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Abstract Coexisting muscovite and paragonite have
been observed in an eclogite from the Sesia—Lanzo Zone
(Western Alps, Italy). The P-T conditions of this eclogite
reached 570-650 °C and 19-21 kbar and the rocks show
several stages of mineral growth during their retrograde
path, ranging from the subsequent lower-P eclogite
facies to the blueschist facies and then the greenschist
facies. Muscovite and paragonite are very common in
these rocks and show two texturally different occur-
rences indicating equilibrium and non-equilibrium states
between them. In one mode of occurrence they coexist in
equilibrium in the lower-P eclogite facies. In the same
rock muscovite + albite also replaced paragonite dur-
ing a greenschist-facies overprint, as evidenced by un-
ique across — (001) layer boundaries. The chemical
compositions of the lower-P eclogite-facies micas plot
astride the muscovite — paragonite solvus, whereas the
compositions of the greenschist-facies micas lie outside
the solvus and indicate disequilibrium. The TEM obser-
vations of the textural relations of the greenschist-facies
micas imply structural coherency between paragonite
and muscovite along the layers, but there is a sharp
discontinuity in the composition of the octahedral and
tetrahedral sheets across the phase boundary. We pro-
pose that muscovite formed through a dissolution and
recrystallization process, since no gradual variations
toward the muscovite — paragonite interfaces occur and
no intermediate, homogeneous Na-K phase has been
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observed. Because a solid-state diffusion mechanism is
highly unlikely at these low temperatures (300-500 °C),
especially with respect to octahedral and tetrahedral
sites, it is assumed that H,O plays an important role in
this process. The across-layer boundaries are inferred to
be characteristic of such non-equilibrium replacement
processes. The characterization of these intergrowths is
crucial to avoiding erroneous assumptions regarding
composition and therefore about the state of equilibrium
between both micas, which in turn may lead to misin-
terpretations of thermometric results.

Introduction

Observations of metamorphic assemblages and experi-
mental studies on white micas indicate the presence of a
wide solvus between muscovite and paragonite (Eugster
and Yoder 1955; Zen and Albee 1964; Eugster et al.
1972; Chatterjee and Flux 1986; Flux and Chatterjee
1986; Roux and Hovis 1996). The degree of Na substi-
tution in muscovite coexisting with paragonite, and K in
paragonite, mutually increases with increasing temper-
ature, providing a potentially powerful thermometer
(Rosenfeld et al. 1958; Blencoe et al. 1994). However,
the fundamental assumption that allows estimates of
intensive variables from mineral assemblages is that the
mineral phases attained a state of equilibrium at some
pressure and temperature conditions. Mineralogical,
textural, and chemical heterogeneities usually reflect a
lack of equilibrium, which is a common feature in
polymetamorphic rocks (Essene 1982). Identification of
textural equilibrium is very important for sheet silicates,
since they commonly occur as fine-grained intergrowths
(Shau et al. 1991; Giorgetti et al. 1997) or mixed layer-
ing (Frey 1969; Li et al. 1994b) at scales below electron
microprobe resolution.

Coexisting Na-K white micas have been described
from low- to medium-grade metamorphic rocks
throughout the world and they are widespread in blue-
schist- and eclogite-facies assemblages (Guidotti 1984;



Ahn et al. 1985 and references therein; Droop et al.
1990; Mottana et al. 1990; Shau et al. 1991; Guidotti
et al. 1994 and references therein). Ahn et al. (1985)
showed phengite lamellae submicroscopically inter-
grown in paragonite and warned of interpreting chemi-
cal analyses of white micas without proper
characterization. The same conclusion has been drawn
by other authors (Shau et al. 1991; Jiang and Peacor
1993; Boundy et al. 1997) who analyzed white micas
with high-resolution techniques. The possibility of ex-
solution lamellae (Livi et al. 1988), of other submicro-
scopic intergrowths (Shau et al. 1991), and of a
metastable, intermediate Na-K mica-like sheet silicate
precursor (bramallite, Jiang and Peacor 1993) have been
documented. Consequently, textural and chemical fea-
tures must accurately be investigated in order to un-
derstand the relationships between white micas in a
metamorphic assemblage.

In this paper we describe coexisting muscovite and
paragonite from an eclogite in the Sesia—Lanzo Zone,
where equilibrium and disequilibrium growth of the
micas occurs. It is evident from the petrographic char-
acterization of this eclogite that several different mineral
assemblages formed at various P-T stages during its
metamorphic evolution (Armando 1992; Tropper 1998).
Muscovite and paragonite coexist in equilibrium in the
lower-P stages of eclogite-facies metamorphism, and
paragonite was partially replaced by muscovite during
the subsequent greenschist-facies overprint on the ret-
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rograde path. In this paper, we compare back-scattered
electron (BSE) observations and electron microprobe
data with transmission and analytical electron micros-
copy (TEM — AEM). The purpose is to investigate the
nature and origin of paragonite and muscovite occur-
rences and to determine their chemical compositions and
structural relations in order to obtain information about
the attainment of equilibrium between the two micas.

Geological overview

The Sesia—Lanzo Zone is one of the internal Austroal-
pine units of the Western Alps in northern Italy (Dal
Piaz et al. 1972; Compagnoni et al. 1977; Droop et al.
1990) (Fig. 1). Based on comprehensive petrographic
and structural investigations, it is subdivided into three
main complexes (Venturini et al. 1994, 1995): (1) The
Polymetamorphic Basement Complex; (2) the Mono-
metamorphic Cover Sequences; (3) the Pre-Alpine
Basement Complex (“‘Seconda Zona Dioritica Kinzigi-
tica” or IIDK). The Polymetamorphic Basement Com-
plex contains three units with different Alpine

Fig. 1 Geological overview of the Sesia—Lanzo Zone based on
Venturini et al. (1994). The interpretative geological inser map of
the area around Mt. Mucrone is based on the MS thesis of Armando
(1992). The samples were collected from the metagranulites and meta-
amphibolites along the Ianca River (no period)
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metamorphic characteristics (Paschier et al. 1981). The
Internal Unit, formerly known as the “Eclogitic Mica-
schist Unit” in the east, equilibrated under Eo-Alpine
eclogite-facies conditions and shows only minor
greenschist-facies overprint. Toward the west, the In-
termediate Unit with an increasingly developed green-
schist-facies overprint is followed by the External Unit,
which is almost completely overprinted by greenschist
facies. These two units were formerly known as the
Gneiss Minuti  Unit (Compagnoni et al. 1977).
The Monometamorphic Cover Complex contains Tri-
assic metabasalts and terrigenous sequences and crops
out as a continuous belt in the central and southern
Sesia Zone. The Pre-Alpine high-temperature Basement
Complex (“Seconda Zona Dioritica Kinzigitica” or
IIDK) is scattered throughout the Sesia—Lanzo Zone
and contains Hercynian high-temperature basement
rocks (Dal Piaz et al. 1972). The samples under inves-
tigation are eclogites, which were collected along a ca.
400 m traverse from the Ianca River, 10 km west of
Biella in northern Italy. These outcrops occur in the
easternmost part of the Polymetamorphic Basement
Unit near the Canavese Zone, as shown in the inter-
pretative geological inset map in Fig. 1, based on
detailed field work by Armando (1992).

Textural relations and petrography

The rocks under study were mapped as metagranulites
and meta-amphibolites and were fully equilibrated un-
der Eo-Alpine metamorphic conditions (Armando 1992;
Tropper 1998). The pre-Alpine assemblage is completely
replaced by high-pressure assemblages. The rocks dis-
play several stages of mineral growth and extensive
retrogression which led to the formation of subsequent
lower-P eclogite-, blueschist- and greenschist-facies as-
semblages after the high-pressure peak assemblage.
The earliest mineral assemblage paragonite + clino-
zoisite + zoisite + kyanite + quartz is preserved in
the cores of garnet porphyroblasts. It is inferred to have
formed before the high-pressure event. The peak high-
pressure assemblage in the eclogites is preserved only as
inclusions in the rims of garnet porphyroblasts con-
taining the assemblage omphacite + clinozoisite +
zoisite + kyanite + quartz + rutile. The matrix in the
eclogites contains several different mineral assemblages,
which are related to the retrogression and are listed
below:

1. Lower- P-eclogite facies: This facies contains garnet +
barroisite + omphacite + clinozoisite =+ zoisite +
quartz + rutile &+ dolomite &+ paragonite £ muscovite
but no kyanite. In this stage, muscovite and paragonite
coexist (Fig. 2).

2. Blueschist facies: Glaucophane appears in this facies
together with clinozoisite + zoisite + paragonite +
quartz. Glaucophane usually forms rims around bar-

Fig. 2 Back-scattered image of coexisting muscovite and paragonite
from the lower-P eclogite-facies assemblage (muscovite Ms, parago-
nite Pg, omphacite Omp, clinozoisite Czo); (sample IBSF 40); the scale
bar is 10 pm

roisite and sometimes omphacite. On the basis of tex-
tures, it is not clear whether muscovite and paragonite
coexist.

3. Greenschist facies: The greenschist facies is marked by
the assemblage actinolite + clinozoisite + chlorite +
muscovite + albite + calcite + talc £ titanite (Fig. 3).
Muscovite pervasively overgrows paragonite, and both
micas form complex intergrowths (Fig. 4a, b). The
muscovite — paragonite boundaries are mostly oblique
with respect to the mica cleavage planes, which appear
to be continuous across the boundaries (Fig. 4a, b).

Fig. 3 Back-scattered image of the greenschist-facies assemblage
replacing glaucophane (Gin), barroisite (Barr) and paragonite (Pg)
from high-pressure stages (muscovite Ms, chlorite Chl, actinolite Act,
albite Ab). The white grains are clinozoisite (Czo); (sample IBSF 10);
the scale bar is 100 pm



Fig. 4 A,B Back-scattered image, showing the textural relationship
between muscovite and paragonite in the greenschist facies. A
Muscovite replaces a lower-P eclogite-facies paragonite porphyro-
blast; the arrows show where across-layer transformation of parago-
nite to muscovite took place; the paragonite (Pg)-muscovite (Ms)
boundaries are oblique with respect to (001) layers. The white mineral
is clinozoisite (Czo). B Detail from a muscovite — paragonite
intergrowth (sample IBSF 10); the scale bar in both images is 10 pm

Thermobarometry

Thermobarometry was performed by calculating phase equilibria
among the coexisting phases in the NCMASH system from each
stage of mineral growth by selecting appropriate activity models for
the phases of interest, with the database of Holland and Powell
(1990) and their updated version of the program THERMOCALC
v 2.4 (Holland written communication 1995). The calculations
yielded invariant points which were used to estimate P,7T conditions
and ay,0). The Fe?*- Mg exchange thermometry between garnet
and omphacite (Krogh 1988) and garnet and hornblende (Graham
and Powell 1984) was also used. The detailed thermobarometric
evaluation of these rocks is beyond the scope of this paper (see
Tropper 1998 for further details). His calculations yield a P-T peak
of 19-21 kbar and 570-650 °C for the high-pressure peak. The
conditions of the subsequent retrograde path are estimated to be
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500-600 °C and 16-19 kbar for the the lower-P stage eclogite-
facies assemblage, 450550 °C and 9—13 kbar for the blueschist-facies
assemblage and 300-500 °C and 4-7 kbar for the greenschist-facies
assemblage (Tropper 1998). During the P-T peak and the retro-
grade path, a(,0) remained high (0.85-0.99). The estimates of the
P-T path are generally in agreement with those derived from other
eclogites in the Sesia—Lanzo Zone (Reinsch (1979), Lardeaux et al.
(1982), Rubie (1984), Morten (1993 and references therein), Ven-
turini (1995).

Analytical methods

Microprobe analyses of the minerals were obtained using a
CAMECA CAMEBAX microprobe with four WDS (wavelength
dispersive) spectrometers at the University of Michigan. The
microprobe was operated at 15kV and 10 nA beam current.
A rastered beam with a diameter of 3 X 3 pm was used to minimize
volatilization. Natural and synthetic phases were used as standards,
including Tiburon albite (Na), Gotthard adularia (K), New Idria
jadeite (Na), natural diopside (Si), Broken Hill rhodonite (Mn),
synthetic uvarovite (Cr), Ingamells almandine (Fe, Al), synthetic
geikielite (Ti), Marjalahti olivine (Mg), natural sanbornite (Ba),
Topaz Mts. topaz (F), synthetic Ba-Cl apatite (Cl) and Willsboro
wollastonite (Ca). The raw data were reduced with a PAP-type
correction and software provided by Cameca. The stoichiometric
mineral formulae were calculated using the program MINFILE
(Afifi and Essene 1988). Back-scattered electron (BSE) images were
obtained on polished thin sections using a HITACHI S-3200 N,
scanning electron microscope (SEM) equipped with a Noran X-ray
energy-dispersive system operated at 20 kV at the University of
Michigan and a GEOL SEM 6310 scanning electron microscope
equipped with a LINK ISIS energy-dispersive system operated at
15 kV at the Karl-Franzens Universitidt Graz, Austria.

Following optical and BSE imaging, ion-milled TEM specimens
were prepared following the methods of Li et al. (1994a). The TEM
observations and AEM analyses were obtained using a Philips
CM12 scanning transmission electron microscope (STEM), oper-
ated at an accelerating voltage of 120 kV and beam current of
~10 pA. Lattice-fringe images were obtained using 001 reflections
(Li et al. 1994a). The X-ray energy-dispersive spectra were ob-
tained using a Kevex Quantum detector. A raster of 200 x 200 nm
(as maximum size) in scanning mode was used to minimize alkali
diffusion and volatilization. The AEM spectra were processed using
k-values from ion-milled standards of paragonite, muscovite, al-
bite, clinochlore, fayalite, rhodonite, and titanite as described by Li
et al. (1994a) with formulae normalized to a sum of twelve octa-
hedral and tetrahedral cations.

Chemical data

Representative electron microprobe analyses of musco-
vite, paragonite and greenschist-facies albite are shown
in Table 1. The K content [K/(K + Na + Ca)] of the
lower-P eclogite-facies paragonite porphyroblasts rang-
es from 0.07-0.12. Phengitic muscovite [Si 6.4-6.6 pfu
(per formula unit)] coexists with paragonite in sample
IBSF 4 within the lower-P eclogite-facies assemblage
clinozoisite + zoisite + omphacite, but in most cases
muscovite occurs only as part of the greenschist facies.
The Na content [Na/(Na + K + Ca)] of the lower-P
eclogite-facies muscovite ranges from 0.12 to 0.14 and
the K content in coexisting paragonite is 0.05. The gap is
consistent with the experimental compositional limits of
the muscovite — paragonite solvus defined by Roux and
Hovis (1996) (Fig. 5) and with data on naturally oc-
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Fig. 5 Comparison between some paragonites and muscovites from
the lower-P eclogite-facies assemblage and the solvi calculated at 2, 6,
and 15 kbar (Roux and Hovis 1996). Dotted and dash areas represent
different mean Xy values on paragonite and muscovite coexisting, at
equilibrium, in two separated areas of the same thin section. The width
of the boxes corresponds to the 20 of the mean Xy values. The
estimated temperatures and pressures for the lower-P eclogite facies
are 500-600 °C and 16-19 kbar. The dark-grey area represents the
Xms values of muscovite from the greenschist-facies assemblage
(estimated temperature and pressure: ca. 300 °C and 4-7 kbar)

curring samples (Guidotti et al. 1994) for equilibrium
conditions. The low Na content in the greenschist-facies
muscovite and the high K content in the lower-P eclo-
gite-facies paragonite implies disequilibrium replace-
ment (Guidotti et al. 1994). The phengite contents in the
lower-P eclogite-facies muscovite and the greenschist-
facies muscovite are comparable. No F and very little CI
were detected in the micas. The paragonite has minor
Ca, and the greenschist-facies muscovite has significant
levels of Ba (0.7-0.8 wt% BaO). The feldspar in the
muscovite — albite veins is nearly pure albite (Abgg 4-
An; 3012 0.4).

Representative formulae of lower-P eclogite-facies
paragonite and greenschist-facies muscovite obtained
from AEM analyses are shown in Table 2. All analyses
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but one were obtained in areas where both SAED pat-
terns and lattice-fringe images showed a single phase.
The mixed analysis is from an area where the two micas
form parallel intergrowths. Paragonite has lower Si and
higher Al contents (Si range: 5.98-6.03 pfu) than mus-
covite (Si range: 6.29-6.35 pfu). Muscovite also has
higher Mg and Fe contents. Paragonite always contains
small amounts of K (0.17-0.20 pfu) and Ca (0.08-0.19
pfu) leading to a variation in the K/(K + Na + Ca)
ratio from 0.07 to 0.09. On the other hand, AEM ana-
lyses of muscovite show no Na or Ca. Figure 6 is a K/
(K + Na + Ca) versus Si diagram and shows that the
compositions obtained by AEM are comparable to the
compositions obtained from electron microprobe ana-
lyses, within the limits of precision of the methods.

TEM observations of the coexisting micas
TEM characteristics of single micas

Muscovite and paragonite were identified through their
characteristic 001 diffraction patterns, lattice-fringe im-
ages, and AEM analyses. Lower-P eclogite-facies par-
agonite occurs in 100 A-thick homogeneous packets of
layers (Fig. 7a). Selected area electron diffraction
(SAED) patterns always indicate a two-layer polytype
(2M,), with sharp diffraction spots and no streaking
along c* (Fig. 7b). Paragonite is highly unstable under
the electron beam and displays the typical “mottled”
texture caused by alkali diffusion (Ahn et al. 1986).
During observations, lenticular voids (i.e., splitting of
layers) form in paragonite and increase progressively in
size, confirming their origin through beam damage
(Fig. 8).

Muscovite that is intergrown with paragonite is easily
distinguished by its different image contrast and its
greater stability under the electron beam. Two-dimen-
sional lattice-fringe images are easier to obtain
in muscovite and no lenticular voids form in it during
TEM observation (Fig. 9). The SAED patterns of 100
A-thick muscovite packets indicate a 2M; polytype.

Table 2 Representative AEM
analyses of white micas. Mica

Muscovite Muscovite Muscovite Paragonite Paragonite Paragonite Paragonite +

formulae normalized on the Muscovite

basis of 12 total tetrahedral and

octahedral cations. All Fe as 6.29 6.32 6.35 6.03 6.01 5.98 6.06

ferrous iron Al (IV) 1.71 1.68 1.65 1.97 1.99 2.02 1.94
Al (VI) 3.03 3.07 2.85 3.82 3.79 3.55 3.29
Ti 0.00 0.00 0.08 0.00 0.00 0.00 0.00
Fe?* 0.64 0.45 0.54 0.18 0.21 0.45 0.37
Mg 0.33 0.38 0.52 0.00 0.00 0.00 0.34
Mn 0.00 0.09 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 2.11 1.85 1.85 0.56
Ca 0.00 0.00 0.00 0.08 0.08 0.19 0.00
K 1.69 1.86 2.05 0.17 0.20 0.18 1.55
Tot 13.69 13.86 14.05 14.36 14.13 14.21 14.12
K/(K + Na 1 1 1 0.07 0.09 0.08 0.73

+ Ca)
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Fig. 6 Plot of K/(K + Na + Ca) — Si data for muscovite and
paragonite. Data from AEM (dots) and electron microprobe (squares)
analyses. High K content in muscovite corresponds to substitution of
a large celadonite component. Note that AEM and probe analyses are
in good agreement with the microprobe data

Figure 10a shows a c*-b* diffraction pattern of musco-
vite with streaking along Okl reciprocal lattice rows with
k # 3n. Diffuse satellite reflections can also be observed
and they indicate semi-random layer-stacking sequences.
The corresponding lattice-fringe image (Fig. 10b) dis-
plays non-periodic stacking faults along c. The stacking
sequence appears to be semi-random and cannot be re-
lated to a specific polytype. This kind of stacking dis-
order is common to that seen in other phyllosilicates

Fig. 7 a Lattice-fringe image of homogeneous packets of lower-P
eclogite-facies paragonite showing 9.6 and 19.2 A — periodicities. b The
corresponding electron diffraction pattern (c*-b*) to a Paragonite is a
2 M — polytype with no streaking along 0kl rows (sample IBSF 10)

Fig. 8 Lattice-fringe image of lower-P eclogite-facies paragonite
displaying lenticular voids due to beam damage (sample IBSF 10)

such as biotite and chlorite (Iijima and Zhu 1982; Veblen
1983; Spinnler et al. 1984) but is unusual in muscovite.
Ahn et al. (1985) observed streaking along c* in both
paragonite and phengite as a result of random layer
rotations of 7(120°) around c.

Textural relations between muscovite and paragonite

The typical textural relation between the greenschist-
facies muscovite and the lower-P eclogite-facies
paragonite is shown by SAED and its corresponding
lattice-fringe image (Fig. 11). As the beam was moved
from muscovite towards paragonite, the SAED pattern

"

Fig. 9 Lattice-fringe images of greenschist-facies muscovite inter-
grown with paragonite (sample IBSF 10)



Fig. 10 a Electron diffraction pattern of greenschist-facies muscovite
(2M; polytype) with streaking along Okl reciprocal lattice rows with
k # 3n. b Corresponding lattice-fringe image of muscovite with non-
periodic stacking faults along ¢ (sample IBSF 10)

periodicity along ¢* changed from 10 to 9.6 A. Fig-
ure 1la shows the diffraction pattern obtained at the
muscovite — paragonite boundary itself. The boundary
cuts obliquely across (001) layers (Fig. 11b). The 001
fringes appear to be continuous in most cases across the
boundary, which implies strict coherency between the

b

Fig. 11 a Electron diffraction pattern of greenschist-facies muscovite
replacing lower-P eclogite-facies paragonite, showing splitting of the
001 reflections along c*. b Corresponding lattice-fringe image. The
interface between the two micas (Pg paragonite, Ms muscovite) is
oblique with respect to basal planes (arrow) (sample IBSF 10)
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two micas. Such oblique boundaries are generally rare
between phyllosilicates, and almost all observed
boundaries are parallel to (001). In our case, the boun-
dary is marked by the presence of strain contrast among
the layers and by frequent layer terminations. The c*
directions of the two micas are perfectly parallel, but the
a* and b* directions show some differences in orienta-
tions. This is consistent with the observations that the
001 fringes are largely coherent across the boundaries.
No periodicities between 10 and 9.6 A were observed,
which indicates that muscovite and paragonite layers are
close to end-member compositions.

Discussion

The data described above define a complex sequence of
multi-stage assemblages that include paragonite +
muscovite of more than one origin (Tropper 1998,
Fig. 12). The textural and compositional data for mus-

25 T L T T
Pre- eclogite facies
peak stage
Eclogite facies
peak stage
20 T .
Late eclogite facies stage
15 ]
3
ﬂ Blueschist facies stage—____ 5
=9
10 [ T
5T . . 7
Greenschist facies stage
0

200 300 400 500 600 700
Temperature (°C)

Fig. 12 Peak conditions and retrograde P-T path of the eclogites from
the Sesia-Lanzo Zone. The data were obtained by calculating
invariant points in the system NCFMASH with the data base of
Holland and Powell (1990) and their software THERMOCALC v 2.4
(T.J.B. Holland personal communication 1995). The invariant points,
calculated for the pre-high-pressure peak conditions and the
blueschist-facies conditions also include the 2¢ errors. The P-T box
of the eclogite facies is based on the upper and lower limits of garnet —
omphacite thermometry and invariant points from 5 samples among
the phases garnet + omphacite + kyanite + clinozoisite + quartz.
The P-T box of the lower-P eclogite facies is based on the upper and
lower limits of garnet — omphacite and garnet — hornblende
thermometry and invariant points from 4 samples among the phases
garnet + omphacite + clinozoisite + quartz. The P-T field of the
greenschist facies is constrained by limiting reactions among the
phases glaucophane + clinozoisite +  linochlore + tremolite +
albite + prehnite + pumpellyite + quartz
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covite and paragonite, as interpreted in terms of that
P-T path, define both equilibrium relations for lower-P
eclogite-facies assemblages, and non-equilibrium rela-
tions for greenschist-facies assemblages.

Chemical constraints on equilibrium relations

Despite repeated experimental investigations on the
muscovite-paragonite solvus (e.g., Eugster and Yoder
1955; Eugster et al. 1972; Chatterjee and Flux 1986;
Roux and Hovis 1996) discrepancies still exist between
natural and experimental results. Additional compo-
nents in muscovite and paragonite are potential sources
of uncertainties. Such substitutions may perturb the Na
and K partitioning between muscovite and paragonite
(Guidotti and Sassi 1998). The solvus is widened with
increasing celadonite substitution (Guidotti 1984; Ahn
et al. 1985; Blencoe et al. 1994; Guidotti et al. 1994;
Roux and Hovis 1996).

Paragonites from the lower-P eclogite-facies assem-
blage contain up to 10% muscovite component (Xps)-
This is consistent with the compositional limits of the
muscovite — paragonite solvus by Roux and Hovis (1996)
for these conditions (500-600 °C; 16—19 kbar) (Fig. 5).
According to their solvus, the muscovite content (X)) in
the equilibrated muscovite should be 75-85%. This is
indeed the range of composition of muscovite from the
lower- P eclogite-facies assemblage (see Table 1), which is
in apparent textural equilibrium with paragonite.

Another component which causes a widening of the
limbs of the solvus is the margarite-component substi-
tution in paragonite (Zen and Albee 1964). A similar
effect may be anticipated for the preferential substitution
of Ba in muscovite. However, muscovite and paragonite
from all the assemblages have negligible Ca and Ba
contents. Among the potential sources of uncertainties
are the presence of a metastable chemically homoge-
neous Na-K mica (Jiang and Peacor 1993) and submi-
croscopic muscovite-paragonite intergrowths (Ahn et al.
1985; Shau et al. 1991; Boundy et al. 1997; Giorgetti
et al. 1997).

Electron microprobe and AEM analyses of muscovite
from the greenschist facies show that muscovite is al-
most Na-free even though it occurs immediately adja-
cent to lower-P eclogite-facies paragonite (Table 1). The
100 K/(K + Na) component in the greenschist-facies
muscovite, as determined from electron microprobe
analysis, is 90%, but it is probably due to contamination
by paragonite layers too small to be resolved by the
electron beam. Considering the solvus characteristics
and possible effects of extra components in muscovite,
its composition indicates that it is not in equilibrium
with paragonite from the lower-P eclogite facies (Fig. 5).
Moreover, the greenschist-facies muscovite has a much
smaller content of Na than one would expect in a par-
agonite-saturated system.

Possible muscovite-forming reactions in the green-
schist facies are:

NaAl3Si3010(OH)2 + K™= KA13SI3010(OH)2 + Na* (1)
NaAl;Si3019(OH), + 6SiO; + 2Na' = 3NaAlSi;Og + 2H* (2)

Combination of the two reactions leads to the formation
of albite — muscovite from quartz — paragonite. Some
samples show albite — muscovite pseudomorphs after
paragonite (Fig. 13), suggesting progression of reactions
(1) and (2) to the right. The vein assemblage muscovite —
albite invites application of the plagioclase-muscovite
exchange thermometer (Green and Usdansky 1986,
1989). The result for the analyses reported in Table 1 is
300 £ 30 °C for 5 £ 2 kbar and for Or varying from
0.2 to 0.6 mol%. Although the results seem reasonable,
the equations provided in an erratum (Green and
Usdansky 1989) do not reproduce the values of Green
and Usdansky (1986) in their Table 2: systematic
descrepancies of —4 to —50 °C are incurred. Nonetheless,
the 300 °C temperature estimate is at the lower end of
the range obtained for the greenschist facies by Tropper
(1998).

Textural constraints on equilibrium relations

The BSE and TEM images show that the two white mica
domains have interfaces obliquely transecting their basal
planes. Similar textural relations have been documented
only rarely for micas (Livi et al. 1988, 1997; Jiang and
Peacor 1993). Jiang and Peacor (1993) proposed that
this texture formed through alkali exchange and diffu-
sion as opposed to dissolution and neocrystallization.
The latter process would have formed lamellar inter-
growths of parallel muscovite and paragonite packets,
which are absent in our study. The micas described by
Jiang and Peacor owe their textures and compositions to
high-7" hydrothermal processes at the contact between
shale and mafic dikes. Their TEM observations suggest

Fig. 13 BSE image showing greenschist-facies albite (4b) — muscovite
(Ms) pseudomorph after paragonite (sample IBSF 19B); the scale bar
is 10 um



that the two micas grew under non-equilibrium condi-
tions. Livi et al. (1988, 1997) studied white micas from
low-grade metamorphosed Liassic shales. They reported
images of oblique contacts between paragonite and
muscovite and described Na- and K-rich micas as do-
mains and not as intercalations. These authors implied
that the inclined compositional boundaries represent
exsolution based on similarities in texture with those of
Na-biotite and talc that were exsolved from wonesite
(Veblen 1983). Nonetheless, the TEM images and cor-
responding SAED patterns of interlayered muscovite
and paragonite which they presented are not conclusive
evidence for a modulated structure. The two phases are
always present as shown by their characteristic diffrac-
tion effects; no modulated microstructures are visible,
and no satellite reflections at right angles to the modu-
lation appear in the SAED pattern.

The textural relations observed in the present study
imply that at least most paragonite and muscovite layers
are coherent across boundaries, although the boundaries
are marked by a substantial concentration of layer ter-
minations. Furthermore, there are significant differences
in the compositions of the octahedral and tetrahedral
sites of the two micas. The compositions change
abruptly at the boundaries without a gradual variation
towards the muscovite — paragonite interface, and with
no intermediate, homogeneous Na-K phase being
found. At temperatures below 400 °C, micas become
closed systems for alkali exchange by volume diffusion
(Fortier and Giletti 1991, and references therein). In a
100 pm mica grain, at 400 °C after 1 Ma, K can diffuse
for about 50%, after 0.1 Ma there is no exchange, and
after 10 Ma, K can completely diffuse from one mineral
to another (Crank 1975; ZD Sharp 1999, personal
communication). In a wide range of pressure and tem-
perature, transport of large alkali cations within the
mica structure is sluggish, and large changes in the
octahedral and tetrahedral layers require a dissolution-
transport-precipitation reaction mechanism (Schramke
et al. 1987). Moreover, textural evidence such as com-
plex textures, different mineral compositions and as-
semblages from different facies, strongly indicates
limited diffusion and dissolution-reprecipitation in gen-
eral. This process is driven by the presence of an aque-
ous fluid which promotes the replacement of individual
paragonite layers by muscovite. The similar layered
structures of the two micas cause the process to occur
along the basal planes as commonly observed for tran-
sitions between layer silicates, generating partial coher-
ency through the interfaces.
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