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Abstract-Eight samples from a prograde slate sequence from Central Wales, ranging from the diagenetic zone 
to the epizone, were studied by X-ray texture goniometry, SEM and TEM. X-ray pole figure data imply that, in 
the four lower-grade samples, the crystallographic preferred orientations of both mica and chlorite change from 
parallel to bedding, to intermediate to bedding and cleavage, to parallel to cleavage orientation with increasing 
grade. There is no difference in the degree of preferred orientation between mica and chlorite in individual 
samples. The sample with an intermediate preferred orientation has the lowest degree of preferred orientation. 
In the four higher-grade samples, the preferred orientations of mica are primarily in the cleavage orientation, 
whereas those of chlorite are largely parallel to bedding. 

Observations by SEM and TEM show that the samples have two populations of phyllosilicates: (1) large (tens of 
pm) chlorite-mica stacks of detrital origin, dominated by chlorite in a matrix of (2) authigenic fine-grained (tens of 
nm) mica and chlorite with dominant illite (muscovite). Preferred orientation measurements of chlorite primarily 
reflect the chlorite in the stacks. However, preferred orientation measurements of mica are dominated by the mica 
in the stacks for four lower-grade samples, but by mica in the fine-grained matrix with (001) parallel to cleavage for 
the four higher-grade samples. These observations collectively show that: (1) mechanical rotation of detrital grains 
was the dominant reorientation mechanism of cleavage formation in the lower-grade samples; (2) in the higher- 
grade samples, the preferred orientation of matrix mica and chlorite transformed from bedding-parallel to 
cleavage-parallel primarily by dissolution and neo-crystallization. Copyright @ 1996 Elsevier Science Ltd 

INTRODUCTION crystal thicknesses in the range of tens of nm, may 

The importance of crystallographic preferred orien- 
tation development of phyllosilicates in deformed rocks, 
particularly of chlorite and mica, has been the subject of 
many studies. It has been used, for example, to investi- 
gate the processes and mechanisms of cleavage develop- 
ment (e.g. Holeywell and Tullis 1975, Ho et al. 1995) and 
to estimate finite strain (e.g. Tullis & Wood 1975, Chen 
& Oertel 1980, Oertel et al. 1989). Crystallographic 
preferred orientation of large numbers of grains can be 
conveniently determined by means of X-ray texture 
goniometry (Schulz 1949, Wenk 1985). The X-ray tech- 
nique of measuring preferred orientation of phyllosili- 
cates has been optimized through the years (e.g. Lipshie 
et al. 1976, Oertel 1983, van der Pluijm et al. 1994). In 
the case of phyllosilicates, the crystallographic preferred 
orientation also represents the dimensional preferred 
orientation, and shape plays a significant role in the 
reorientation processes (e.g. Hobbs et al. 1976, p. 249, 
Knipe 1981, van der Pluijm & Kaars-Sijpesteijn 1984). 
Nevertheless, because X-ray goniometry measures crys- 
tallographic properties, the term ‘crystallographic pre- 
ferred orientation’ is preferred over dimensional pre- 
ferred orientation in this paper. 

In past X-ray goniometry studies of slates, little atten- 
tion has been paid to distinguishing the contributions of 
phyllosilicates of different origins (i.e. detrital vs authi- 
genie phases). Recent studies (e.g. Li et al. 1993, Ho et 
al. 1995) showed that phyllosilicates in the fine-grained 
matrix, predominantly of authigenic origin and with 

behave differently from detrital grains. which generally 
have large sizes (on the order of tens of ym). Detrital 
phyllosilicate grains may occur as chlorite-mica stacks 
that are oriented with basal planes and long dimensions 
parallel or subparallel to bedding, and which are com- 
monly markedly deformed. In contrast, matrix phyllosi- 
licates consist predominantly of fine-grained authigenic 
white mica and chlorite, commonly with (001) planes 
oriented parallel to either bedding or cleavage. Because 
phyllosilicates of different origins may display different 
responses to deformation, it is important to identify 
their respective contributions to the bulk crystallo- 
graphic orientation data that are integrated by X-ray 
diffraction over all grains of a given mineral regardless of 
origin, and to determine the respective deformation 
mechanisms during cleavage development. Direct ob- 
servations of the rock fabric with scanning electron 
microscopy (SEM) and transmission electron micro- 
scopy (TEM) provide complementary information for 
interpreting the crystallographic preferred orientation 
data obtained by X-ray texture goniometry. However, 
SEM is mainly able to resolve those large phyllosilicates 
that are primarily detrital in origin (e.g. stacks), and 
authigenic phases can only be identified on the TEM 
scale. Thus, each of these imaging techniques provides 
incomplete characterization of the samples. X-ray tex- 
ture goniometry, on the other hand, obtains data from 
all the minerals present, regardless of their sizes and 
origin, dependent only on the volume of grains in a 
particular orientation. Therefore, X-ray texture gonio- 
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metry data can only be correctly interpreted if corre- 
sponding SEM and TEM results are included. By inte- 
grating results from these techniques, the aim of this 
study is to determine the contributions of phyllosilicates 
of different origin to X-ray crystallographic preferred 
orientation, and the dominant deformation mechanism 
during cleavage development as a function of metamor- 
phic grade, over a range from the diagenetic zone to the 
epizone . 

GEOLOGICAL SETTING AND SAMPLING 

The study area is located in the Rhayader district of 
the central Welsh Basin (Fig. 1, inset). The Lower 
Paleozoic rocks of the Welsh Basin have been the 
subject of several studies in characterizing regional low- 
grade metamorphism. Merriman et al. (1992) carried out 
a detailed white mica crystallinity survey in the 
Rhayader district, using a sampling density of approxi- 
mately one mudrock per 1.5 km2, and generated a 
contoured white mica crystallinity map (Fig. 1). 

White mica crystallinity (also known as illite crystalli- 
nity), generally expressed as “A28CuKa, is essentially a 
measure of the half-height width of the 10-A X-ray 
diffraction peak of the <2 /irn fraction (Kubler 1967), 
and has been shown to be primarily a function of illite 

crystallite size and crystal imperfection density (e.g. 
Arkai & T6th 1983, Peacor 1992, Jiang 1993). The 
technique for measuring illite crystallinity has been 
standardized by Kisch (1990). Using illite crystallinity, 
the very-low- to low-grade metamorphic regime can be 
sub-divided into three zones, from low to high grade: 
diagenetic zone (>0.42”A28 CuKo); anchizone; and 
epizone (<0.25”828 CuKa). These terms, applied to 
pelitic rocks, can be roughly correlated with the zeolite, 
prehnite-pumpellyite and greenschist facies as defined 
for metabasites. The dominant factor in determining 
half-height width of the illite 10-A peak is the broaden- 
ing effect of small crystallite size (Merriman et al. 1990). 
Therefore, smaller illite crystallinity values correspond 
to larger average illite crystallite sizes and higher grades. 

The contoured map of Fig. 1 shows a pattern of 
regional metamorphism that is broadly characterized by 
increasing grade toward the northwest. Eight oriented 
samples with mesoscopically discernible bedding and 
cleavage were collected to represent the range of grade 
from the diagenetic zone to the epizone (Table 1). 
Sample locations and corresponding illite crystallinity 
data are shown in Figs. 1 and 2. The shales and slates 
generally consist of pm- to mm-sized grains of quartz, 
albite, white mica and chlorite-mica stacks having the 
characteristics of detrital grains, in a phyllosilicate 
matrix of intergrown fine-grained chlorite and white 
mica (Merriman et al. 1992). Chlorite-mica stacks may 

Epizone 

Anchizone 

Diagenetic zone 

Fig. 1. Location map, showing contoured illite crystallinity data (after Merriman er al. 1992). Sample numbers and 
corresponding localities are shown. 
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Table 1. Illite crystallinity and maximum value and contour interval for projections in Fig. 2 

Sample ID 

BRM 945 
BRM 951 
BRM 950 
BRM 952 
BRM 953 
BRM 731 
BRM 732 
BRM 938 

Chlorite (001) Mica (001) 
IC 

“A28 Grade Max Contour interval Max Contour interval 

0.54 Diagenetic 5.86 0.6 6.15 0.6 
0.45 Diagenetic 2.50 0.2 2.38 0.2 
0.41 Low anchizone 5.14 0.6 5.18 0.6 
0.39 Low anchizone 5.51 0.6 5.66 0.6 
0.37 Low anchizone 5.20 0.8 3.73 0.6 
0.29 High anchizone 5.94 0.6 3.76 0.6 
0.26 High anchizone 5.43 0.4 3.74 0.4 
0.23 Epizone 4.99 0.6 6.21 0.6 

Fig. 2. Lower-hemisphere equal-area projections of mica (001) (upper row) and chlorite (001) (lower row) orientations. 
Poles to bedding and cleavage are labeled as B and C, respectively. Due to the angular limitation of the transmission mode 
for one sample section, data are not obtained in the center area of the projections. Plots are contoured in multiples of 

random distribution (m.r.d.). The maximum intensity and the contour interval for each sample are listed in Table 2. 

comprise up to 50% of some samples, having developed 
by replacement of detrital grains of mafic minerals, 
primarily biotite, through a series of textural and com- 
positional changes in response to diagenesis and low- 
grade metamorphism (Li et al. 1994). 

Sample BRM 945 (diagenetic zone) is the only sample 
in which no cleavage is present in hand specimen; 
however, the specimen splits along the bedding plane. 
The quality of mesoscopic cleavage improves as grade 
increases (to the northwest). Samples from the high- 
anchizone and epizone show well-developed cleavage. 
IQ 18:5-F 

METHODS OF STUDY AND SAMPLE 
PREPARATION 

The crystallographic preferred orientation measure- 
ments were performed on a modified X-ray pole figure 
device attached to an Enraf-Nonius CAD4 single- 
crystal diffractometer equipped with a MO source. The 
detailed instrumentation and correction procedures 
have been described in van der Pluijm et al. (1994). For 
observing the internal structure of samples and features 
within component crystals, a Hitachi S-570 scanning 
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electron microscope (SEM) and a Philips CM 12 scan- 
ning transmission electron microscope (STEM), both 
equipped with Kevex Quantum energy dispersive spec- 
tral (EDS) analysis systems, were used. 

Polished slabs cu 0.2 mm (200,um) thick were used for 
X-ray texture analysis. Thin sections of standard thick- 
ness with high-quality diamond-polished surfaces were 
used for SEM observations. For TEM work, specimens 
were removed from sticky-wax-backed thin sections, 
and then ion-milled. Therefore, three parallel thin sec- 
tions, each perpendicular to the line of intersection of 
bedding and cleavage, were sequentially made from 
each hand sample. From these sections, specimens for 
X-ray texture goniometry and EM work were made 
following the procedures in van der Pluijm et al. (1994) 
and Jiang and Peacor (1991), respectively. 

The measured X-ray intensities are first corrected for 
background and absorption. The corrected intensities, 
then, are normalized and expressed in multiples of a 
random distribution (m.r.d.), which is equivalent to 
percentage per 1% area (Wenk, 1985). Although only 
three-quarters of the area of a complete pole figure is 
measured in one measurement, intensities are still nor- 
malized against whole area since the intensity contri- 
bution from the not-measured area is negligible. The 
pole figures shown in this paper are all lower- 
hemisphere equal-area projection. 

RESULTS 

X-ray texture goniometry data 

The X-ray texture goniometry data are shown in Fig. 
2. The road indicated in the center of the figure serves as 
a reference (cf. Fig. l), and the illite crystallinity values 
of each sample are given next to their localities. The data 
are presented as contoured X-ray intensity data on the 
lower-hemisphere projection, and on the plane ortho- 
gonal to bedding and cleavage. The letter ‘B’ marks the 
position of the pole to the bedding, and the letter ‘C’ the 
position of the pole to cleavage. Maximum intensities 
and contour intervals for each sample are listed in Table 
1. All data have been rotated so that the bedding 
orientation is standardized as ‘east’, regardless of its 
orientation in each outcrop. The diagrams in the upper 
row are for the mica (001) reflection (10-8, peak), and in 
the lower row are for the chlorite (001) reflection (14-A 
peak). 

The preferred orientation of mica in the sample of the 
lowest grade (BRM 945, 0.54”A26 CuKa) is in the 
bedding orientation. As the cleavage develops and the 
grade increases, it changes to an orientation intermedi- 
ate to those of bedding and cleavage (BRM 951, 

0.2 7 
Epkone m 5 

_--___ iii 

945 951 950 952 953 731 732 938 
Group I 1 Group II 

Fig. 3. Intensity of preferred orientation (in m.r.d.) based on pole 
figures for each sample plotted as a function of illite crystallinity grade; 
illite crystallinity values arc separately plotted. Data are listed in 

Table 1. 

0.45”A28 CuKa), and subsequently to being parallel to 
cleavage (BRM 950, 0.41°A28 CuKa and BRM 952, 
0.39”628 CuKa). Cleavage in sample BRM 952 is paral- 
lel to bedding, but bedding and cleavage have different 
orientations in all other samples. In higher grade 
samples, the preferred orientation of mica is always 
parallel to the cleavage. Asymmetric patterns with a tail 
towards the bedding pole are visible in the pole figures of 
samples 953,731 and 732. 

The preferred orientation of chlorite shows a different 
pattern. The trend in orientation is the same as that of 
mica in the four lower-grade samples. It is parallel to 
bedding in the lowest-grade sample (BRM 945, 
0.54”A28 CuKa), changing to an orientation intermedi- 
ate to bedding and cleavage (BRM 951, 0.45”A28 
CuKa), and then parallel to cleavage (BRM 950, 
0.41”A20 CuKa and BRM 952,0.39”A28 CuKa). How- 
ever, in the four samples of higher grade, the chlorite 
preferred orientation is parallel to bedding. Similar to 
the mica pole figures, asymmetric patterns are also 
visible in the pole figures of samples 953,731 and 732, but 
with a tail towards the cleavage pole. 

The intensities of preferred orientation, expressed in 
m.r.d., are listed in Table 1 and plotted in Fig. 3. The 
corresponding illite crystallinity values are also plotted 
in this figure. For each sample, several sets of data were 
measured, but only one set of data, corresponding to the 
figure shown in Fig. 2, is listed. Intensity values in 
different sets differ by no more than 15%. For the lower- 
grade samples, in which the preferred orientations of 
mica and chlorite lie in the same direction (945,951,950 
and 952), the degress of preferred orientation are nearly 
identical. The minimum value occurs in the sample with 

Fig. 4. Selected images of low-grade samples from group I: (a) BRM 945 (SEM); (b) BRM 945 (TEM); (c) BRM 951 @EM); and (d) BRM 950 
(SEM). Mica (M), chlorite (Chl), micaachlorite stacks (M-C) and quartz (Q) are labelled in (c); minerals can be identified in the other images as 

they display the same contrast as in (c). Bedding and cleavage directions are indicated by arrows. Scale bar is shown in each photograph. 
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the preferred orientations intermediate to bedding and 
cleavage (BRM 951). For the higher-grade samples, the 
degree of preferred orientation of mica, which is 
oriented preferentially parallel to cleavage, is generally 
less than that of chlorite, which is oriented parallel to 
bedding. The degree of preferred orientation of mica is 
greater than that of chlorite only in the highest-grade 
sample (BRM 938). There seems to be a significant 
increase in degree of preferred orientation in mica and 
a small decrease for chlorite in samples with grade 
higher than that of BRM 732. However, because of the 
limited amount of data, these latter trends remain un- 
certain. 

SEA4 and TEM observations 

All SEM images shown were obtained in back- 
scattered electron (BSE) mode. In this mode, because of 
the difference in composition, mica and chlorite can be 
distinguished by their contrast, with chlorite brighter 
than mica. The textural relations for mica, chlorite and 
chlorite-mica stacks are shown in Fig. 4. The width of 
view of most of the SEM photographs is -0.5-l mm, 
which is approximately equal to the 1 mm diameter of 
the X-ray beam used for measuring preferred orien- 
tation data. Therefore, the areas represented by SEM 
images correspond to the areas analyzed by the X-ray 
texture goniometry. 

Two modes of occurrence of phyllosilicates were ob- 
served in SEM and TEM: (1) large pm-sized chlorite- 
mica stacks, dominated by chlorite. We refer to this kind 
of larger grain, easily resolvable in the lower-resolution 
SEM images, as detrital in origin, as previous work 
indicates that such chlorite-mica stacks were originally 
detrital biotite grains that were modified, in part by 
replacement of biotite by chlorite during diagenesis and 
metamorphism (e.g. Li etal. 1994); (2) fine-grained mica 
and chlorite with dominant illite (muscovite) (Fig. 4b). 
The thickness of each phyllosilicate packet is on the 
order of 0.02 pm, which is too small to be resolved in 
SEM images. This kind of phyllosilicate, comprising the 
fine-grained matrix, is authigenic in origin (Merriman et 
al. 1990, Li et al. 1994). Individual crystals are only 
resolvable at the high-resolution TEM scale. 

In the lowest-grade sample (BRM 945, Fig. 4a), a 
preferred orientation parallel to bedding is well defined 
by the basal planes of detrital phyllosilicates observed in 
the SEM image. However, a range of orientations can be 
observed in the TEM image (Fig. 4b) of authigenic clays. 
Detrital phyllosilicates in sample BRM 951 (Fig. 4c) 
have a variety of orientations, and show abundant defor- 
mation features. An apparent preferred orientation can 
not be directly determined from this image. Neverthe- 
less, it is clear that the average preferred orientation 

would be intermediate to the bedding and cleavage 
orientations. The presence of thin bands of phyllosili- 
cates parallel or sub-parallel to the cleavage, sometimes 
containing small euhedral crystals, suggest that cleavage 
is determined by a dissolution-neocrystallization pro- 
cess. In sample BRM 950 (low anchizone, Fig. 4d), the 
majority of grains are parallel to cleavage, although a 
few detrital grains remain aligned parallel to bedding. 

Figure 5(a) (BRM 731, high anchizone) and Fig. 5(b) 
(BRM 938, epizone) are representative SEM images of 
higher-grade samples. In both images, a preferred orien- 
tation parallel to bedding can be recognized from the 
alignment of the (001) planes of chlorite-mica stacks, 
especially the stacks of larger size. A weak preferred 
orientation parallel to cleavage, formed by the align- 
ment of (001) of a number of smaller stacks and mica 
grains, can be seen in Fig. 5(b) (BRM 938). Defor- 
mation of individual grains is common, and minerals in 
the cleavage orientation often cross-cut grains in other 
orientations. 

The collective SEM observations show that both 
chlorite and mica occur in chlorite-mica stacks, but with 
chlorite being the dominant phase (e.g. significantly 
larger proportion of bright areas relative to gray areas in 
BSE images). Individual detrital mica or chlorite grains 
are observed in only a few cases (e.g. Figs. 5a & b). 

Mica was more frequently encountered than chlorite 
in TEM images, suggesting that mica is the dominant 
phase of the matrix materials. It is difficult to determine 
representative preferred orientations of mica and chlor- 
ite from TEM images for lower-grade samples because 
of the large range of small packet orientations within the 
small image areas. However, as grade increases, better 
aligned and thicker phyllosilicate packets occur in the 
cleavage orientation, suggesting preferred orientation 
development in the cleavage orientation. Moreover, 
these thicker, essentially strain-free packets in the cleav- 
age orientation are often seen to cross-cut grains in other 
orientations (Fig. 5c), further supporting a dissolution- 
neocrystallization origin for cleavage-parallel phyllosili- 
cates. 

DISCUSSION AND CONCLUSIONS 

For discussion purposes, the prograde sequence is 
subdivided into two groups, based on characteristics of 
the X-ray analysis data. Group I consists of samples in 
which the crystallographic preferred orientations of 
mica and chlorite are similar (945,951,950 and 952), but 
this common orientation changes from parallel to bed- 
ding in the lowest-grade sample, to intermediate to 
bedding and cleavage, and then to parallel to cleavage. 
Group II contains the remaining samples (953,731,732 

Fig. 5. Selected images of high-grade samples from sample II: (a) BRM 731 @EM); (b) BRM 938 (SEM); and (c) TEM image from BRM 938. 
Minerals can be identified by the same contrast as in Fig. 4. Bedding and cleavage directions and scale bar are shown in each photograph. 
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and 938). In group II samples, the X-ray crystallographic 
preferred orientation of mica is mainly parallel to cleav- 
age. However, the X-ray crystallographic preferred 
orientation of chlorite is mainly parallel to the bedding 
orientation. Group I samples represent the lower-grade 
portion (diagenetic-low anchizone) of the continuous 
pro-grade metamorphic sequence, whereas those of 
group II represent the higher-grade range (low 
anchizone-epizone). 

As concluded from SEM observations for group I, the 
alignment of the (001) planes of detrital phyllosilicates 
(detrital mica in BRM 945, chlorite-mica stacks in other 
samples) are parallel to bedding (945), intermediate to 
bedding and cleavage (951), and parallel to cleavage 
(950). In group II, basal planes of detrital phyllosilicate 
are essentially parallel to bedding for all samples. For 
chlorite, the X-ray crystallographic preferred orien- 
tation data correlate with the preferred orientations of 
detrital phyllosilicates as shown by SEM observations 
for all samples. Thus, it appears that the crystallographic 
preferred orientation of chlorite is dominated by chlor- 
ite in chlorite-mica stacks for all samples, regardless of 
their metamorphic grade. 

The situation, however, is different for mica. In group 
I samples, the X-ray crystallographic preferred orien- 
tation of mica is the same as that of chlorite and the 
preferred orientation of detrital chlorite-mica stacks as 
suggested by SEM images. TEM observations, on the 
other hand, show no apparent preferred orientation. 
Although mica is the dominant phase in the matrix, it 
will probably not contribute significantly to the overall 
result because of its relatively random orientation. 
Therefore, the X-ray crystallographic preferred orien- 
tation of mica is likely also dominated by the mica in the 
detrital phases (as individual grains or within chlorite- 
mica stacks). In group II samples, the crystallographic 
preferred orientation of mica is primarily parallel to 
cleavage, but the basal planes of chlorite-mica stacks, as 
shown by SEM images, are preferentially aligned paral- 
lel to bedding. This suggests that mica in the stacks does 
not contribute significantly to the X-ray data. On the 
other hand, TEM observations imply a well-defined 
preferred orientation in the cleavage direction for authi- 
genie mica. This agreement between X-ray crystallo- 
graphic preferred orientation data and TEM 
observations suggests that, in group II samples, mica 
occurs principally as an authigenic phase, which domi- 
nates the crystallographic preferred orientation 
measurements. These observations collectively suggest 
that each X-ray pole figure is the sum of the separate 
preferred orientations of detrital and authigenic phases, 
as implied by SEM and TEM images, respectively, and 
that the orientation of the maximum is controlled by the 
dominant phase. Therefore, we conclude that the pre- 
ferred orientation of mica is dominated by detrital 
phases in the lower-grade group I samples, but as grade 
increases, the contribution of authigenic mica increases 
and eventually dominates the X-ray measurements. 

In addition to showing the differences in contributions 
to X-ray crystallographic preferred orientation 

measurements from detrital and authigenic phyllosili- 
cates, this suite of samples also provides an opportunity 
to study their reorientation mechanisms with changing 
metamorphic grade. Mechanical rotation and 
dissolution-neocrystallization are considered end- 
member processes in cleavage development (e.g. Wood 
1974). Geological parameters such as temperature, 
fluid/rock ratio, the composition of pore fluids, poro- 
sity, state of lithification and strain (rate) have all been 
proposed as significant controlling parameters. Mechan- 
ical rotation of grains would create a continuous range in 
orientations. A crystallographic preferred orientation 
that is intermediate to those of bedding and cleavage 
therefore develops, accompanied by an overall decrease 
in the degree of preferred orientation because of the 
larger scatter. The degree of preferred orientation 
should increase again once the preferred orientation of 
rotated grains or portions thereof are in the cleavage 
direction. These characteristics agree well with the X- 
ray texture goniometry data for the low-grade samples 
from group I for both mica and chlorite. Direct obser- 
vations of deformation features, as seen in Figs. 4(b) & 
(c) further imply that mechanical rotation is the domi- 
nant mechanism in these low-grade samples. 

In contrast, authigenic minerals preferentially crystal- 
lize in the cleavage orientation at the expense of miner- 
als dissolving in other orientations as cleavage develops. 
This would result in a bimodal orientation distribution 
and a paucity of intermediate orientations between 
bedding and cleavage, or a slight asymmetry in preferred 
orientation (Etheridge & Oertel 1979, Sintubin 1994). 
Samples in group II show that mica has a maximum in 
the cleavage orientation with a tail towards the bedding 
orientation, whereas the maximum for chlorite lies in 
the bedding orientation with a tail towards the cleavage 
orientation. Moreover, the mica distribution appears to 
become less asymmetric with increasing grade. These 
slightly asymmetric patterns indicate that rotation and 
internal deformation of detrital grains played a minor 
role in the samples from group II, and that growth of 
minerals in the cleavage orientation is dominated by 
dissolution and neocrystallization of mica. This view is 
supported by large detrital grains that are cross-cut by 
thin bands of phyllosilicates parallel to the cleavage 
orientation and thicker, relatively strain-free cleavage- 
parallel phyllosilicate packets cross-cutting packets in 
other orientations (Fig. 5~). 

In conclusion, X-ray preferred orientations of mica 
and chlorite combined with data on the metamorphic 
grade from illite crystallinity measurements, indicate 
that although both mechanical rotation and dissolution- 
neocrystallization are active in all samples, mechanical 
rotation is the dominant process of cleavage formation 
in the lower-grade regime (group I), and dissolution- 
neocrystallization is the dominant cleavage formation 
mechanism in the higher-grade regime (group II). 
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