyllosilicates show stronger cleavage
and thus a better cleavage fissility. In contrast, bedding
fissility is much better in samples with bedding-parallel
preferred phyllosilicate orientations.

The relationship between phyllosilicate preferred
orientations (mrd) and X-ray intensity ratios (I10 A
C/B) is shown in Fig. 7. The higher the maximum
intensity ratios (mrd), so too, the higher the X-ray
intensity ratios for samples with cleavage- and/or bed-
ding-parallel preferred phyllosilicate orientations. In
spite of the lower intensity values for samples with
bedding-parallel phyllosilicates, the regression line is
parallel to that of samples with cleavage-parallel or
between cleavage- and bedding-oriented phyllosilicates.
However, both relationships show considerable scatter.

With additional investigations on the influence of
lithology and microtextural effects (cleavage mor-
phology) it should be possible to quantify the cleavage
intensity by determination of the X-ray intensity
ratios. Measurements of fissility ratios after Durney
and Kisch (1994) offer an excellent field method to get
a reasonable estimate of cleavage intensity.
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