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Abstract — Two orientations of white micas with subordinate chiorite have been observed in a fine-grained
(50 A to 2 um) matrix of a Silurian lower anchizonal mudrock from central Wales: one parallel to bedding
and one parallel to cleavage that is approximately 30°-50° to bedding. Bedding-parallel micas consist of
small (50-200 A thick) deformed packets (1M, polytype) and larger (100 A—2 um) strain-free grains (2M,
polytype). All strained micas and some strain-free grains have compositions varying from Mu,,Pg,, to
Mu,,Pg,,, intermediate to muscovite and paragonite, and falling within the Mu-Pg solvus. Individual
packets of layers are chemically homogeneous and some of them give only one set of 00/ reflections (d
~ 19.6 A). Micas with such intermediate compositions are metastable. Some packets of coarse, strain-
free micas have compositions of approximately Mu,;Pg, or Mu,, Pgg,. Split pairs of 00/ reflections with
d-values of 20 A and 19.6 A, and 20 A and 19.2 A, respectively, were observed in some SAED patterns,
suggesting coexistence of muscovite and intermediate Na/K mica (~Mu,,Pg,,), and of discrete muscovite
and paragonite, consistent with the splitting of the basal reflections of micas as observed in bulk-rock
XRD patterns. Cleavage-parallel micas (2M, and 3T polytypes) occur as strain-free large grains (200 A
to 2 um) of discrete muscovite (Mu,,,Pg,) and paragonite (Mu,Pg,,), often with subhedral to euhedral
cross-sections.

The data suggest that bedding-parallel metastable micas with disordered interlayer K and Na were
initially derived from alteration of smectite during burial diagenesis. They subsequently underwent dis-
solution, with crystallization of more evolved bedding-parallel micas during deep burial. Discrete grains
of stable muscovite and paragonite then crystallized in the cleavage orientation through tectonic stress-
induced dissolution of bedding-parallel matrix micas. Combined XRD and TEM/AEM data further show
that the so-~called 6:4 ordered mixed-layer paragonite/muscovite actually corresponds to cation-disordered,
homogeneous mica of intermediate composition.

Key Words—Central Welsh basin, Diagenesis, Intermediate Na/K mica, Low-grade metamorphism,
Modulated structure, Muscovite, Paragonite, Solvus.

INTRODUCTION rock systems (Rosenfeld et al., 1958; Zen and Albee,
1964) and in syntheses (e.g., Fujii, 1966; Popov, 1968;

Micas having compositions within the solid solution
8 D ! ut Blencoe and Luth, 1973; Blencoe, 1974; Chatterjee and

series muscovite [KAl,Si;AlO,,(OH),]-paragonite . .
[NaALSi;AlO,,(OH),] occur in prograde metamorphic Froese, 1975). Experlmental‘studles suggest .that thex:e
rocks that range in grade from late diagenesis through 'S @ SO]V“? between muscov.lte gnd paragor}lte that is
the anchizone to the epizone (Frey, 1969, 1970, 1978, asylpmetrlc toward paragomte (i.e., less K in Pg than
1987; Livi ef al., 1988, 1990), including the prehnite- 12 it Mu) and that the solvus does not close due to
pumpellyite and pumpellyite-actinolite facies (Merri- truncation by other phase ‘assemblages. T.he form of
man and Roberts, 1985; Pe-Piper, 1985), and to middle the solvus between muscovite and paragon}te has been
grade metamorphic rocks (Guidotti, 1984; Essene, 1989; US:Cd asa geqthc?rmometgr for metamorphic rocks de-
Shau et al., 1991, and references therein). The degree sglte }mce'rtamtles re§ult1ng frgm pressurg, Ca-Na su'b-
of solid solution in coexisting muscovite (Mu) and pa- sut.utlon n paragonite, pqs&ble p.her.1g1te/ce1a¢.:lomte
ragonite (Pg) has been shown to increase with increas- so.hd sqlutlons, and sul')fmcroscoplc 1nter1aye.r1ng.of
ing grade and, therefore, with temperature in natural mica w1Fh other phyllosilicates and of muscovite with

paragonite. Moreover, the exact form of the miscibility

gap between muscovite and paragonite is still not well

* Contribution No. 497 from the Mineralogical Laboratory, constrained (Essene, 1989).

Department of Geological Sciences, The University of Mich- G‘tlidmﬁ (1984) reviewed dioctahedral white mica
igan, Ann Arbor, Michigan 48109-1063. relations and concluded that the limits of solid solution
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In coexisting muscovite and paragonite are generally
more restricted than those of micas in single-mica as-
semblages. He noted that solid solution limits observed
in middle-grade metamorphic rocks for muscovite and
paragonite correspond approximately to Mu,,Pg;; and
Mu,,Pg,,, respectively. In a study of paragonite and
phengite in a blueschist, Shau ef al. (1991) obtained
compositions intermediate to those of phengite and
paragonite by microprobe analysis, but those compo-
sitions were shown by transmission electron micros-
copy (TEM) and analytical electron microscopy (AEM)
to be due to very fine-scale intergrowths of phengite
and paragonite of nearly end-member compositions.
Such fine-grained intergrowths of phengite and parag-
onite were also documented by Ahn ez al. (1985), fur-
ther indicating that the relatively wide range of com-
positions of such phases determined by electron
microprobe commonly correspond to mixtures, rather
than of single phases with restricted compositions.

The existence of single-phase micas with composi-
tions within the solvus is implied by the reported oc-
currence of 6:4 regular mixed-layer paragonite : mus-
covite (or paragonite : phengite) in low-grade anchizonal
to epizonal pelitic rocks, based on weak (00/) reflec-
tions as observed in powder X-ray diffraction (XRD)
patterns (e.g., Frey, 1969; Kisch, 1983; Frey, 1987, and
references therein). However, such materials have nev-
er directly been observed, principally because grains
are far too small to be resolved by conventional tech-
niques. Li e al. (1992a) and Jiang and Peacor (1993)
recently observed a wide variety of intergrown white
micas in hydrothermally altered metabasites from
North Wales, including homogeneous single-phase
Na/K micas with compositions well within the solvus.
Because such micas gave XRD patterns identical to
those reported for the 6:4 phase, Jiang and Peacor in-
ferred that such ordered phases may not exist. They
attributed the existence of one-phase micas of inter-
mediate composition to the nonequilibrium conditions
of formation associated with hydrothermal solutions
in a contact metamorphic environment. Intergrown
packets of discrete muscovite and paragonite with in-
terfaces oblique to 001 were shown to be caused by
redistribution of Na and K following formation of ho-
mogeneous Na/K mica.

Livi et al. (1988) reported similar intergrowths of
paragonite and illite (scale <50 nm) in Alpine black
shales, implying the prior existence of metastable micas
with compositions within the paragonite-illite solvus,
in a prograde metamorphic environment. Based largely
on XRD data, Merriman and Roberts (1985) have pro-
posed that Na/K micas progress from random mixed-
layer Na/K mica containing up to 15% of randomly
interlayered smectite through finely interlayered mus-
covite and paragonite, to coarse intergrowths of dis-
crete muscovite and paragonite in prograde sequences
spanning late diagenesis to the epizone. However, the
nature of the earliest phases in such a sequence remains
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in question, especially in that such prograde conditions
normally approach those of equilibrium in contrast to
the contact metamorphic conditions for rocks studied
by Jiang and Peacor (1993) and because under equi-
librium conditions a wide solvus exists.

During characterization of chlorite-mica stacks oc-
curring in an anchizonal mudrock from central Wales
(Li et al., 1992b, 1994), white micas with apparent
intermediate Na/K compositions were found (Li et al.,
1992a). In this sample, forming part of a complete
sequence from late diagenesis through the epizone, ho-
mogeneous intermediate Na/K micas ranging in com-
position from MuyPg,, to Mu,,Pg,, were observed
occurring in the fine-grained matrix. In this paper, we
describe the relations that verify that homogeneous,
metastable white micas of intermediate compositions
can occur early in sequences of prograde metamor-
phism of pelites and document the transitions to dis-
crete muscovite and paragonite.

PROCEDURE
Specimen

The sample was selected for TEM study from a suite
of 663 mudrock samples used for an XRD survey of
white mica (illite) crystallinity across the central part
of the Lower Paleozoic Welsh Basin (Merriman et al.,
1992). It is representative of typical low anchizonal
mudrock lithologies, widely developed in central Wales,
which are considered to be largely the result of depth-
related, very low-grade regional metamorphism (Rob-
erts et al., 1991).

The sample studied is a highly laminated Llandovery
mudrock with spaced cleavage from near Rhayader,
central Wales. It has a very fine-grained matrix con-
sisting largely of submicroscopic white micas and chlo-
rite. Grains with a modified detrital outline and con-
sisting of subparallel packets of chlorite and white mica,
referred to as chlorite-mica stacks, range from 10-150
um in size and are dispersed throughout the matrix,
along with occasional quartz and albite clasts. The oc-
currence and origin of the chlorite-mica stacks have
been studied by many workers (e.g., Craig ef al., 1982;
Woodland, 1985; Dimberline, 1986; Milodowski and
Zalasiewicz, 1991; Li et al., 1992b). Li et al. (1994)
concluded that they were largely detrital biotite grains,
subsequently modified during the progression from
diagenesis to low-grade metamorphism. The sample
has undergone low-grade metamorphism (lower an-
chizone) and has a white mica (illite) crystallinity index
(half-height peak breadth of the white mica 10 A peak;
Kubler, 1968) of 0.35° A28 (CuKa radiation).

Methods

XRD data were obtained for the powdered bulk rock
sample, using a Philips automated diffractometer with
graphite monochromator and CuKa radiation (35 kV
and 15 mA) to define the principal minerals, with quartz
as an internal standard. A step size of 0.01° 28 and a
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long counting time of ~5 seconds per step were used
to test for overlap of 00/ reflections of micas. As the
d(001) values of micas are strongly dependent on their
interlayer composition (Guidotti, 1984), the d = 10.0
A for muscovite and d = 9.6 A for paragonite are used
to calculate different composition of intermediate so-
dium potassium micas.

Polished thin sections were prepared with the surface
approximately normal to both bedding and cleavage
1) so that the optimum orientation could be obtained
for scanning electron microscope (SEM) observations
of textural relations and 2) so that the (001) planes of
phyllosilicates would be preferentially oriented parallel
to the beam for TEM observations. Following optical
and SEM observations using back-scattered electron
(BSE) imaging and X-ray energy dispersive spectral
(EDS) analysis with a Hitachi S-570 scanning electron
microscope operated at 15 kV to outline the areas of
interest, ion-milled TEM specimens were prepared fol-
lowing the method described by Li et al (1994).
TEM observations and AEM analyses were obtained
using a Philips CM12 scanning transmission electron
microscope (STEM) fitted with a Kevex Quantum sol-
id-state detector and computer system. The STEM was
operated at an accelerating voltage of 120 kV and a
beam current of ~10 pA to obtain TEM images and
SAED patterns. AEM quantitative chemical analyses
were obtained using the standards muscovite (K, Al),
clinochlore (Mg, Al, Fe), albite (Na, Al), fayalite (Fe),
rhodonite (Mn, Fe, Ca), and sphene (Ti, Ca) to derive
k-ratios, which were utilized to process EDS data, as-
suming the thin-foil approximation (Cliff and Lorimer,
1975).

RESULTS
SEM observations and XRD data

The laminated mudrock consists of coarse-grained
chlorite-mica stacks, quartz, white mica, chlorite, and
a small amount of albite dispersed in a very fine-grained
matrix primarily consisting of phyllosilicates. Chlorite-
mica stacks are commonly 10-150 um in size, with
(001) planes of intergrown chlorite and white mica
parallel or subparallel to each other; the (001) basal
planes of most chlorite-mica stacks are in turn oriented
parallel or subparallel to bedding. However, chlorite-
mica stacks commonly are markedly deformed, with
some stacks being cross-cut by ruptures that are parallel
to the spaced, pressure-solution cleavage. Such spaced
cleavage is approximately 30°-50° to bedding in gen-
eral, although the orientations may differ by up to 90°
in selected areas. Bending and rotation of entire chlo-
rite-mica stacks toward the cleavage are occasionally
seen (e.g., Milodowski and Zalasiewicz, 1991; Li et al.,
1994).

Phyllosilicates in the matrix are dominantly white
mica with subordinate chlorite and constitute a large
proportion of the phyllosilicates in the mudrock. In
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contrast to the grains with detrital-like shapes, they
occur as submicroscopic packets of layers that are usu-
ally less than 2 um in size, with their (001) planes
principally oriented parallel to one of two preferred
orientations. The more abundant type of matrix mica
is oriented parallel or subparallel to bedding in the
microlithons (S,, Q-domains), whereas the second, less
abundant type is preferentially oriented parallel to
cleavage in the relatively thin P-domains (S,), as seen
in SEM images (c.f. Li et al, 1994). However, ex-
ceptions occur where (001) of grains of fine-grained
matrix mica and chlorite are displaced around detrital
grains.

Chlorite (chamosite, as verified by EDS analysis),
white mica, quartz, and albite are the principal min-
erals detected by XRD data. Splitting of the basal re-
flections of mica is displayed in the XRD pattern (Fig-
ure 1), suggesting the presence of more than one mica.
The XRD patterns of all micas were indexed on the
basis of a 2-layer polytype because the TEM study
showed that most of the micas (including white mica
in chlorite-mica stacks) in this sample consist of the
2M, polytype (Li et al., 1992a, 1992b, 1994). The
strong 002 peak (d = 9.96 A) has a very weak shoulder
with d = 9.60 A. The 4th-order basal reflections with
d=5.01 A and d = 4.99 A also show small shoulders
withd = 494 A, d = 488 A, and d = 4.81 A. The
value 0of 9.96 A represents a K-rich mica that probably
is phengitic muscovite from the chlorite-mica stacks
and K-rich mica in the matrix (see below and Li et al.,
1994). The weak peaks at d = 9.60 A and d = 4.81
A imply a small amount of paragonite, and small peaks
atd = 494 A, d = 4.88 A, and others presumably
indicate the presence of micas with compositions
~Mu,,Pg,,, ~MusPg,,, and other Na/K micas inter-
mediate in composition to muscovite and paragonite.
The weaker shoulders at d = 4.94 A and d = 4.88 A
suggest that the amount of intermediate Na/K mica
relative to that of K-rich mica is very small. Similar
features were also observed for the 6th-order basal re-
flections (d = 3.3), although they are overlapped by
peaks of other phases to some degree. Similar split
reflection features for the basal reflections of inter-
mediate Na/K mica have also been observed for the
so-called 6:4 regular mixed-layer paragonite/musco-
vite in clay separates of low-grade metamorphic pelites
by many workers (¢.g., Frey, 1969, 1970, 1978; Kisch,
1983; Merriman and Roberts, 1985) and for micas in
hydrothermally altered metabasite (Jiang and Peacor,
1993). As we have also concluded here (see below for
discussion), such features were inferred by Jiang and
Peacor (1993) to reflect the presence of a homogeneous
mica of intermediate composition.

TEM observations

TEM images show that, in contrast to the dominance
of chlorite in chlorite-mica stacks, white mica is the
principal phyllosilicate in the matrix. Lattice fringe im-
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Figure 1. XRD powder diffraction pattern of the bulk rock

sample showing (a) the 2nd- and (b) the 4th-order basal re-
flections of micas.

ages and SAED patterns having (001) reflections of
matrix phyllosilicates confirm that in the microlithons,
basal planes of matrix white mica and chlorite are
broadly bedding-parallel, but that in the narrower
P-domains (S,) basal planes are subparallel to the
cleavage direction. At the TEM scale, this relationship
may range up to 90° (Figure 2). There is a range of
orientations of both bedding- and cleavage-parallel
matrix phyllosilicates about the bedding- and clea-
vage-parallel directions, with subparallel packets of
layers displaying a fan-like texture with orientations
differing by up to 30°. As was the case for SEM obser-
vations, TEM images show that, where large detrital
grains occuf, the matrix phyllosilicates generally have
(001) basal planes oriented parallel to the detrital grain
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Figure 2. Low magnification TEM image showing two ori-
entations of phyllosilicates in the matrix: one subparallel to
sedimentary bedding (S,, Q-domain) and one subparallel to
cleavage (S,, P-domain), which is, in turn, approximately per-
pendicular to bedding in this particular image.

boundaries and, therefore, have a wide range of ori-
entations determined by the gecmetry of the surface
of the detrital grains.

Bedding-parallel white mica consists of both very
fine-grained deformed crystals (=200 A thick) and
coarse-grained undeformed crystals (up to 2 um in
thickness). Cleavage-parallel white mica is relatively
undeformed (100 A to 2 pm in thickness) and some-
times occurs as discrete crystals with platy euhedral to
subhedral cross-sections (Li ef al., 1994).

The smallest crystals of matrix bedding-parallel white
mica are generally less than 200 A in thickness (as thin
as 50 A), occur as subparallel packets with low angle
grain boundaries, and contain high concentrations of
layer terminations. Kinked, bent, and curved layers
are frequently observed, and they are associated with
lenticular voids between layers (Figure 3). These strain
features show that the small white mica crystals have
been subjected to deformation. The inset electron dif-
fraction pattern is typical of such white mica and con-
firms that it is primarily a disordered 1M, polytype,
although some grains consisting of a 2-layer polytype
were occasionally seen.

The relatively coarse-grained, subparallel crystals of
white mica in the bedding orientation occur as well-
defined packets of layers that display little or no de-
formation and appear to be relatively defect-free in
larger range (Figure 4). The lenticular fissures along
layers and “mottled” structure are in part due to cation
diffusion induced by the electron beam. Relatively
coarse-grained white mica displays (00/) lattice fringes
having contrast with periodicities of around 10 A and
20 A, and the inserted SAED pattern (Figure 4) shows
that the white mica is a well-crystallized, two-layer
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Figure 3. Lattice fringe image of fine-grained white mica in
the matrix displaying various defects such as kinking, bend-
ing, and layer terminations. The inset electron diffraction pat-
tern of white mica indicates a disordered 1M, polytype, with
streaking along c*.

polytype (shown to be 2M, by other SAED patterns).
Most importantly, only one set of reflections was ob-
served, implying the presence of only one, homoge-
neous phase. Minor streaking along c* occurred in some
SAED patterns of such white mica, where only 001
reflections were present, implying some random dif-
ferences in structure or composition between layers.
Only ~10 A fringes were observed in equivalent lattice
fringe images, implying that structure was not a vari-
able, and AEM analyses showed that some micas have
compositions with subequal Na and K contents (e.g.,
Table 1, analysis 3), corresponding to metastable phases.
The diffuseness was, therefore, ascribed to some local
ordering of Na and K, as consistent with conclusions
regarding the modulated structure described below.

Figure 4. Lattice fringe image of relatively coarse-grained
and defect-free matrix white mica. Lenticular splitting along
layers is due to beam damage during TEM observation. The
inset electron diffraction pattern shows that it is a well-crys-
tallized two-layer polytype (2M,).

Unusual satellite reflections with apparently rational
indices were observed in the electron diffraction pat-
tern of one relatively coarse-grained white mica crystal.
As shown in Figure 5a, the 00/ diffraction spots from
the single structure are strong, widely spaced, and
sharply defined; whereas, the long-period satellite spots
are much weaker and more closely spaced. Averaged
as ~80 A, the spacings of these satellite spots are in-
tegral multiples of the single structure spacing that is
~20 A, within error. The superstructure reflections
occur in those SAED patterns that contain only 00/
reflections and, therefore, cannot be caused by poly-
typism (Peacor, 1992). The reflections, therefore, in-
dicate the presence of a commensurate modulation since
the superstructure spots are rational multiples of the

Table 1. Representative structural formulae of matrix white mica.’
Bedding-parallel Cleavage-parallel
i 2 3 4 5 6 7

Si 6.09 6.02 6.03 6.01 6.24 6.05 6.18
AlY 1.91 1.98 1.97 1.99 1.76 1.95 1.82
AV 3.71 3.77 391 3.87 3.71 3.92 3.65
Ti 0.02 0.01 0.02 0.02 0.04 0.03 0.05
Fe2+ 0.11 0.06 0.07 0.09 0.15 0.05 0.17
Mg 0.16 0.16 n.d. 0.02 0.10 n.d. 0.13
Ca n.d. n.d. n.d. 0.02 n.d. n.d. n.d.
Na 0.25 0.52 0.74 1.48 0.43 1.69 n.d.
K 1.56 1.25 1.01 0.17 1.42 0.11 1.82
Total cations 13.81 13.77 13.75 13.67 13.85 13.80 13.82
Na/(K + Na + Ca) 0.14 0.29 0.42 0.89 0.23 0.94 0

! Each formula is normalized on the basis of 12 cations on tetrahedral and octahedral sites, and all Fe is calculated as FeO.
Two standard deviations on the basis of calculating statistics are 0.11-0.14 pfu for Si, 0.04-0.05 and 0.08-0.09 pfu for Al'Y
and AlY', respectively, =0.01 pfu for Ti and Ca, 0.01-0.03 pfu for Fe, 0.01-0.02 pfu for Mg, 0.04-0.11 pfu for Na, and 0.06—

0.12 pfu for K.
n.d. = not detectable.
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Figure 5. TEM photographs of modulated white mica (M)
in the matrix: a) SAED pattern of white mica with a modu-
lated structure having periodicity of approximately 80 A [the
satellite spots (indicated by arrows) are much weaker and
more closely spaced than the sharply defined diffraction spots
from the substructure]; b) optical diffraction pattern of circled
area in Figure 5¢ showing 80 A periodicity; and c) lattice
fringe image of white mica from which the SAED pattern was
obtained, showing two-layer polytypism with 20 A periodicity
[darlkand light bands parallel to (001) have spacings of 40 to
120 A].

substructure (Buseck and Cowley, 1983). A lattice fringe
image (Figure 5¢) of such white mica, obtained where
the corresponding SAED pattern contains non-00/ re-
flections, has a “mottled” texture typical of all micas
and shows two-layer polytypism with periodicity of 20
A. Most importantly, there are dark and white bands
perpendicular to ¢* with separations ranging from 40
A to 120 A. Optical diffraction patterns of the areas of
photographic negatives, with dark and white bands as
in Figure 5¢, show that the whole area consists of sev-
eral domains with different periodicities, each corre-
sponding to those of the “bands,” e.g., an optical trans-
form of the circled area (which has bands with 80 A
periodicity) gave a diffraction pattern with 80 A pe-
riodicity (Figure 5b). The “bands,” therefore, reflect
the source of the modulation.

The matrix cleavage-parallel white mica is generally
a 2M, polytype and is relatively defect-free, similar to
the more coarsely grained matrix white mica in the
bedding orientation. Some cleavage-parallel white mica
was observed to have a striking texture consisting of
platy subhedral individual crystals (100 A-1000 A thick)
(Figure 6). It consists of straight, defect-free layers that
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Figure 6. TEM image of cleavage-parallel matrix white mica
(M) and chlorite (C). Platy subhedral white mica crystals are
2- and 3-layer polytypes, and platy chlorite displays defect-
free fringes with 14 A periodicity. The inset diffraction pattern
of corresponding 3T white mica shows 30 A periodicity.

are parallel to crystal boundaries. Although 2-layer
polytypes were ubiquitously observed in other crystals,
such material consists of both 2- and 3-layer polytypes.
These crystal shapes were shown to correspond to cross-
sections of platy pseudohexagonal crystals in shales
from the Salton Sea geothermal field (Yau ez al., 1987b),
in Triassic volcanogenic sediments from the Southland
Syncline, New Zealand (Ahn er al., 1988), and white
mica synthesized under hydrothermal conditions (Yau
et gl., 1987a), implying that they have crystallized from
fluids in the cleavage orientation.

Some SAED patterns of bedding-parallel white mica
show split pairs of 00/ reflections with the splitting
distance approximately half of the difference between
00/ reflections of muscovite and paragonite, suggesting
the presence of intermediate Na/K mica. For example,
one set of weak (00/) diffraction spots (Figure 7a) with
~19.6 A periodicity was observed in an SAED pattern
of white mica, coexisting with a set of strong reflections
with ~20.0 A periodicity. Doubling of (00/) spots can
be better resolved with the reflections 008 to 0,0,16.
The d-values of those reflections correspond to an in-
termediate Na/K mica (MusP,,) and muscovite, re-
spectively, as consistent with conclusions based on XRD
data. Reflections in non-(00/) rows indicate that both
muscovite and intermediate Na/K mica occur as well-
defined two-layer polytypes. The corresponding lattice
fringe image shows that the 001 fringes of the inter-
mediate Na/K mica are wavy and distorted as a result
of being easily damaged by the electron beam (Figure
7b), in marked contrast to fringes of white micas of
near end-member compositions. This was also ob-
served for TEM images of intermediate Na/K micas
occurring in hydrothermally altered metabasites (Jiang
and Peacor, 1993) and paragonite in blueschist eclogite
(Ahn ez al., 1985).
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TEM images of coexisting muscovite (Mus) and intermediate Na/K mica (IM): a) SAED pattern of matrix, bedding-

parallel muscovite and intermediate Na/K mica [weak (00/) reflections of intermediate Na/K mica with 19.6 A periodicity

may be resolved from stronger ones of 20 A

for muscovite from the reflections (008) to (0,0,16)]; and b) lattice fringe image

of corresponding intermediate Na/K mica (the layers are wavy and not as straight as those for white mica in other photographs).

The SAED patterns of cleavage-parallel white mica
commonly display split pairs of 00/ reflections with 20
A and 19.2 A periodicity, corresponding to discrete
muscovite and paragonite, respectively (Figure 8). Such
splitting was only rarely observed in SAED patterns of
bedding-parallel white mica. The discrete muscovite
and paragonite are both 2-layer polytypes; in those
cases where the specific polytype was identified, it was
2M,. Both the interfaces between muscovite and in-
termediate Na/K mica, and between muscovite and
paragonite were observed to be parallel to the basal
planes. All cleavage-parallel phyllosilicates, including
chlorite, occurred as discrete packets of layers; no
mixed-layering of white micas or of white mica and
chlorite was observed.

AEM analysis

The compositions of many (>200) grains of matrix
bedding-parallel and cleavage-parallel white mica were
determined, only from areas demonstrated by TEM to
be single phases. Representative compositions of typ-
ical bedding-parallel and cleavage-parallel matrix white
micas are given in Table 1. All white micas have com-
positions approaching those of ideal micas, with net
negative charges of nearly 2.0. Such compositions cor-
respond to evolved micas rather than to authigenic
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illite for which net negative charges are considerably
smaller (~ 1.6, Srodon et al., 1986; Jiang et al., 1992).

The compositions [Na/(Na + K + Ca) ~ 0.14-0.42]
of most bedding-parallel white mica (analyses 1-3) and
some cleavage-parallel white mica (e.g., analysis 5) are
incompatible with the wide solvus in the system mus-
covite-paragonite (e.g., Eugster, 1956; Eugster et al.,
1972; Blencoe and Luth, 1973). Attempts to determine
the spatial distribution of Na and K were, therefore,
made in order to determine if the intermediate com-
positions were caused by overlap of the beam on more
than one mica. More than twenty AEM analyses were,
therefore, obtained using a stationary electron beam in
STEM mode with 50 A beam diameter for areas shown
by SAED to consist only of a single phase. Those results
verified the presence of intermediate compositions in
all of the fine-grained deformed bedding-parallel white
mica {e.g., analysis 3). The analyses with Na/(Na + K
+ Ca) ~ 0.42 corresponding to Mu,,Pg,, are consistent
with compositions as determined both by XRD and
SAED patterns.

The relatively coarse-grained and defect-free bed-
ding-parallel white mica displays either intermediate
compositions with smaller Na/(Na + K + Ca) ratios
(analysis 2) than those of fine-grained white mica or
compositions of discrete near-endmember muscovite
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Figure 8. SAED pattern typical of both bedding- and cleav-
age-parallel white mica. Split pairs of 00/ reflections of mus-
covite (with 20 A periodicity) and paragonite (with 19.2 A
periodicity) are displayed in cleavage-parallel white mica. All
white micas are two-layer polytypes.

(Mu,,Pg,) and paragonite (Mu,, Pgg,, analysis 4). Anal-
ysis 2, having a relatively high Na content [Na/(Na +
K + Ca) ~ 0.29], corresponds to the bedding-parallel
white mica with commensurate modulated structure.

The cleavage-parallel white micas generally have
compositions approaching those of endmember mus-
covite [e.g., Na/(Na + K + Ca) = 0, analysis 7] and
paragonite [e.g., Na/(Na + K + Ca) = 0.94, analysis
6], although some white mica has significant Na (e.g.,
analysis 5).

Bedding-parallel white mica in the matrix has Fe +
Mg contents of 0.07-0.27 per formula unit (pfu), Ti
contents of 0.01-0.02 pfu. A small amount of Ca (0.02
pfu, e.g., analysis 4) was detected in some bedding-
parallel mica. In contrast, white mica (except the pa-
ragonite, analysis 6) in the cleavage orientation has
higher Fe + Mg (0.25-0.30) and Ti (0.03-0.05) con-
tent. With respect only to cleavage-parallel mica, the
Fe and Mg contents of muscovite are clearly greater
than those of paragonite. No Ca was detected in cleav-
age-parallel white mica. In further contrast with white
mica parallel to bedding, cleavage-parallel mica has a
smaller deficiency of total interlayer cations (1.80-1.85
pfu), as consistent with a greater degree of evolution
toward ideal mica.
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DISCUSSION
Status of 6:4 mixed-layer mica

The existence of Na/K mica with compositions with-
in the limbs of the solvus has also been implied by
reports of 6:4 ordered mixed-layer paragonite/mus-
covite (Frey, 1969, 1970, 1987; Kisch, 1983; Merriman
and Roberts, 1985; Roberts ez al., 1991). In most cases,
identification was based on weak and poorly defined
peaks in X-ray diffraction patterns that did not include
any superstructure reflections. However, Li et al.
(1992a) and Jiang and Peacor (1993) have correlated
TEM/AEM observations of homogeneous, disordered
Na/K mica having compositions within the solvus with
XRD data for the same material. They showed that
the XRD data observed for the hypothetical 6:4 phase
are identical to those of the disordered mica occurring
in a hydrothermally altered metabasite. They conclud-
ed that previous reports of the 6:4 mixed-layer micas
actually refer to disordered mica of intermediate com-
position, implying that the so-called 6:4 phase iden-
tified in low-grade sediments may also be a homoge-
neous, metastable Na/K mica; such is the case in the
sample of this study. Disordered, metastable mica may
actually be more common in lower grade rocks than
heretofore recognized.

Metastability and modulated structure of Na/K mica

The binary solvus between muscovite and parago-
nite has been studied by many workers using experi-
mental data and data for natural paragonite-muscovite
pairs {cf., Guidotti, 1984, and references therein). Mus-
covite with significant paragonite solid solution was
only observed in single-mica assemblages in middle-
grade metamorphic rocks, for which the highest Na/
(Na + K) ratio observed is ~0.38 (Guidotti, 1984).
Such material should be studied by TEM to determine
if it is single phase, but even if it is, the Na/(Na + K)
ratio is still less than that (0.42) of some Na/K mica
in the sample of this study. Shau et al. (1991) studied
solvus relations of submicroscopically intergrown pa-
ragonite and phengite in a blueschist and constrained
the phengite-paragonite solvus to values of Na/(Na +
K) = <0.02 and 0.97 at T = <200°C and P < 7.4 kb.
The compositions of intermediate white micas in the
Welsh mudrock fall well within those solvus limits.
They are, therefore, metastable, as also consistent with
textural data summarized below. Their formation in a
prograde (burial) environment must take place only
during initial low-temperature stages of diagenesis/
metamorphism and, with increasing grade of meta-
morphism, they should evolve to discrete paragonite
and muscovite. The sequence of formation of white
micas is discussed in detail below, in the light of such
relations.

Although most metastable bedding-parallel mica of
intermediate composition shows no superstructure re-
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flections, the single grain that displayed unusual sat-
ellite reflections is apparently unique among micas.
The superperiodicity of ~80 A (i.e., four times that of
the substructure) implies the existence of a commen-
surate modulated structure, defined as a long-range
modulation with periodicity that is a multiple of that
of the substructure. The modulation may be caused by
either structural distortions or compositional changes
or both (Buseck and Cowley, 1983). The modulated
structure may, therefore, represent an intermediate state
that formed during the process of transformation from
one structure to another or during the unmixing of one
phase into two or more phases (Morimoto, 1978).

Since paragonite and muscovite are isostructural
2-layer polytypes, the modulation must be primarily
caused by composition. The only differences in struc-
ture are the result of small shifts in atom positions,
which are in turn a function of composition. The mod-
ulated white mica has an intermediate composition
(Mu,,Pg,,) falling within the solvus. Using the phen-
gite-paragonite solid solution limits constrained by Shau
et al. (1991), such a composition can be calculated as
corresponding to about 25% paragonite and 75% phen-
gitic muscovite, corresponding to two layers (20 A thick)
of paragonite and 6 layers (60 A thick) of phengitic
muscovite. This is consistent with the ~80 A peri-
odicity obtained by both SAED pattern and optical
diffraction pattern, suggesting that the dark and white
bands in the lattice fringe images are the result of mod-
ulation related to composition. We, therefore, tenta-
tively infer that the modulation is caused by ordering
of interlayer K and Na into separate layers. Such or-
dering may occur through either of two mechanisms:
1) diffusion of Na and K within the phyllosilicate
framework, which occurs much more readily along lay-
ers than across layers (Veblen 1983); and 2) dissolution
of disordered Na/K mica and crystallization of par-
tially ordered metastable mica. The latter mechanism
is consistent with the 2M, polytypism of the modulated
structure, which may have evolved from bedding-par-
allel 1M, mica, as described below.

Evolution of micas from diagenesis through
low-grade metamorphism

Textural data show that matrix phyllosilicates are
preferentially oriented in two directions, one parallel
or subparallel to sedimentary bedding and one parallel
or subparallel to spaced cleavage. Matrix white micas
are intergrown with subordinate chlorite, with indi-
vidual packets of layers ranging from 50 A to0 2 um in
thickness. Although white mica is homogeneous in both
structure and composition within individual grains, the
Na/(Na + K) ratios of individual matrix mica grains
vary widely. The small (thicknesses <200 A), de-
formed (kinked, bent, and with edge dislocations) crys-
tals of bedding-parallel white mica are generally single-
phase intermediate Na/K mica with low (Fe + Mg)
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contents. Larger, strain-free bedding-parallel micas are
usually intermediate Na/K mica with less Na content
and/or discrete paragonite and muscovite. By contrast,
the cleavage-parallel white mica is generally phengitic
muscovite (with higher Fe + Mg contents) and discrete
paragonite. Bedding-parallel mica of intermediate
composition usually occurs as 1M, polytype, whereas
the discrete paragonite and muscovite in both bedding-
and cleavage-parallel orientations usually occurs as 2M,
polytype. The heterogeneity in packet sizes, compo-
sition, and polytypism clearly reflect a lack of textural
and chemical equilibrium, whereas the presence of in-
termediate Na/K ratios demonstrates metastability.

The compositional and textural data collectively sug-
gest that white micas have evolved through a sequence
of transformations, compatible with Ostwald-step-rule
relations wherein processes proceed through steps of
successively lower free energy, with specific metastable
states occurring as a consequence of the specific reac-
tion paths. Three different stages are recognized: 1)
transformation of primary matrix clays, assumed to be
largely smectite, to bedding-parallel, fine-grained white
mica of intermediate composition during burial dia-
genesis of the sedimentary sequence; 2) dissolution of
strained, fine-grained mica and crystallization of dis-
crete paragonite and muscovite in the bedding-parallel
orientation, following deep burial of the sequence; and
3) dissolution of bedding-parallel white micas, and
crystallization of discrete muscovite and paragonite in
the cleavage-parallel orientation during basin inver-
sion and deformation. Each of these proposed stages
is separately discussed below,

The earliest transformation recognized is the for-
mation of homogeneous, metastable Na/K mica. The
formation of illite, in which K is the dominant inter-
layer cation, through reactions involving detrital smec-
tite in a burial diagenetic environment is well estab-
lished (e.g., see review in Freed and Peacor, 1992).
Similarly, a number of authors have suggested that Na-
rich equivalents of illite may be derived through re-
actions in which primary smectite plays a central role
(Frey, 1969, 1970; Merriman and Roberts, 1985; Livi
et al., 1988; Shau et al., 1991). The TEM/AEM char-
acteristics of some bedding-parallel Na/K micas are
typical of clay minerals that formed at the earliest stages
of prograde sequences of pelites, as reviewed by Peacor
(1992). These include the following:

1) Crystal size. Packets a few tens of angstroms in
thickness are typical of clay minerals that have
transformed from smectite at the lowest grades of
diagenesis and that have not been further modified.
The thickness of early-formed packets of white mi-
cas increases with increasing grade (e.g., Merriman
et al., 1990).

Metastability of phases. The occurrence of meta-
stable micas with compositions within the solvus

2)
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is typical of formation at low temperature, where
sluggish rates of diffusion lead to non-stable equi-
librium relations.

3) Heterogeneity of composition. Although individual
packets of bedding-parallel micas were observed to
be relatively homogeneous in composition, adja-
cent packets varied widely in composition, a fun-
damental condition for chemical non-equilibrium.

4) Crystal defects. The smallest crystals were observed
to have high concentrations of layer terminations
and commonly show stacking disorder as repre-
sented by 1M, polytypism, a feature Grubb et al.
(1991) noted as typical of illite in its original state
as a transformation product of primary smectite.
Lee et al. (1984, 1986) also noted that early formed
illite has higher concentrations of defects, whereas
Livi et al. (1988) observed that poorly crystalline
illite generally has greater concentrations of inter-
layer vacancies and Na than better-crystallized
grains.

The textural and compositional relations, therefore,
are collectively consistent with derivation of the meta-
stable, bedding-parallel matrix white mica through dis-
solution of detrital smectite and crystallization of pri-
mary illite. Coexisting chlorite may have formed at the
same time as a by-product of the reaction (Perry and
Hower, 1970; Hower et al., 1976). TEM observations
by Abn and Peacor (1985, 1989) of illite +chiorite tex-
tural relations in Gulf Coast shales are similar to
mica+chlorite relations observed in this study and im-
ply that chlorite may have formed as a result of the
larger Fe and Mg contents of reactant smectite as com-
pared to product illite.

Variation in the proportions of Na and K in white
micas derived through reactions involving smectite ap-
pears to be determined by one of two relations: 1) the
compositions of the primary matrix clays and volca-
nogenic materials controlled the interlayer cation con-
tent of smectite during transformation of smectite to
micas, or 2) crystallization of other Na- or K-rich phases
such as feldspars or zeolites controlled the Na/K bud-
get.

Several recent studies have shown, contrary to the
commonly held belief that Ca and Na are the dominant
cations in smectite interlayers, that K is the dominant
cation in smectite of marine shales (Buatier et al., 1992;
Freed and Peacor, 1992; Masuda ef al., 1992, and per-
sonal communication). Although K-rich micas are
thought to be the dominant product of authigenesis of
smectite because of easier fixation of K+ relative to
Na* in illite layers during burial diagenesis even in a
Na-rich pore fluid (Eberl, 1980; Srodon and Eberl,
1984), Na-micas are common as major phases coex-
isting with K-micas in low-grade rocks (e.g., Frey, 1969,
1970, 1978, 1987; Kisch, 1983; Merriman and Rob-
erts, 1985). Merriman and Roberts (1985) found that
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most pelitic rocks in north Wales contain mixed-layer
paragonite-muscovite and/or discrete paragonite and
that albite is significantly more plentiful in slate sam-
ples containing no paragonite, implying that reactions
in which albite is formed are probably a major cause
for higher grade rocks (e.g., greenschist facies) being
dominated by muscovite, with paragonite being less
common. Na-rich clay minerals are, therefore, com-
mon products of diagenesis, even though smectite and
illite preferentially accept K as the interlayer cation.
They must, therefore, derive their Na either through
unusually high Na contents of the pore fluids that me-
diate dissolution of smectite and crystallization of illite
or through unusually high Na contents of precursor
smectite. Because there is no evidence of unusually
saline conditions in the Lower Paleozoic Welsh Basin,
the latter is unlikely. However, because interlayer cat-
ions of smectite are readily exchanged even at low
temperatures, hypothetical pore fluids in contact with
precursor smectite in the latter case must also have
been transiently Na rich.

It is also likely that the Na/K ratio of white micas
transformed from smectite was controlled by forma-
tion of other Na- or K-rich phases such as feldspar or
zeolite during diagenesis and very low-grade meta-
morphism. For example, Altaner and Grim (1990) re-
ported the absence of illite in diagenetically altered
rhyolitic tuff in the Sucher Creek Formation in eastern
Oregon, due to the formation of K-rich clinoptilolite
that formed in response to higher activities of K and
H,SiO, in the pore fluid than in shale. Masuda et al.
(1992) studied formation of authigenic smectite and
zeolite during early diagenesis of volcanic ash in ocean
sediments and found that smectite is initially K-rich
with depth, becoming more Na-rich at the greater depth
where clinoptilolite forms. On the other hand, as cli-
noptilolite becomes increasingly K-rich with depth, the
formation of illite is inhibited as a result of clinoptil-
olite’s behaving as a sink for K. Such a reaction mech-
anism is analogous to the suppression of paragonite in
favour of albite formation at higher grades. It is, there-
fore, possible that the high Na/K ratios of some white
mica was inherited from smectite that was Na-rich as
a result of reactions involving zeolites.

Formation of bedding-parallel discrete muscovite and
paragonite represents the second stage of the proposed
sequence of phyllosilicate transformations recognized
here. Some muscovite and paragonite in the bedding-
parallel orientation have characteristics that are more
evolved than those formed by the initial smectite to
illite transformation. These include: 1) relatively large
crystal size, with packet thicknesses up to 2 um; 2) low
concentrations of defects such as layer terminations;
3) occurrence of 2M, and lack of IM, polytypes; 4)
compositions approaching those of the approximate
solvus limits; and 5) compositions approaching those
of mature micas, with net negative charges of nearly
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2.0. Such properties are characteristic of 2:1 phyllosili-
cates that have evolved beyond the initial states of
transformation from smectite.

It is commonly observed that phyllosilicates crys-
tallize with (001) normal to the maximum principal
stress direction. However, when illite forms in response
to deep burial it is subject only to isotropic lithostatic
pressure, but mimetic crystallization tends to empha-
size any original depositional or compositional fabric.
In central Wales, at least 5.5 km of stratigraphic over-
burden is inferred to have accumulated prior to basin
inversion and deformation (British Geological Survey,
1993). Detailed surveys of white mica (illite) crystal-
linity across the Welsh Basin suggest that, combined
with a higher than normal field gradient, the thickness
of overburden was sufficient to produce a depth-related
pattern of metamorphism (Roberts ef al., 1991; Mer-
riman et al., 1992). The formation of discrete parag-
onite and muscovite in the bedding-parallel orientation
is, therefore, consistent with crystal growth during buri-
al metamorphism. This is the first evidence for such a
transition, forming a bridge between the diagenetic en-
vironment in which smectite or metastable illite are
the common clay minerals and the low grade meta-
morphic environment dominated by tectonically in-
duced cleavage formation and the growth of mature
micas.

The final stage in the proposed sequence of trans-
formation is the formation of cleavage-parallel mus-
covite and paragonite. White micas with orientations
parallel to slaty cleavage are relatively mature micas
with the following characteristics: 1) crystals are rela-
tively large with packet thicknesses up to 2 um; 2) as
shown in Figure 6, some packets have subhedral cross-
sections that resemble cross sections of euhedral
pseudohexagonal crystals that crystallized from hydro-
thermal fluids (Yau ez al., 1987a, 1987b); 3) the com-
positions of crystals approach those corresponding to
the solvus limits (e.g., Mu,q,Pg, and MuPg,,), with a
relatively narrow range of compositions; and 4) all
crystals for which a full set of observations has been
made consist of the stable 2M, or 3T polytypes. These
characteristics collectively imply that the cleavage-par-
allel paragonite and muscovite are the most evolved
micas formed through dissolution of pre-existing micas
and crystallization in the cleavage-parallel orientation.

In general, cleavage-parallel white micas have com-
positions intermediate to those of bedding-parallel white
mica and white mica in coarse chlorite-mica stacks.
They are similar to the former in having relatively high
Na/(Na + K + Ca) ratios and to the latter in high Si/
Al and Fe/(Fe + Mg) ratios, and Fe and Mg contents
(Li et al., 1994). Similarly, cleavage-parallel chlorite
also has a composition intermediate to that in the bed-
ding-parallel orientation (lower Fe content) and that
in stacks (higher Fe content). These data further imply
that cleavage-parallel chlorite and white mica formed
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by dissolution of bedding-parallel phyllosilicates and
chlorite-mica stacks. Cleavage development can be re-
lated to the inversion of the Welsh Basin, with resulting
deformation of the sedimentary sequence during the
Acadian (late Lower Devonian) phase of tectonics.

Ohr et al. (1994) have obtained Sm-Nd ages for
the fine-grained clay fraction of rocks from the same
prograde assemblage that provided the specimen de-
scribed in this study. For uncleaved specimens from
the zone of diagenesis, the ages correspond approxi-
mately to the time of sedimentation to early diagenesis.
Ages of anchizonal samples with slaty cleavage give
ages intermediate to the ages of diagenesis and
metamorphism. Those results are consistent with the
observations of this study, in that samples from dia-
genetic zone have only a bedding-parallel, burial-meta-
morphic-derived, matrix component, whereas those of
increasing grade within the anchizone have an increas-
ing proportion of cleavage-parallel, metamorphic mica;
the variable ages of samples with both bedding- and
cleavage-parallel components are, thus, weighted av-
erages of the separate, specific diagenetic and meta-
morphic ages.
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