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Abstract

Coexisting paragonite and phengite in an eclogite from the Franciscan Formation at
Cazadero, California, were studied by transmission electron microscopy. The phengites are
characterized by high Fe + Mg (0.48 per 2 octahedral cations) and Si (3.21 per 4 tetrahedral
cations). The phengite has l5 mole% Na substituting for K, and the paragonite has 7 mole%
K substituting for Na.

Half-micron sized lamellae of phengite were observed intergrown in paragonite, but not
vice versa. Phengite is predominantly a well-ordered 2M, polytype almost free of stacking
disorder, except for phengite lamellae intergrown within paragonite. However, paragonite is
highly imperfect, with stacking disorder and a high density of edge dislocationJike features.
Paragonite shows stacking disorder originating from random layer rotations of n(120') and
also exhibits complex polytypism. Although most paragonite is a 2Mt polytype, there are
locally random intercalations of a 3-layer polytype. In addition, the 2-layet and 3Jayer
polytypes are intercalated in an ordered fashion resulting in an 8-layer polytype composed of
a 2-layer and two 3-layer subunits. Phengite is locally deformed below optical microscopic
resolution and shows complex bending and kinking.

Introduction

Coexisting paragonite and muscovite have been ob-
served in eclogite by many investigators (Essene, 1967;
Ernst, 1976; Ernst and Dal Piaz, 1978; Holland, 1979;
Feininger, 1980; Krogh, 1980; Oberh?insli, 1980; Heinrich,
19E2). Rosenfeld et al. (1958) and Zen and Albee (1964)
have shown that the basal spacings of the coexisting mus-
covite and paragonite pairs change progressively with in-
crease in metamorphic grade and therefore indirectly with
temperature.

The solid solution series muscovite (KAlrSi3AlOro
(oH)r)-celadonite 1KR2*R3+Si4o1o(oH)r), where R2* is
Mg2* and Fe2*, and R3* is Al3* and Fe3*, was discussed
by Schaller (1950) and Foster (1956). Phengite is a diocta-
hedral mica that deviates from the ideal muscovite compo-
sition toward K(Alr.5R3.+sxsi3.5Alo.s) o1o(oH)2 (Bailey,
1980). The amount of phengitic substitution is a function of
pressure and temperature, although bulk rock composition
may also be significant (Ernst, 1963; Velde, 1965b, 1967;
Brown, 1968; Powell and Evans,1983).

Phengite commonly occurs in metamorphic rocks, but
paragonite is rare compared to phengite. The rarity ofpar-
agonite was explained by Guidotti (1968) on the basis of
compositional control and stability relations, and he sug-
gested that the presence of paragonite is related to relative

1 Contribution No. 2t()2 from the Mineralogical Laboratory,
Department of Geological Sciences, The University of Michigan,
Ann Arbor, Michigan 48109.

enrichment in AlrO. and/or NaAlO2 in low- to medium-
grade metamorphic rocks. Rocks with highly aluminous
minerals such as chloritoid, kyanite, etc., commonly have
paragonite, whereas less aluminous rocks that contain bio-
tite rarely have paragonite. Some of the apparent scarcity
of paragonite is due to the difficulty with its identification
(Guidotti, 1968). In addition, paragonite is unstable in the
presence of K-feldspar and with potassic solutions because
it will react to form muscovite + albite. At higher temper-
atures muscovite can accept a larger paragonite component
than vice versa (Burnham and Radoslovich, 1964), and this
also reduces the likelihood offinding paragonite. Neverthe-
less, the occurrence of coexisting paragonite and phengite
remains interesting because of the solvus relations (Eugster'
1956; Eugster et al., 1972; Blencoe and Luth, 1973) and
because it offers potential as a geothermometer once the
solvus is accurately defined.

Essene (1967) reported coexisting paragonite and phen-
gite in blueschist ecologite (Univ. of Calif., Berkeley, No.
665-Cl9) from the Franciscan Formation at Cazadeto,
California. These white micas were present in the gneissic
layers lacking in glaucophane and rich in omphacite.
During analysis of paragonite and phengite by electron
microprobe, a step scan across both minerals for Na, K
and Ca showed intermediate values (Essene, 1967). These
intermediate values can be explained by three possibilities:
(1) fine grained intergrowths of both micas below electron
microprobe resolution (<2 pm); (2) the presence of mixed-
layering (Zen and Albee, 1964; Albee and Chodos, 1965;

0003-{04x/85/l l l2-1 193$02.00 I 193



r194 AHN ET AL.: COEXISTING PARAGONITE-PHENIGITE

P h

s i 0 2

A l ^ 0 "

T i 0 2

c r ^ 0 ^

F " 2 0 :

F e 0

M n 0

!1S 0

C a 0

N a 2 0

K 2 o

Hzo

F z

S  u m

Table 1. Electron microprobe analyses of coexisting paragonite
(pa) and phengite (ph)
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mediate values for Na and K observed with the electron
microprobe (Essene, 1967). This study was also prompted
by a general question regarding the nature of phengite: are
the divalent and trivalent components in these phengites
homogeneously distributed within the individual layers of
mica structure or are the divalent components con-
centrated in individual layers or packets of layers that are
too small to be resolved even by X-ray diffraction?

Experimental

The specimen observed in this study is from a gneissic
Type IV blueschist eclogite from the Franciscan Formation
at Cazadero, California (Coleman and Lee, 1963), and was
previously studied by Essene (1967). Samples were first pre-
pared as polished thin sections for petrographic observa-
tion and electron microprobe analysis. The surfaces of thin
sections were cut perpendicular to the gneissic layers to
obtain optimum orientation for lattice fringe images in
TEM observations. Following optical observation and
electron microprobe analysis, washers were attached to se-
lected areas, and after detaching from the slide these
washer-mounted samples were thinned in an ion mill and
then lightly carbon-coated. The electron microscope used is
the University of Michigan JEoL JEM-100cx instrument
fitted with a solid state detector for energy dispersive
analysis. AEM techniques are described in detail in Blake
et al. (19809 and Blake and Peacor (1981). All TEM obser-
vations were performed and interpreted using the theory
described by Iijima and Buseck (1978); only one-
dimensional lattice fringe images are obtained by using the
(00/) reflections.

Composition of paragonite and phengite

Coexisting paragonite and phengite are observed in
gneissic layers that consist of epidote-glaucophane-.garnet
domains complexly intergrown with sodic pyroxene (om-
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Frey, 1969); (3) the presence of variable amounts of ex-
solved micas (for example, Veblen, 1983a).

In this paper transmission electron microscopy (TEM)
and X-ray analytical electron microscopy (AEM) tech-
niques were used to investigate the nature of coexisting
paragonite and phengite in blueschist eclogite at high reso-
lution in order to determine the detailed chemical and
structural relations and to determine the origins of inter-

Fig. 1. Composition diagram showing celadonitic substitution
and mutual paragonite and phengite substitutions. Tie lines indi-
cate coexisting paragonite-phengite pairs, and other data are
derived from literature values for eclogites and blueschists.
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Fig. 2. Basal spacings of coexisting paragonite and phengite.
The central straight line corresponds to the regression line: d(002)
2M paragonite :12.250 - 0.264 d(N2) 2M muscovire (after Znn
and Albee, 1964). The two supplementary lines indicate the uncer-
tainty limits oI Zen and Albee. Other data from the literature are
plotted for comparison.
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Fig. 3. Low magnification TEM image of a grain boundary
between paragonite and phengite. Thin sample area of paragonite
shows splitting along layers due to beam damage; phengite does
not exhibit this feature.

phacite zoned to acmite-jadeitefgarnet-quartz-albite do-
tnains. The sodic pyroxenes in this sample were analyzed
by Essene and Fyfe (1967), and the garnets were analyzed
by Dudley (1969).

Paragonite is rare in the Franciscan Formation, and
only three paragonite localities were found by Essene
(1967) from an X-ray powder diffraction search of more
than 200 specimens of white micas. Paragonite may be
limited to basic rocks of a restricted composition as Banno
(1964) suggested for Japanese glaucophane schists. On the
other hand, many eclogitic rocks from New Caledonia con-
tain paragonite (Black, 1975).

Coexisting paragonite-phengite pairs were analyzed
using the electron microprobe (Table 1). These analyses are
generally in reasonable agreement with the older data of
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Essene (1967). The analyses reveal an asymmetric solvus

between paragonite and phengite, with a l5 moleTo parag-

onite component (NaAlrSi.AlOlo(OH)r) in phengite and a

7 mole%o muscovite component (KAlrSi3AlOlo(OH)r) in
paragonite (Fig. 1). The phengite analyses display a high

phengitic substitution (Si : 3.21) when the chemical formu-

la is normalized to 6 octahedral and tetrahedral cations.
Charge balance considerations suggest that most of the
iron is ferric (Table 1), but this result is imprecise due to

analytical errors and to assumptions made in normal-

ization. However, Ernst (1964) and Makanjuola and Howie
(1972) observed that ferric iron is dominant in white micas

from blueschist facies. Our phengite analysis can be recast

approximately as l5o/. paragonite, 46To celadonite, l2o/.
ferrimuscovite, and only 27ok mvscovite. The coexisting
paragonite shows little excess Si (Table 1). The analytical
data on coexisting paragonite and phengite have been plot-

ted on a composition diagram showing celadonite substitu-

tion in comparison with other data from eclogite and

blueschist rocks (Fig. 1). It can be seen that paragonite

contains a small celadonite component (< 10%) even when

coexisting with celadonite-rich phengites. The scattered
data lying inside the tielines connecting coexisting pairs

suggest that these white micas formed at higher temper-

atures or contain submicroscopic intergrowths of other
micas. Submicroscopic intergrowth of phengite within par-

agonite was observed in this study, and it will be discussed
in a later section.

Several experimental studies attempting to define the
paragonite-muscovite solvus have been carried out (Eu-

gster and Yoder, 1955; Iiyama, 1964; Nicol and Roy, 1965;

Popov, 1968 ; Eugster et al., 1972; Blencoe and Luth, 1973).

However, the solvus is still not tightly constrained by com-
positional reversals. The experiments show that there is an
increasing amount of Na in muscovite and K in paragonite

'with increasing temperature and that the solvus is asym-

metric in that there is less solid solution in paragonite than

AHN ET AL.: COEXISTING PARAGONITE_PHENIGITE

Fig. 4. (a) Low magnification electron micrograph of an intergrowth of phengite lamellae (0.6 pm width) within paragonite (Pa), and

(b) electron diffraction pattern from this area showing split diffractions from phengite (Ph) and paragonite (Pa).
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in muscovite. This asymmetric solid solution relationship is
explained by Burnham and Radoslovich (1964) through a
consideration of the variation of alkali-oxygen interatomic
distances with varying K[.{a atomic ratio. They pointed
out that substitution of Na for K does not result in a linear
variation of the alkali-oxygen bond distances. The bond-
length changes as Na replaces K are small and gradual,
whereas they are large when K replaces Na.

Easal spacings of coexisting paragonite and phengite
Zen and. Albee (1964) suggest that the basal spacings of

coexisting muscovite-paragonite fit the regression equa-
tion:

d(OO2)2M Pg = 12.250 - 0.2634 d(m/4zlJ;'{ Mu + 0.0006A

on the basis of the results for 42 coexisting muscovite and
paragonite pairs from various metamorphic rocks. They
pointed out that the basal spacings of the coexisting mus-
covite and paragonite change progressively according to
the grade of metamorphism, so these parameters provide a
sensitive and continuous measure of changing metamor-
phic grade.

Basal spacings of the paragonite and phengite of this
study were measured with powder X-ray diffraction, using
the (fi)6)r" reflections with quartz as an internal standard.
The basal spacings of the paragonite and phengite are
9.6284 and 9.933A and fall below the regression line of Zen
and Albee (Fig. 2). Zen and Albee (1964) explained the
scatter in values by several causes: (l) only partial or total
lack of attainment of chemical equilibrium between the two
micas; (2) the presence of different mica polymorphs; (3)
the presence of mixedJayering; and (4) the presence of
other components in the micas. Among the several factors
given by Zen and Albee, the most important one is the
effect of other components, especially the phengite compo-
nent. Radoslovich and Norrish (1962) showed that the
basal spacing varies with the compositions of the octa-
hedral sites, and Ernst (1963) pointed out that phengitic
substitution leads to abnormally small basal spacings in
muscovite. Low basal spacings due to phengitic subsitution
have been observed by many workers (e.g., Ernst, 1963;
Cipriani et al., 1968; Chiesa et al., 1972; H6ck, 1974; Ka-
tagas and Baltatzis, 1980). The substitutions as shown by
the analytical data ofTable I therefore serve to explain the
deviation of the d(002) values from the trend of Zen and
Albee.

Electron microscopic observations

Because of the relatively small difference in basal spac-
ings of paragonite and phengite (9.63 and 9.93A, respec-
tively), lattice fringe images of both are almost identical.
The contrast in TEM images is also very similar for both.
It is therefore very diffrcult to differentiate between these
micas directly from TEM images. However, we dis-
tinguished the micas by using electron diffraction patterns
that exhibited splitting of 001 reflections and by using
X-ray analytical electron microscopic techniques. The only

E n e r g y  ( k e v )

Fig. 5. Energy dispersive X-ray spectra of the phengite (a) and
paragonite (b). Small Cu peaks are present in both spectra due to
contamination.

significant difference that can be observed directly in ordi-
nary bright field images of individual phases is their differ-
ent stabilities under the electron beam. Both paragonite
and phengite are relatively unstable, and both display a
"mottled" image appearance due to beam damage but par-
agonite is damaged much faster than phengite and shows a
different resultant texture; paragonite splits along layers,
eventually exhibiting lenticular layer separations in areas of
thin edges (Fig. 3). Those lenticular fissures are a beam-
damage feature of paragonite caused by rapid volatiliza-
tion or diffusion of interlayer Na (Ahn and Peacor, unpub-
lished data).

P ar ag onite- p he ng it e int er gr ow th

Phengite lamellae are occasionally observed to be inter-
grown within paragonite grains as packets of layers ap-
proximately 0.5-0.8 pm thick. Figure 4a represents an ex-
ample of typical phengite lamellae intergrown within par-
agonite grains. The thin edges of paragonite show the
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Fig. 6. (a) Electron diffraction pattern of phengite. Phengite shows no streaking parallel to c*. (b) Electron diffraction pattern from

paragonite showing diffuse streaking along rows of reciprocal lattice points with k + 3n. 110* refers to the reciprocal lattice direction

[1 l0].

characteristic lenticular splitting caused by beam damage.
Electron diffraction patterns (Fig. ab) show that the 001
reflections are two separate reflections, indicating that the
area within the beam is composed of two intergrown micas
that have different basal spacings. Qualitative X-ray ana-
lytical electron microscopy also confirms that phengite is
intergrown with paragonite (Fig. 5a, b). The X-ray spec-
trum from phengite (Fig. 5a) shows a significant Mg and
Fe content and high K whereas the spectrum from parag-
onite (Fig. 5b) shows a low Mg, Fe content and low K. No
significant chemical difference between fine scale inter-
grown phengite and large grains ofphengite was observed.

This kind of fine scale intergrowth of different micas
below electron microprobe resolution may be a common
feature in both naturally occurring and synthetic micas. If
such intergrown micas are analysed and assumed to be
single phases serious errors in the chemical compositions
may result. In order that solid solution relationships in
micas may be accurately defined, it is essential that the
presence of such intergrowths be recognized and
characterized.

Structur al imperfections in par ag onit e

At the beginning of our TEM study, the structure of
phengite was expected to be more imperfect than that of
paragonite, because phengite has a high degree of (Fe, Mg)
substitution, possibly resulting in local strain and/or do-
mains of enrichment of (Fe, Mg) and Si. Our results are
contrary to these predictions, however, in part as demon-
strated in the electron diffraction pattern ofphengite which
shows no effects of stacking disorder. Figure 6a is an elec-
tron diffraction pattern from 2Mt phengite and shows only
sharp, well-defined reflections, indicating that phengite has
an ordered stacking sequence. However, the electron dif-
fraction patterns of paragonite imply stacking disorder and
complex polytypism. We will discuss the aspects of poly-

typism of paragonite and phengite in detail in a later sec-
tion, but we note here that many paragonite grains give
electron diffraction patterns similar to those shown in
Figure 6b; these display diffuse streaking along c* in all
reciprocal lattice rows with k * 3n. Such streaking indi-
cates that stacking disorder is principally due to random
layer rotations of n(120') in layer stacking sequences. This
kind of stacking disorder is most common in phyllosilicates
(Smith and Yoder, 1956; Brown and Bailey, 1962; Ross et
al., 1966), and has been observed, for example, in biotite
(Iijima and Zhu, 1982) and in chlorite (Schreyer et al.,
1982; Veblen, 1983b; Ahn and Peacor, 1985) using electron
diffraction patterns.

Edge dislocation-like features are another type of struc-
tural imperfection shown in paragonite (Fig. 7). They
appear to consist simply of the termination of an entire

Fig. 7. Lattice fringe image of paragonite showing edge

dislocationlike features (indicated by arrows).
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Fig. 8. Lattice fringe image showing complex stacking sequ€nces in phengite which is intergrown with paragonite. L and 2-layet
periodicities are dominant, but 3Jayer or disordered sequences are also present.

structure layer. Such edge dislocations have been more fre-
quently observed in 2:l layer silicates (see, Veblen and
Buseck, 1980, Fig. 13; Veblen and Buseck, 1981, Fig. 19c;
Lee et a1., 1985, Fig. lb) relative to 1:1 layer silicates and
chlorites.

Throughout our observation of phengite (which contains

significant Fe and Mg) we did not observe intercalated
extra brucite-like layers which would serve to locally form
a chlorite-like structure. Such interlayering ofextra brucite-
like layers is commonly observed as a planar defect in
trioctahedral 2:l layer silicates (Veblen, 198O 1983b;
Veblen and Buseck, 1979, l98l; Iijima and Zhu, 1982;

Fig. 9. (a) Lattice fringe image of3Jayer paragonite; (b) Lattice fringe image ofrandomly interlayered 2-layer and 3Jayer paragonite.
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Fig. 10. (a) Lattice fringe image of paragonite showing an 8-layer polytype, consisting of a 3-layer, 3-layer,2-layer sequence; (b)
Electron diffraction pattern from 8-layer paragonite.

Veblen and Ferry, 1983; Olives Bafros et al., 1983; Yau et
al., 1984). We also did not observe any direct evidence for
concentration of Fe and Mg into trioctahedral layers,
which would result in localized units of biotite.

Polytypism of paragonite and phengite

Polytypism in mica has long been of interest to mineral-
ogists and metamorphic petrologists. The six simplest mica
polytypes were described by Smith and Yoder (1956), and
Ross et al. (1966) carried out a systematic generation of all
possible mica polytypes with layer repeats up to six. Baron-
net (1975) rationalized complex polytypism on the basis of
a spiral growth mechanism. Giiven and Burnham (1967)
compared the unit layers of a 2M. and 3T muscovite, and
observed that: (1) cations are partially ordered in both
tetrahedral and octahedral sites in 3T, whereas in the 2M,

2M.,;\,1,',",...

abc
Fig. I 1. (a) Representation of the periodic intensity distribution

of 8M. biotite polytypes (from Ross et al., 1966). The distance R
represents the singleJayer repeat of l0Al (b) Schematic repre-
sentation of the electron diffraction pattern of Figure 10b for the
8-layer paragonite. The crosses correspond to very weak reflec-
tions; (c) The stacking sequence of 2Mr, 3T, and 8M, polytypes as
represented by a Smith-Yoder diagram (from Ross et al., 1966).
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muscovite the distribution of Si and Al in tetrahedral sites
appears to be completely disordered, and (2) the 3T unit
layer possesses space group symmetry C2, whereas the 2Mt
muscovite layer has space group Cl. The causes of struc-
tural control of polytypism, if any, are still not clear.
Gi.iven (1971) suggested that the polytypic sequence is de-
termined by the distortion in single layers through cation
substitutions or ordering. However, Takeda and Ross
(1975) compared the crystal structures of coexisting lM
and 2M, biotite and proposed an origin for biotite poly-
typism due to different atomic and geometric constraints
imposed upon the unit layer by adjacent layers. Thermody-
namic consequences of mica polytypism are still unclear
(Velde, 1965a), but Liborio and Mottana (1975) suggest
that 3T polytypes are favored in high pressure, low temper-
ature metamorphic conditions and with a pure HrO fluid
that is free of CO2. The large number of polytypes found in
biotite (Ross et al., 1966; Iijima and Buseck, 1978) and in
paragonite and phengite (this study) suggest that non-
equilibrium factors such as growth mechanisms or variable
stress may be controlling factors in determining mica poly-
types. In addition, data by Stdckhert (1985) indicate that
high values of the ratio Mg/(Al + Fe + Mg) are correlated
with the 3T polytype of phengite. Recently there have been
several detailed studies of mica polytypism using high reso-
lution transmission electron microscopy (rnrnu) (Iijima
and Buseck, 1978; Amouric et al., 1981; Amouric and
Baronnet, 1983), but the causes of polytypic differences
remain unclear.

Most white micas of metamorphic rocks are 2M, and
lM polytypes, with occasional 3T polytypes. Liborio and
Mottana (1975) reported occurrences of 3T white micas
and discussed their conditions of formation in light of the
local geological relationships and metamorphic environ-
ments. In addition, Frey et al. (1983) reported regional dis-
tribution of white K-mica polytypes from the Central Alps,
and they found that the phengite content of white micas is
related to metamorphic grade but does not control the 3T
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Fig. 12. Severely deformed phengite. Phengite layers are bent and split into chevron folds.

mica stability. Most 3T white micas usually coexist with
2M, polytypes. The 2M, polytype is rare in dioctahedral
micas, and is primarily found in Li-bearing micas (see, Ross
et al., 1966; Bailey, 1980). In our study both phengite and
paragonite were found to be primarily 2M. micas through
single crystal X-ray diffraction data, but both micas were
found to have variations in polytypic sequence when exam-
ined by TEM. The large phengite crystals occur consis-
tently as only the 2M, polytype and are almost entirely
free of stacking disorder as shown by electron diffraction
patterns (Fig. 6a). However, phengites intergrown with par-
agonite at the half-micron scale do show variable periodic-
ity as shown in Figure 8. In this electron micrograph
various kinds of apparent periodicities are shown; 4- and
2-layer periodicities are most abundant but there are also
apparent 3-layer or disordered stacking sequences. Elec-
tron diffraction patterns of this area show heavy streaking
parallel to c*.

When comparing paragonite to phengite, paragonite is
seen to exhibit more complex polytypism even though the
2M, polytype is dominant in paragonite. Besides the 2M,
polytype, paragonite crystals occasionally consist of a well-

ordered 3Jayer polytope (Fig. 9a). The 2Jayer and 3-layer
paragonite polytypes are intergrown randomly in units

from tens of Angstroms to hundreds of Angstroms in thick-

ness, occasionally showing one unit oI 2-layer polytypes

intercalated in 3Jayer polytype regions and vice versa (Fig.

9b). This kind of complex interlayering of different mica
polytypes has only been observed in biotite (Idima and

Buseck, 1978). Furthermore, these 2-layer and 3Jayer poly-

types were found in one paragonite grain to be ordered in a

I to 2 ratio producing an 8-layer superlattice consist of a

2-layer,3Jayer and 3-layer stacking sequence. Figures 10a

and 10b show such SJayer polytype lattice fringe images

and the equivalent selected-area electron diffraction pat-

tern. They are repeated over a substantial range, although

an extra 2-layer unit is shown interrupting the regular 8-

layer sequence (Fig. l0a). The 8M. polytype for biotite,

which consists of the stacking sequence 3T, 3T and 2Mt,

was reported by Ross et al. (1966), who showed the period-

ic diffraction intensity distribution and a schematic dia-
gram of the stacking sequence (Fig. 11). The electron dif-

fraction pattern from 8-layer paragonite (Fig. 10b) agrees

to a first approximation with the calculated periodic inten-



sity distribution of 8M8 shown by Ross et al. (1966), as
shown schematically in Figures lla and llb. Some differ-
ence in the observed and theoretical patterns occurs insofar
as some observed reflections in Figure 10b are shifted
slightly or diffused about the central position. However,
these features are not unexpected in that the stacking se-
quence is locally imperfect, and the selected area electron
diffraction is obtained from an area much larger and more
complex than that shown in Figure l0a.

Phengite deformation

One submicroscopic area of locally-deformed phengite
was observed in a single sample, implying that such de-
formed phengite apparently is unusual. However, the TEM
sample is itself a very small portion of the rock sample, and
deformation may be more common than this one observa-
tion suggests. Phengite layers are bent and split into
100-500A thick packets of layers that are complexly
kinked (Fig. l2). Partially bent and split layers appear to
be continuous with undeformed layers. Figure 13 shows the
boundary between deformed and undeformed phengite
from adjacent areas. The termination at the end of unde-
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formed phengite layers has a serrated boundary, showing
that this is due to brittle fracturing.

Deformation features in micas have been studied by sev-
eral investigators using TEM techniques (e.g., Bell and
Wilson, 1981; Knipe, 1981). Liewig et al.  (1981) studied
deformed phengite in the Schistes lustr6s from the North-
ern Cottic Alps and observed that there are significant dif-
ferences in Si content in phengite depending on the state of
deformation. [n our study qualitative AEM analyses show
that there is no substantial difference between deformed
and undeformed phengites, although deformed phengite
may be slightly enriched in the minor elements Ti and Mn
compared to the undeformed phengite. This may be due to
original small differences in compositions of the areas se-
lected for analysis, however. Because our samples exhibit
no effects of post-deformation annealing, there is no reason
to suspect that the deformation should give rise to compo-
sition differences.

The textural data imply that deformation postdated the
metamorphic event that gave rise to equilibrium phases,
and was not followed by a subsequent annealing event.
These features collectively are consistent with high-presure
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Fig. 13. Phengite grains showing a serrated boundary. Deformed phengites show kink-banding.
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metamorphism of a subducted spilite initially forming mi-
caeous eclogite gneiss. Subsequent local mechanical defor-
mation of the micas without accompanying chemical
changes may be related to cold deformation within the
blueschist facies and/or during tectonic transport of the
eclogite to the surface.

Conclusions

In the specimen studied, phengite lamellae commonly
occur intergrown in paragonite at a scale below that of
electron microprobe resolution and thus can cause diffrcul-
ties in obtaining accurate single-phase chemical compo-
sitions. This kind of fine scale intergrowth of different
micas may be common in both synthetic and natural
micas. Great care should therefore be used in interpreting
chemical analyses of micas. When data are suspect, struc-
tural and chemical characterization should be obtained
with electron microscopy. Phengite in our samples is a
highly structurally ordered, homogeneous phase, with Fe,
Mg and other components randomly occurring in solid
solutions.

Phengite and paragonite display more complex poly-
typic phenomena than initially expected, in part because
powder X-ray diffraction patterns yield sharp, well-defined
reflections. Separate grains of phengite are almost free of
stacking disorder and consist of a well-ordered 2M, poly-
type. However, paragonite shows more stacking disorder, a
higher density of edge dislocations, and complex poly-
typism, including an 8Jayer polytype.
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