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Change in dominant mechanisms for phyllosilicate preferred orientation 
during cleavage development in the Kitakami slates of NE Japan 
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Abstract--Selected slates from the Kitakami Mountains of NE Japan were studied by means of finite strain 
measurement, X-ray texture goniometry, optical microscopy, back-scattered SEM, and X-ray fluorescence and 
diffraction analyses. 

Finite strain recorded by radiolarians in slates, although not equivalent to bulk strain, shows a positive 
correlation with strength of phyllosilicate basal plane fabrics. However, there is a possible difference between the 
fabric pattern and radiolarian strain ellipsoid shape as well as a difference in fabric pattern between chlorite and 
illite/mica. These relationships between phyllosilicate fabrics and finite strains suggest that strain estimation from 
phyllosilicate fabrics based on the March model may be unreliable unless their relationship is established in each 
case. 

Optical and back-scattered SEM studies revealed a change in microstructures in accordance with increasing 
fabric strength. In slates with weak fabric strength, cleavage domains are dark to opaque in appearance and 
characterized by a concentration of insoluble residues such as carbonaceous matter, sphene, ilmenite, rutile, 
epidote and apatite as well as phyllosilicates. Phyllosilicates in cleavage domains are oriented subparallel to 
cleavage, whereas those in intercleavage domains are variously oriented. As fabric strength increases, cleavage 
domains become transparent and composed mainly of phyllosilicates. Phyllosilicates become finer-grained and 
more uniform in grain size. They are well oriented in both cleavage and intercleavage domains. As fabric strength 
further increases, phyllosilicates tend to coarsen. 

These lines of microstructural evidence suggest that the dominant mechanism for phyllosilicate preferred 
orientation changes as cleavage develops from pressure solution transfer, through syntectonic crystallization- 
recrystallization, and possibly to oriented grain growth. Because fabric strength increases with increasing illite 
crystallinity, metamorphic grade (mainly temperature) must be one of the major factors which control the 
dominance of phyllosilicate preferred orientation mechanisms. 

INTRODUCTION 

SLATY cleavage is the most distinctive planar fabric 
found in low-grade metamorphic rocks and has been 
studied by a number of structural geologists. Studies 
during the past two centuries revealed three principal 
mechanisms for phyllosilicate preferred orientation 
leading to slaty cleavage development: (1) mechanical 
rotation due to strain; (2) syntectonic crystallization 
and/or recrystallization in association with oriented 
grain growth; and (3) passive reorientation as matrix 
minerals are removed by pressure solution transfer (e.g. 
Siddans 1972, Wood 1974, White & Knipe 1978, Borra- 
daile et al. 1982). 

If initially randomly oriented phyllosilicates rotate 
mechanically due to homogeneous strain as in the model 
proposed by March (1932), the resulting preferred 
orientation would be directly related to finite strain. In 
fact, several examples of preferred orientation of phyllo- 
silicates obtained from naturally and experimentally 
deformed specimens seem to be consistent with those 
estimated from the March model (Means & Paterson 
1966, Tullis & Wood 1975, Tullis 1976, Wood etal .  1976, 
Wood & Oertel 1980). Other examples are, however, 
inconsistent with the model (Clark 1970, Holeywell & 
Tullis 1975, Siddans 1976, 1977, Etheridge & Oertel 
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1979, Gapais & Brun 1981). The March model has been 
so attractive to some workers (e.g. Oertel 1983, 1985) 
that they still estimate strains from phyllosilicate fabrics 
based on this model without any consideration of micro- 
structural features (e.g. Chen& Oertel 1989, Oertel et 

al. 1989). 
In contrast, many studies based upon microstructurai 

observations and microchemical analyses have revealed 
the importance of pressure solution transfer and syntec- 
tonic crystallization-recrystallization together with 
metamorphic reactions in slaty cleavage development 
(e.g. Durney 1972, Williams 1972, Etheridge et al. 1974, 
Etheridge & Lee 1975,Holeywell & Tullis 1975, Means 
1975, Gray 1977, 1978, 1979, Knipe & White 1977, 
White & Knipe 1978, Knipe 1979, 1981, Stephens et al. 

1979, White & Johnston 1981, Borradaile et al. 1982, 
Woodland 1982, Lee et al. 1986, Sutton 1989). 

The above three mechanisms may compete with each 
other during cleavage development in slates, and their 
relative importance may change as cleavage develops or 
as geological conditions vary (Ramsay & Huber 1983, 
p. 185). In some slates, mechanical rotation associated 
with microcrenulation may have been followed by syn- 
tectonic crystallization-recrystallization (Tullis 1976, 
Roy 1978, White & Knipe 1978, Knipe 1981, White & 
Johnston 1981). In other slates microcrenulation may 
have been followed by pressure solution transfer (Wil- 
liams 1972, Cosgrove 1976, Gray 1977, 1978, 1979) and 
later by syntectonic crystallization (Weber 1981). In still 
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other slates mechanical rotation may have never been 
significant during cleavage development (Etheridge & 
Lee 1975, Holeywell & Tullis 1975, Woodland 1982, 
Gregg 1985, Lee et al. 1986, Ishii 1988a). However, the 
controls on their relative importance and the transition 
between the three mechanisms are still not well under- 
stood. 

In order to evaluate the mechanisms for phyllosilicate 
preferred orientation, selected slates from the Kitakami 
Mountains of NE Japan (Fig. 1) were studied by means 
of finite strain measurement, X-ray texture goniometry, 
optical microscopy, back-scattered SEM, and X-ray 
fluorescence and diffraction analyses. The results are 
not consistent with the March model, and suggest a 
change in dominant mechanisms for phyllosilicate pre- 
ferred orientation during cleavage development. 

GEOLOGICAL SETTING 

The Kitakami Mountains are the best-known slate 
belt in Japan. They are divided into two structurally 
NNW-trending sectors, southwestern and northeastern, 
which represent a pre-Cretaceous island arc and a fore- 

Fig. 1. Locality map of studied slate samples in the central-eastern part 
of the Kitakami Mountains. Sample at locality 2 is Devonian, samples 
at 10 and 12 are Carboniferous, and other samples are Permian in age. 

arc, respectively. Silurian to earliest Cretaceous shallow 
marine sedimentary and volcanic rocks were deposited 
on pre-Silurian granite and pre-Devonian (probably 
Ordovician) ophiolite basements in the southwestern 
Kitakami Mountains, whereas Permian to Jurassic 
accretionary sediments are mainly distributed in the 
northeastern Kitakami Mountains (Kato 1985, Ehiro et 
al. 1988, Ozawa et al. 1988). Early Cretaceous volcanic 
and sedimentary rocks and granitic plutons are distrib- 
uted across the older NNW structural trend over the 
Kitakami Mountains. 

Strata in the Kitakami Mountains were folded and 
cleaved during Early Cretaceous deformation and meta- 
morphism. Macroscopic folds trending N to NNW 
initiated as flexural-slip folds, and were subsequently 
flattened during the formation of slaty cleavage trending 
N to NNE and dipping steeply (Kanagawa 1986). Tran- 
sected folds accompanied by non-axial plane cleavage 
are consequently recognized in some places (Takizawa 
1981, Ishii 1985, Kanagawa 1986). The regional meta- 
morphism under which slaty cleavage was formed is 
considered to be closely related to a rise in temperature 
caused by granite plutonism (Oho 1982, Ikeda 1984, 
Kanagawa 1985, Ishii 1988b). The emplacement of gran- 
ite plutons, however, may have been slightly after the 
peak of regional deformation and metamorphism as 
indicated by growth of biotite porphyroblasts over cleav- 
age textures (Ishii 1988b), and locally caused ductile 
aureole deformation (Kanagawa 1985). 

EXPERIMENTAL PROCEDURES 

Sample  selection 

From more than 500 slate samples collected in a 
central-eastern part of the Kitakami Mountains, 21 
samples (one Devonian, two Carboniferous, 18 Per- 
mian) were selected (Fig. 1) for the following reasons. 
(1) They include abundant radiolarians most of which 
were initially spherical so that finite strains recorded by 
them can be determined. (2) They are fine-grained 
rather homogeneous black argillaceous slates, presum- 
ably with little variation in initial grain size and chemis- 
try. (3) They have been affected to varying degrees by 
thermal metamorphism due to granite plutons, and the 
effect of metamorphic temperature on cleavage devel- 
opment is expected to be significant (Oho 1982, Ishii 
1988a,b). (4) They are all in chlorite zones but outside 
biotite zones of contact aureoles, and their cleavage 
textures are not disturbed by contact metamorphism 
(Ishii 1988b). (5) They possess slaty cleavage developed 
to various degrees so that deformational processes in 
slates may be examined. However, these samples were 
not systematically collected in the way which allows the 
analysis of progressive deformation in slates. 

Because not all the samples collected were oriented, 
and because it was difficult in many slate samples to 
determine stretching or mineral lineation, specimen co- 
ordinates were chosen in this paper such that the x axis is 
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Fig. 2. Specimen co-ordinates with reference to cleavage and bedding, 
used in this study. 

parallel to the cleavage-bedding intersection lineation 
and the z axis normal to cleavage surface (Fig. 2). In 
slates with cleavage almost parallel to bedding, x axes 
were arbitrarily chosen in the cleavage surface. How- 
ever, it should be noted that the attitudes of cleavage- 
bedding intersections vary considerably in the sampling 
area due to the non-axial planar nature of cleavage 
(Kanagawa 1986). 

For each slate sample, preferred orientations of chlor- 
ite (002) and illite-mica (004) were measured using an 
automated Rigaku X-ray texture goniometer with Cu 
Ka radiation at 40 kV and 30 mA (details in Kanagawa 
& Yoshida 1988). Uniformly thin disks cut parallel to 
cleavage with diameters ranging from 20 to 30 mm and~t 
values (/z, linear absorption coefficient; t, specimen 
thickness) ranging from 0.3 to 1.2 were prepared for 
measurement. The specimens were vacuum-impreg- 
nated with epoxy prior to grinding so that the phyllosili- 
cate grains were not significantly affected by preparation 
procedures (see Kanagawa & Yoshida 1988 for prep- 
aration). Complete pole figures were obtained from 
combined transmission and reflection mode step scans 
(Siddans 1976, Wenk 1985) with 5 ° tilt intervals and 10 ° 
azimuth intervals. Phyllosilicate preferred orientation 
measurement of cleavage-parallel sections using this 
method is acceptable as long as relative variations of 
preferred orientation are examined (see Appendix). 
The reflection scan covers the central part of a pole 
figure with polar angles of 0-60 °, while the transmission 
scan covers the peripheral part with polar angles of 60- 
90 ° . The counting time at each tilt-azimuth position for 
peak and two background 20 angles was 10 s for chlorite 
(002) and 30 s for illite/mica (004) because of its weak 
intensity. A complete measurement took 8 h for chlorite 
and 24 h for illite/mica. 

Strain analysis of radiolarians Optical and back-scattered electron microscopy 

In order to determine the finite strain recorded by 
radiolarians, three orthogonal thin sections, the xy sec- 
tion parallel to cleavage surface, yz section normal to 
cleavage-bedding intersection and xz section normal to 
the other two sections, were prepared from each sample 
(Fig. 2). Radiolarians were then traced either from 
photomicrographs or universal projections. Axial 
lengths and long-axis orientations of 60-330 (average 
about 150) radiolarians were obtained from each of 
these three sections using an image analysis system 
which allows rapid and precise data collection (details in 
Kanagawa 1990). After applying Rf/~) symmetry tests 
according to Dunnet & Siddans (1971), averaged final 
shape matrices (Shimamoto & Ikeda 1976), S,:y, Syz and 
Sxz, were calculated. The strain ellipsoid matrix (2)) was 
then determined from these three matrices using the 
method described in Shimamoto & Ikeda (1976), and 
diagonalized to obtain principal strain axes (X, Y and Z) 
and principal-plane strain ratios (Rxr,  Rrz  and Rxz). 

The existence of pressure shadows around radiolar- 
ians as well as the material difference between matrix 
and radiolarian skeleton dominantly occupied by quartz 
(Fig. 2) indicate that finite strains recorded by radiolar- 
ians, designated radiolarian strains hereafter, must be 
smaller than bulk finite strains. However, it may be 

Five slate samples were chosen for detailed micro- 
structural observations. Extremely thin (less than 
10 ~m) polished thin sections normal to both cleavage 
and bedding (yz sections) were prepared from the five 
samples. These were vacuum-impregnated with epoxy 
twice prior to thin-sectioning and polishing, respect- 
ively, in order to prevent damage during preparation 
procedures. 

After observations under the optical microscope with 
transmitted and reflected light, back-scattered electron 
(BSE) images were observed using a JEOL scanning 
electron microscope with a LINK energy dispersive 
analysis system at working distances of 15 and 37 mm, 
accelerating voltage of 15 kV, and beam current of 
10 -9 A. BSE images provide useful information on the 
microstructure of fine-grained sediments (e.g. Krinsley 
et al. 1983, White et al. 1984, Agar et al. 1989). 

Grain size distribution of phyllosilicates 

Grains (170-700) excluding large detrital grains, were 
traced for chlorite and illite and/or muscovite from BSE 
micrographs of each of the above five samples. The area 
of each grain was obtained through image analysis (cf. 
Kanagawa 1990), and its grain size was calculated as the 
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diameter of a circle with the same area. Grain size 
distributions of chlorite and illite/muscovite in each 
sample were then represented as normalized histograms 
of every 0.2/~m size fractions. 

Whole-rock chemistry 

The remaining samples were crushed and prepared 
for X-ray fluorescence, carbon and X-ray diffraction 
analyses. Major elements were analyzed using a Rigaku 
X-ray fluorescence spectroscopy together with a LECO 
carbon determinator. Total carbon content of organic 
carbon and carbonate carbon (C in CO2 or CO3) is 
obtained and represented in weight % by using the 
carbon determinator. 

lllite crystallinity 

The ratio of illite/mica peak height at 10 ,~ to that at 
10.5 A (sharpness ratio or Weaver Index) was measured 
as an indicator of illite crystallinity (Weaver 1960). For 
each oriented powder sample of <2 #m size fraction, 
diffracted X-ray intensity was counted for 10 s five times 
at 10 A, 10.5 A and the background position, respect- 
ively, and the sharpness ratio was calculated from their 
mean values. 

RESULTS AND O B S E R V A T I O N S  

Radiolarian strains 

The calculated radiolarian strain ellipsoids are shown 
on a logarithmic Flinn graph (Fig. 3). Orientations of 
principal strain axes are plotted in Fig. 4. For each strain 
ellipsoid, the strain ellipsoid shape parameter K and the 
strain magnitude parameter es are calculated from the 
principal-plane strain ratios: 

K - In Rxy (Ramsay 1967) (1) 
In R yz 

1.0- 

0.5 

prolate (K>I) ~ , ~  ~,Y 

/ / ~  oblate (K<I) 
12 

o 0.5 lnRrz 1.o 

Fig. 3. Logarithmic Flinn plot of radiolarian strain ellipsoids. Numbers 
indicate their localities in Fig. 1. 

1 {(In Rxy) 2 + (In Rvz) 2 + (In Rxz)2} v2 

(Nadai 1963). (2) 
The radiolarian strain ellipsoids vary in shape from 
uniaxially oblate to the prolate-oblate boundary of 
K = 1, with K values ranging from 0.05 to 1.44 (Fig. 3). 
g~ values range from 0.34 to 0.88. No systematic change 
in K values with increasing strain magnitude is recog- 
nized. 

Phyllosilicate basal plane fabrics 

Pole figures obtained are shown in Fig. 4. A relatively 
weak intensity of illite/mica (004) peak compared with 
that of chlorite (002) resulted in a poor quality of the 
pole figures for illite/mica. Almost all pole figures for 
both chlorite and illite/mica are unimodal and exhibit 
orthorhombic symmetry, although several samples show 
slightly skewed pole figures (e.g. Fig. 4q). A systematic 
difference in the pattern of preferred orientation is 
recognized between chlorite and illite/mica. Chlorite 
pole figures are always more elongate than those of illite/ 
mica, whereas illite/mica pole figures approximate to 
uniaxial clusters in most samples. In a few samples (e.g. 
Fig. 4h) long axes of elongate chlorite pole figures are 
approximately perpendicular to cleavage-bedding inter- 
section (x axis), suggesting a possible contribution of a 
bedding-parallel fabric. However, in most samples there 
is no relation between the pattern of pole figures and 
cleavage-bedding intersection nor the orientation of 
bedding (triangles in Fig. 4), and therefore initial bed- 
ding fabric, if any, must not have significantly affected 
the final phyllosilicate basal plane fabrics. 

Assuming that all pole figures are unimodal and have 
orthorhombic symmetry, they can be quantified using 
the orientation tensor method (the eigenvalue method 
of Woodcock 1977). The method was originally pro- 
posed by Scheidegger (1965) and Watson (1966) inde- 
pendently in order to find best-fit axes for girdle-cluster 
patterns of orientation data distributions. Its application 
to pole figure data was suggested by Cobbold & Gapais 
(1979). From normalized pole density p(a, fl), where a 
andfl represent tilt and azimuth angles, respectively, the 
orientation tensor A for each pole figure data is obtained 
by the following equation (Kanagawa & Yoshida 1988): 

1 
A =  

~o =f=/2sinadadfl 
Jo 

where 

all = I~a, fl) sin3 acosZ f ldadfl  
) o Jo 

a22 = p(a, r )  sin 3 a sin a fl da dr  
o 

a33 = p(a, r )  sin a cos 2 a d a  d r  
Jo 

all a12 a13 ] 

a21 a22 a23 ] ' (3) 

a31 a32 a33 

(4) 

(5) 

(6) 
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p(a, /3) sin”a sin p cos p da d/3 (7) 

p(a, p) sin* Q sin p cos a da dp (8) 

p(a, /3) sin2 a cos a cos ,!? da dp. (9) 

The eigenvectors ei, e2 and e3 of this tensor correspond 
to the best-fit orthogonal axes of a pole figure, and the 
eigenvalues El, E2 and E, (El 2 E2 5 E,; El + E2 + 
E3 = 1) characterize the pattern and strength of pre- 
ferred orientation (Watson 1966, Woodcock 1977). 

which is the axis of minimum principal strain and defines 
the maximum shortening direction. Eigenvector e3, 
which corresponds to the minimum eigenvalue E3 and 
defines the mineral lineation direction, is approximately 
parallel to the X axis which is the axis of maximum 
principal strain and defines the stretching direction. In 
several samples (e.g. Figs. 4b, c, e, r & u) there is a 
discrepancy in eigenvectors between chlorite and illite/ 
mica, which results in a discrepancy between eigenvec- 
tors of either chlorite or illite/mica, the latter in most 
cases, and principal strain axes. Eigenvectors of illite/ 
mica are less accurate than those of chlorite, because the 
former’s pole figures are less precise and are close to 
uniaxial clusters with nearly equal El and E3 values. 

Each pole figure is plotted as a point on a logarithmic Figure 6 is a plot of K, values (abscissa) against the 

eigenvalue ratio graph (Fig. 5), which is analogous to the corresponding K values (ordinate). Although the Kf 

logarithmic Flinn graph. The graph used here is modi- values of both chlorite and illite/mica obtained in this 

fied from that of Woodcock (1977) so that pole figure study are markedly smaller than the corresponding K 

data can be applied. The pattern and strength of pre- values, the difference is partly due to the underesti- 

ferred orientation can be expressed by using the follow- mation of Kf values. The K, values of illite/mica are 

ing parameters: systematically smaller than those of chlorite. 
A positive correlation exists between fabric strength 

(or) and strain magnitude (E,) (Fig. 7). However, the 
scatter of data points indicates that the relationship is 
not so simple as to be represented by a single regression 
line passing through the origin. Fabric strength differ- 
ences between chlorite and illite/mica also vary from 
sample to sample in no systematic way. 

Kf = In (WE3) 
In W-9 

(Woodcock 1977) 

Ef = -& [{ln (EllE2)}2 + {ln (E2/E3)}2 

+ {(In (E,lE,)}2]1’2 (Gapais & Brun 1981) (11) 

which are analogous to the strain ellipsoid shape para- 
meter K and the strain magnitude parameter ES, respect- 
ively (equations 1 and 2). Kf ranges from zero (uniaxial 
clusters) through unity (girdlexluster transitions) to 
infinity (uniaxial girdles) (cf. Woodcock 1977, Wood- 
cock & Naylor 1983). 

All pole figures obtained in this study are clusters with 
low and narrow range of Kf values (Fig. 5). Kr values of 
chlorite pole figures range from 0.05 to 0.31, whereas 
those of illite/mica range from 0.01 to 0.13, indicating 
that illite/mica fabrics are closer to uniaxial clusters. .?r 
values range from 1.49 to 2.44 in chlorite, and from 1.40 
to 2.24 in illite/mica. There is no systematic difference in 
fabric strength (Er value) between chlorite and illite/ 
mica. It should be noted here, however, that the phyllo- 
silicate basal plane fabrics obtained in this study yield Kf 
values underestimated as well as Er values overesti- 
mated, although they yield correct eigenvectors (see 
Appendix; Figs. Al and A2). 

Comparison of phyllosilicate basal plane fabrics with 
radiolarian strains 

On each pole figure in Fig. 4, eigenvectors e,, e2 and e3 
of the calculated orientation tensor are shown together 
with principal axes X, Y and 2 of radiolarian strain 
ellipsoids. In each pole figure there is a reasonably good, 
although not exact, coincidence of eigenvectors and 
principal strain axes. Eigenvector el, which corresponds 
to the maximum eigenvalue El and defines the cleavage- 
normal direction, is almost always parallel to 2 axis 

Microstructural observations 

All slates studied in this study have a domainal micro- 
structure consisting of cleavage domains (seams, films or 
P domains) and intercleavage domains (microlithons or 
Q domains) as seen in most cleaved rocks (e.g. Borra- 
daile et al. 1982). These microstructures change as fabric 
strength increases, as described below. 

In samples with relatively weak fabric strength (Er 
values for chlorite smaller than 1.78), embryonic and 
anastomosing cleavage domains are dark to opaque in 
appearance (Figs. 8a, c & e). Carbonaceous matter, 
sphene, ilmenite or rutile, apatite and epidote as well as 
phyliosilicates are concentrated in these cleavage 
domains (Figs. 8b, d & f). The concentration of carbon- 
aceous matter and/or fine-grained sphene is especially 
characteristic of cleavage domains in these samples. 
They are particularly well concentrated in places where 
elastic quartz-feldspar grains or radiolarian skeletons 
are truncated by cleavage domains (Figs. 8c-f). Phyllo- 
silicates (chlorite and illite and/or muscovite) are 
oriented subparallel to the cleavage trace in cleavage 
domains, whereas those in intercleavage domains are 
variously oriented. 

As fabric strength increases, cleavage domains be- 
come transparent as well as parallel and continuous 
(Figs. 9a, c & e). They are composed mainly of phyllo- 
silicates; carbonaceous matter, sphene, ilmenite, rutile, 
apatite and epidote are scattered and only locally con- 
centrated (Figs. 9b, d & f). Phyllosilicates in both 
cleavage and intercleavage domains are well oriented 
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Fig. 4. Pole figures of chlorite (002) and illite/mica (004) basal planes. Lower-hemisphere equal-area projections. Contours 
at 0.5, 1, 5, 10, 15 and 20 in multiples of a random distribution density. Areas with pole densities less than the random 
distribution density (<  1) are stippled. Pole figures are referred to specimen co-ordinates x and y (see Fig. 2). On each pole 
figure, pole of bedding (open triangle), principal axes of radiolarian strain ellipsoid (open circles), and eigenvectors of 
orientation tensor (closed circles) are shown. Principal strain axes X and Y, and eigenvectors e2 and e3 are indicated. The 

principal strain axis and eigenvector located in the center of pole figure represent  Z and e l, respectively. 
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subparallel to the cleavage trace, except that large 
detrital grains are aligned with their basal planes parallel ~.0 
to bedding and show a slight bending (Figs. 9a & b). 
Phyllosilicates are more concentrated in cleavage Kf 
domains than in intercleavage domains. As cleavage 
further develops, abundant well-oriented phyllosilicates 
obscure the domainal microstructure (Figs. 9e & f). o.~ 

Grain size distribution of phyllosilicates 

Both chlorite and illite/muscovite in samples with 
weak fabric strength show a wide range in grain size from 
1 to 6 ktm. They also show a low concentration in each 
sample (Fig. 10, localities 8 and 2). As fabric strength 
increases, they become finer-grained and more uniform 
in grain size ranging from 0.5 to 3 #m (localities 1 and 
17). In samples with very strong fabric strength, phyllo- 
silicates are 0.8-4 #m in grain size, showing a slight 
increase in average grain size (locality 21). 

Whole-rock chemistry 

girdles 

, y clusters 

19 1 8  i 

16 @ 21 12 i 

0% 

/ 

• chlorite 

o illite/mica 

prolate 

8 

0 

1.0 K 1 .s 

Fig. 6. Plot of fabric pattern parameters (Kf) of chlorite and illite/mica 
against shape parameter (K) of radiolarian strain ellipsoid. Plots for 
chlorite and illite/mica from the same sample are connected by a 
dotted line, Numbers indicating sample localities are given near the 

chlorite data points. 

correlation between fabric strength and illite crystalli- 
nity, and therefore suggest that cleavage develops with 
increasing metamorphic grade. 

Table 1 shows bulk chemical compositions of the 
studied slate samples, arranged according to the chlorite 
fabric strength. Although each element varies in concen- 
tration from sample to sample, the data show no system- 
atic change in element concentrations in accordance 
with cleavage development. Wet chemical analyses of 
two Permian slate samples from the same area (Kambe 
et al. 1969) show no detectable CO2 and carbon contents 
of 0.35 and 0.41%, which are roughly equivalent with 
the total carbon contents of 0.27-0.66% obtained in this 
study. Total carbon contents obtained here may rep- 
resent organic carbon. 

Illite crystallinity 

The Weaver Index of illite crystallinity (sharpness 
ratio) ranges in the studied samples from 7.6 to 12.0. A 
plot of fabric strength (ge value) against sharpness ratio is 
shown in Fig. 11. Data points clearly display a positive 

D I S C U S S I O N  

Difference in basal plane fabrics between chlorite and 
illitelmica 

A systematic difference exists between the phyllosili- 
cate basal plane fabrics of chlorite and illite/mica. The Kf 
values of illite/mica are consistently smaller than those 
of chlorite, indicating that illite/mica fabrics are closer to 
uniaxial clusters than chlorite fabrics (Figs. 4, 5 and 6). 
This tendency holds irrespective of measurement tech- 
niques (Figs. A1 and A2). In fabric strength, there is no 
significant difference between chlorite and iUite/mica, 
although their gf values differ in the same samples (Figs. 
5 and 7). 

Differences in basal plane fabrics between chlorite 
and illite/mica have been reported by several authors. 
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Fig. 5. Logarithmic eigenvalue ratio plot of orientation tensors calcu- 
lated from pole figure data of chlorite and illite/mica. Plots for chlorite 
and illite/mica from the same sample are connected by a dotted line. 
Numbers indicating sample localities are given near the chlorite data 

points. 
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Fig. 8. Optical and BSE micrographs illustrating microstructures in slates with relatively weak fabric strength.  Each BSE 
micrograph on the right covers the same but slightly smaller area of the optical micrograph in plane polarized light on the 
left. Samples are from locality 8 for (a) and (b), and from locality 2 for (c)-(f). ap = apatite; cb = carbonaceous mat ter  
(black in BSE micrograph); chl = chlorite (light grey); ep = epidote;  ilm/rt = composite grain of ilmenite and rutile; kf = 
K-feldspar; mi = illite/muscovite (dark grey); ph = phyllosilicate; pl = plagioclase; qz = quartz;  r = radiolarian skeleton; 

sph = sphene. 
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(a) 
~ : ~ ' ~ *  ~ ¢ ,  ~ . , • - -  ~- ~2~', ~ ~ - , ~ .  . .  ~ 

Fig. 9. Optical (left) and BSE (right) micrographs illustrating microstructures in slates with relatively strong fabric strength. 
Samples are from locality 1 for (a) and (b), from locality 17 for (c) and (d), and from locality 21 for (e) and (f). cc = calcite; 

chl/mi = composite grain of chlorite and muscovite; rt = futile. Other  abbreviat ions are the same as in Fig. 8. 
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Fig. 10. Grain size distributions of (a) chlorite and (b) illite/muscovite in five slate samples, obtained from BSE 
micrographs. 
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Siddans (1976, 1977) noted that maximum pole densities 
of muscovite are consistently higher than those of chlor- 
ite in slates of the French Alps, North Wales and English 
Lake District. In contrast, Le Corre (1979), using the 
weighted orientation tensor method (Cobbold & Gapais 
1979), showed that chlorite fabrics in slates of Central 
Brittany are consistently stronger than muscovite with- 
out significant difference in Kf values. He ascribed the 
difference to the fact that there are abundant sedimen- 

tary mica grains whereas most chlorite grains crystal- 
lized during metamorphism. Differences in fabric pat- 
tern between chlorite and illite/mica have been reported 
from Martinsburg slates by Holeywell & Tullis (1975), 
from slates of Rheinisches Schiefergebirge by Weber 
(1981), and from Kitakami slates by Ishii (1988a). These 
differences have been attributed to the presence of 
abundant chlorite porphyroblasts (Weber 1981, Wood- 
land 1982) or large detrital mica grains (Ishii 1988a), 
which skew the pole figures away from the cleavage 
poles (Etheridge & Oertel 1979, Weber 1981, Ishii 
1988a). In summary, the differences in basal plane 
fabrics between the two mineral species reported hith- 
erto are mainly attributed to differing abundance of the 
two minerals either of primary or secondary origin. 
9 The difference in basal plane fabrics revealed in this 
study is not similar to any of those mentioned above. It is 
not a difference in fabric strength nor in fabric pattern 
skewness. Basal plane fabrics of both minerals are not 
apparently affected by bedding fabric because pole fig- 
ures in most samples are unrelated to the orientation of 
bedding (Fig. 4). Instead, only the Kevalues are different 
for chlorite and illite/mica, suggesting distinct behavior 
during cleavage development. The nature of this differ- 
ence is uncertain at present and remains to be further 
studied. Ishii (1988a) revealed a difference in mode of 
grain coarsening between the two mineral species 
through metamorphism and suggested a difference in 
thermodynamic character of these minerals. Such an 
intrinsic difference between the two mineral species, e.g. 
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the difference in anisotropy of growth rate, may be 
responsible for the observed difference in fabric pattern. 

Relationships between phyllosilicate basal plane fabrics 
and radiolarian strains 

A limited number of studies have compared phyllosili- 
cate basal plane fabrics with finite strains in naturally 
deformed rocks (Oertel 1970, Tullis & Wood 1975, 
Siddans 1976, 1977, Wood & Oertel 1980, Gapais & 
Brun 1981, Oertel et al. 1989). The results include (1) 
reasonable coincidence between principal axes of fabric 
and those of finite strain, and (2) positive correlation 
between fabric strength and finite strain magnitude. 
Although both of these had already been recognized by 
the end of the last century (Siddans 1972, Wood 1974), 
they are also verified in this study (Figs. 4 and 7). 

Oertel (1978, 1983) stated that "strain calculated 
according to March from the preferred orientation of 
phyllosilicate is in many cases nearly the same as strain 
measured by completely independent methods". How- 
ever, no good correlation has been obtained in any 
previous studies except that of Wood & Oertel (1980) 
who deduced correlation parameters between finite 
strains determined from reduction spots and March 
strains calculated from muscovite preferred orien- 
tations. These are applicable only for the Cambrian 
slates of Wales. 

The phyllosilicate basal plane fabrics obtained in this 
study differ from those predicted from the March model 
in the following two points: (1) the difference in fabric 
pattern between chlorite and illite/mica which would not 
exist according to the model; and (2) the possible differ- 
ence between strain ellipsoid shape and fabric pattern. 
Numerical simulation studies according to the March 
model (Cobbold & Gapais 1979, Harvey & Laxton 1980, 
Sanderson & Meneilly 1981) indicate that Kg values of 
phyllosilicate fabrics should be generally larger (smaller 
in their papers because of reversed co-ordinates) than 
the corresponding K values. However, Kf values of both 
chlorite and illite/mica are probably smaller than the 
corresponding K values (Fig. 6). Gapais & Brun (1981) 
showed a similar relationship between biotite fabrics 
and finite strains in amphibolites of Finland. However, 
there may not be a significant difference between phyllo- 
silicate fabric pattern and bulk strain ellipsoid shape 
because of the following two reasons. First the K~ values 
obtained in this study are underestimated and do not 
represent true phyllosilicate fabric patterns. Secondly, 
the radiolarian strain ellipsoids are probably more pro- 
late than the bulk strain ellipsoids due to the viscosity 
contrast between radiolarians and their matrix (cf. Free- 
man & Lisle 1987, Treagus 1988). Their relationship 
therefore needs to be further studied. 

Dominant mechanisms for phyllosilicate preferred 
orientation 

Carbonaceous matter, spheric, ilmenite, futile, apa- 
tire and epidote as well as phyllosilicates, which are 
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concentrated in cleavage domains in slates with rela- 
tively weak fabric strength (Fig. 8), are typically 
regarded as insoluble residues (Durney 1972, Williams 
1972, Nickelsen 1972, 1979, Groshong 1975, 1976, 
Alvarez et al. 1976, Gray 1977, 1978, 1979, 1981, Borra- 
daile et al. 1982, Woodland 1982, Wright & Platt 1982). 
Preferred orientation of phyllosilicates in cleavage 
domains, as well as concentration of these insoluble 
residues, strongly suggest that pressure solution transfer 
is dominant in these slates. Although pressure solution 
transfer is not a direct mechanism for phyllosilicate 
preferred orientation, it results in passive reorientation 
of phyllosilicate grains into solution surfaces (i.e. cleav- 
age domains) as matrix minerals are removed. 

In contrast, phyllosilicates in slates with relatively 
strong fabric strength show rather uniform grain size and 
subparallel orientation in cleavage and intercleavage 
domains (Fig. 10, localities 1 and 17; Figs. 9a--d), sugges- 
ting crystallization or recrystallization through meta- 
morphism. Crystallization or recrystallization under 
non-hydrostatic stress is accompanied with oriented 
nucleation or oriented growth of phyllosilicates, which 
result in their preferred orientation. Dense concen- 
tration of phyllosilicates in cleavage domains (Fig. 9) 
may be the result of pressure solution transfer during the 
earlier stage and later enhancement by crystallization- 
recrystallization. Scattered occurrences of insoluble 
residues implies that they are partly broken down by 
metamorphic reactions. In slates with even greater fab- 
ric strength, abundant well-oriented phyllosilicates dif- 
fuse the domainal structure (Figs. 9e & f). A slight 
increase of grain size (Fig. 10, locality 21) indicates the 
coarsening of phyllosilicate grains. 

These lines of microstructural evidence suggest that 
the dominant mechanism for phyllosilicate preferred 
orientation in the slates studied here changes as cleavage 
develops from pressure solution transfer, through syn- 
tectonic crystallization-recrystallization, and possibly to 
oriented grain growth. 

No evidence was found in this study that mechanical 
rotation was dominant during cleavage development. 
Previous studies have revealed that mechanical rotation 
accompanying microcrenulation can play an important 
role during an early stage of cleavage development in 
slates with a strong initial phyllosilicate preferred orien- 
tation (Williams 1972, Cosgrove 1976, Gray 1977, 1978, 
1979, 1981, Roy 1978, White & Knipe 1978, Knipe 1981, 
Weber 1981, White & Johnston 1981). In such slates, 
grain boundary sliding can accommodate microcrenula- 
tion (Cosgrove 1976, Gray 1979, 1981, Knipe 1981, 
Weber 1981). Because mechanical rotation is a strain- 
hardening process, there would be a limit of strain above 
which it becomes less effective due to mutual grain 
interference (Tullis 1976). Thus mechanical rotation 
would be expected to be followed by strain-softening 
processes such as pressure solution transfer or syntecto- 
nic crystallization and/or recrystallization (Gray & Dur- 
ney 1979). In slates without strong initial fabrics, mech- 
anical rotation may be less important throughout 
cleavage development because grain boundary sliding is 

inhibited (Woodland 1982). This seems to be also the 
case for slates in this study. Mutual grain interference 
seems to have prevented mechanical rotation of phyllo- 
silicates at fairly small strains so that mechanical rotation 
may have been dominant only at very small strains. 

Factors affecting the dominance o f  preferred orientation 
mechanisms 

The observation that phyllosilicate fabric strength 
increases with increasing metamorphic grade, as rep- 
resented by illite crystallinity, was also reported by 
Siddans (1977), Weber (1981) and Ishii (1988a). Illite 
crystallinity in slates of the Kitakami Mountains mainly 
reflects the thermal effect of Early Cretaceous granites 
(Ishii 1988a,b). Illite crystallinity variation is therefore 
considered to imply a variation of metamorphic tem- 
perature. The change in dominant mechanisms for 
phyllosilicate preferred orientation with increasing fab- 
ric strength thus suggests that metamorphic temperature 
must be one of the major factors which control the 
dominance of phyllosilicate preferred orientation 
mechanisms. 

In crenulation cleavage development, cleavage fabric 
initiates as microcrenulation which is followed by press- 
ure solution and syntectonic crystallization or grain 
growth as metamorphic temperature increases (Gray & 
Durney 1979, Weber 1981). Ishii (1988a) emphasized a 
threshold metamorphic grade above which grain coar- 
sening and preferred orientation of phyllosilicates are 
abruptly advanced mainly due to oriented grain growth. 
Grain coarsening did not occur to a significant degree in 
the slates studied; the phyllosilicates probably first 
became finer-grained due to crystallization or recrystal- 
lization through metamorphic reactions, then they 
became slightly coarser-grained probably due to 
oriented grain growth (Fig. 10). Ishii (1988a) plotted 
fabric strength (chlorite maximum pole density) against 
illite crystallinity (Kubler Index) (fig. 9 in Ishii 1988a). 
Fabric strength does not increase below a threshold 
value of illite crystallinity whereas it increases abruptly 
above the value. His results are similar to those in this 
study except that no threshold value of illite crystallinity 
was found in this study (Fig. 11). His threshold value of 
illite crystallinity (Kubler Index value of 0.29) corre- 
sponds to the Weaver Index value of about 4.5 (Weaver 
1984), which is lower than all values of illite crystallinity 
obtained in this study. It is possible that mechanical 
rotation may have been active below this threshold 
metamorphic temperature. A possible path of dominant 
mechanisms in the Kitakami slates is illustrated in fabric 
strength-temperature space in Fig. 12. 

Temperature increase under non-hydrostatic stress 
promotes pressure solution transfer and crystallization- 
recrystallization of phyllosilicates leading to slaty cleav- 
age development, because these are thermally activated 
processes (Durney 1976, Rutter 1976). Temperature 
increase enables rocks to yield further strains which may 
also induce solution transfer and dynamic recrystalliza- 
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Fig. 12. Possible path of dominant mechanisms for phyllosilicate 
preferred orientation during cleavage development in the Kitakami 
slates. MR = mechanical rotation; PS = pressure solution transfer; 
CR = syntectonic crystallization-recrystallization; GG = oriented 

grain growth. 

tion of minerals (e.g. Nicolas & Poirier 1976). Thus 
fabric strength and strain are not independent. 

It is supposed that pressure solution transfer also 
dominates under lower stresses and lower strain rates, 
whereas syntectonic crystallization-recrystallization 
dominate under higher stresses and higher strain rates 
(Stocker & Ashby 1973, Rutter 1976, Gray & Durney 
1979). Effects of stress and strain rate on the dominance 
of phyllosilicate preferred orientation mechanisms, 
however, remain uncertain. 

Slaty cleavage development in the samples studied is 
apparently not affected by bulk chemical composition 
(Table 1). This is also the case for the Martinsburg slates 
at Lehigh Gap of Pennsylvania (Lee et al. 1986). These 
two cases are not consistent with the results of other 
studies. Le Corre (1977) and Weaver (1984) showed a 
decrease of such elements as SiO 2 and Na20 as meta- 
morphic grade increases. Gray (1977, 1981), Stephens et 

al. (1979) and Sutton (1989) revealed systematic differ- 
ences in chemistry between cleavage and intercleavage 
domains. Knipe (1979, 1981), White & Johnston (1981), 
and Lee et al. (1984) revealed differences in phyllosili- 
cate chemistry between cleavage and intercleavage 
domains. All of these are considered to be indirect 
evidence for pressure solution transfer or metamorphic 
crystallization-recrystallization. Such chemical vari- 
ation should be also expected in the slates in this study. 
Lee e ta l .  (1986) gave a possible explanation for Martins- 
burg slates at Lehigh Gap that solution flow, by which 
dissolved mass is transferred and from which new crys- 
tals precipitate, was not pervasive on the scale of the 
outcrop. The scale on which mass transfer and metamor- 
phic reactions occurred may have not been beyond that 
of the hand specimen so that the slate samples in this 
study can be regarded as a closed system. However, it is 
difficult to interpret only with bulk major element data, 
and more detailed chemical analyses of the slates studied 
are needed. 

CONCLUSIONS 

(1) Phyllosilicate basal plane fabrics of selected slates 
from the Kitakami Mountains reveal that illite/mica 

fabrics are consistently closer to uniaxial clusters than 
chlorite fabrics in spite of no significant differences in 
fabric strength between them. 

(2) Although phyllosilicate fabric strength has a posi- 
tive correlation with radiolarian strain magnitude, there 
is a possible difference between fabric pattern and 
radiolarian strain ellipsoid shape, as well as a difference 
in fabric pattern between chlorite and illite/mica. Strain 
estimation from phyllosilicate basal plane fabrics based 
on the March model may be therefore unreliable unless 
their relationship is established in each case. 

(3) Microstructures in the slates studied suggest that 
the dominant mechanism for phyllosilicate preferred 
orientation changes as cleavage develops from pressure 
solution transfer, through syntectonic crystallization- 
recrystallization, and possibly to oriented grain growth. 
Mechanical rotation seems to be of minor importance 
during cleavage development observed here, but it may 
have been active during the earlier stage. 

(4) Because phyllosilicate basal plane fabrics and 
radiolarian strain tend to increase in strength and magni- 
tude in accordance with increasing illite crystallinity, 
metamorphic grade (mainly temperature) must be one 
of the major factors which control the dominance of 
phyllosilicate preferred orientation mechanisms. 
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APPENDIX 

Reliability o f  measurement techniques o f  X-ray texture goniometry 

The combined reflection-transmission mode scan method was used 
in this study for measurement of phyllosilicate preferred orientation 
because of its advantages described in Siddans (1976, 1978). Sections 
parallel to cleavage were used as specimens for texture goniometry 
because of easy specimen preparation. However, Oertel (1978, 1983) 
and Oertel et al. (1989) argued that phyllosilicate preferred orientation 
should be measured only in transmission mode, because scanning in 
reflection mode would preferentially sample the specimen surface 
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Fig. A 1. Pole figures of chlorite (002) and illite/mica (004) basal planes 
obtained from the cleavage-parallel section (a) and the cleavage- 
normal section (b). Lower-hemisphere equal-area projections. Con- 
tours at 0.5, 1, 5, 10, 15 and 20 in multiples of a random distribution 
density. Areas with pole densities less than the random distribution 
density (<1) are stippled. Open triangle: pole of bedding; closed 

circles: eigenvectors of orientation tensor. 

"• 
1.5 

1.0 ~ clusters (Kf<l) 

0.5 / • A o 

/ 
0 ' ' ' ' i ' 015 1.0 1.5 2.0 2.5 30  3.5 

In (El~E2) 
Fig. A2. Logarithmic eigenvalue ratio plot of orientation tensors 
calculated from pole figure data of chlorite and illite/mica. Circles: 

cleavage-parallel section; triangles: cleavage-normal section. 

region where phyllosilicate grains are mechanically disturbed by 
grinding or polishing. The reliability of the measurement technique 
used in this study was therefore investigated. 

Two circular sections of known orientations, one cleavage-parallel 
and the other cleavage-normal, were prepared from a sample using the 
procedure described in the text. The cleavage-parallel section was 
scanned using the technique described in the text. The cleavage- 
normal section was scanned with both 5* tilt and azimuth intervals also 
in mixed reflection and transmission modes. In this case, reflection 
scan covers the central part of pole figure with polar angles of 0-30 °, 
while transmission scan covers the peripheral part with polar angles of 
30-90 °. This covers most directions of phyllosilicate basal planes by the 
transmission scan. A complete measurement took 14 h for chlorite and 
40 h for illite/mica. Pole figures obtained from the cleavage-normal 
section were then rotated so that they were projected on exactly the 
same plane as the cleavage-parallel section. Chlorite and illite/mica 
pole figures obtained from these two sections and their eigenvalue 
ratio plots are shown in Figs. A1 and A2. 

Phyllosilicate basal plane fabrics of the cleavage-parallel section 
differ in both pattern and strength from those of the cleavage-normal 
section. Both chlorite and illite/mica fabrics obtained from the 
cleavage-parallel section are slightly closer to uniaxial clusters with 
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smaller Kf values and a greater fabric strength with higher g4 values 
than the corresponding fabrics obtained from the cleavage-normal 
section (Figs. A1 and A2). The irradiated volume fraction from the 
ground specimen surface in reflection mode must contribute to these 
discrepancies. This indicates that phyllosilicate grains on the specimen 
surface are aligned parallel to the surface due to grinding even after 
being vacuum-impregnated with epoxy. The cleavage-parallel section 
would be more easily affected by this grinding effect, because most 
phyllosilicates on the surface are already aligned subparallel to the 
surface so that they are easily smeared into parallelism with the ground 
surface. The phyllosilicates are mostly aligned subperpendicular to the 
surface of the cleavage-normal section so that they can hardly be 
rotated into parallelism with the surface. The combined reflection- 

transmission mode method may therefore be adequate for phyllosili- 
cate preferred orientation measurement of cleavage-normal sections. 

In spite of the discrepancies above, there is a good correlation in 
pattern and strength between the phyllosilicate basal plane fabrics 
obtained from the two sections. The eigenvectors determined from the 
former precisely coincide with the corresponding ones of the latter 
(Fig. A1). The fabrics of the cleavage-parallel section are not signifi- 
cantly different in pattern from those of the cleavage-normal section. 
Phyllosilicate preferred orientation measurement of cleavage-parallel 
sections using combined reflection-transmission mode method is 
therefore acceptable as far as relative variations in fabric pattern and 
strength are examined. But particular care must be taken in comparing 
the results with strain data, because the Kfvalues are underestimated. 


