
INTRODUCTION

The rate of a mineral reaction is determined by the rate of
the slowest one of the following processes: (1) dissolution of
reactant phases; (2) diffusion of chemical components from dis-
solved areas to those where the new minerals precipitate; (3)
nucleation and growth of products; and (4) changes in tempera-
ture and pressure that produce the free-energy driving force.
However, the first three rate-controlling steps are generally con-
sidered the only kinetic processes responsible for the preserva-
tion of minerals outside their stability fields when rocks passed
along the P-T-t path of regional metamorphism. This is due to
the generalized assumption that the rates of change for tempera-
ture and pressure associated with this kind of metamorphism

Sequential kinetics of a muscovite-out reaction: A natural example

ANTONIO  SANCHEZ -NAVAS

Departamento de Mineralogía y Petrología—Instituto Andaluz de Ciencias de la Tierra, Universidad de Granada, C.S.I.C. 18071
Granada, Spain

are so slow that the reactions remain close to equilibrium (Th-
ompson and England 1984). Extensive disequilibrium can oc-
cur for reactions with very small entropy changes, such as the
andalusite to sillimanite transformation. The effect of the large
enthalpy (entropy) changes of the devolatilization reactions on
the overstepping required to allow nucleation and growth of the
reaction products, and on the rock temperatures has been evalu-
ated by Ridley and Thompson (1986) and Ridley (1985). Walther
and Wood (1984) have demonstrated that for dehydration reac-
tions, with entropy changes of 20 cal/mol/°C at 500 °C and only
1 °C of overstep, the reaction proceeds to completion quite rap-
idly (<1000 y) when the dissolution rate of the reactants is the
rate-controlling step. Schramke et al. (1987) experimentally ob-
tained complete transformation of muscovite plus quartz to an-
dalusite and potassium feldspar, under low-pressure prograde
metamorphism, close to the equilibrium boundary, with the rate-
controlling surface area being that of the growing andalusite.* E-mail: asnavas@goliat.ugr.es

ABSTRACT

A natural example of sequential kinetics for the muscovite dehydration reaction in highly de-
formed mylonitic gneisses is analyzed. Studied textures consist of deformed pegmatitic muscovite
crystals surrounded by fibrolitic sillimanite tightly intergrown with biotite and with potassium feld-
spar in the pressure shadows. Potassium feldspar, andalusite, biotite, and quartz appearing in the
crystal core constitute the products of muscovite breakdown produced by topotactic replacement of
muscovite within a single crystal. Non-isochemical decomposition of muscovite is proposed in which
diffusion of K+ outward from the crystal took place along the muscovite interlayer and shear planes
parallel to (001). The chemical potential gradient calculated for K capable of producing the texture
observed within the pegmatitic crystals, results not only from the overstepping of the muscovite-out
reaction but also from the difference in free energy between andalusite and sillimanite under P-T
conditions where andalusite is stable. The overall reaction within the andalusite stability field con-
sists of the transformation 1 Ms + 1 Qtz → 1 And + 1 Kfs + 1 H2O and of the indirect replacement 0.25
Sil → 0.25 And. Andalusite nucleation and growth took place completely inside muscovite, whereas
most of the potassium feldspar was produced outside, preferentially at pressure shadows, after out-
ward intracrystalline diffusion of K+ and fibrolitic sillimanite dissolution in the matrix. The rate-
limiting step of this reaction process was initially the migration rate of the muscovite-andalusite and
muscovite-potassium feldspar interfaces. However, it was followed by a diffusion-controlled step.
The change in the relative rates of the reaction mechanisms was due to the coarsening of the reaction
products, the low amount of energy and time required for non-reconstructive transformations (peri-
odic bond chains of the tetrahedral sheet of muscovite are inherited by potassium feldspar and those
of the octahedral sheet by andalusite), the magnitude of the heat flow associated with a possible
contact metamorphic episode, and the slow diffusion of K+ within the crystal. Intracrystalline diffu-
sion took place through a double monolayer of absorbed molecules of water (~10 Å) localized at
microcleavages produced by basal slip in the interlayer level, instead of a proper lattice diffusion
process. The derived rate law at constant P and T (considering the cases of 2 kbar and 605 °C and 3
kbar and 639 °C) for the diffusion-controlled process gives a time span of about 10 000 years for the
growth of these metamorphic textures, which seems to be a reasonable estimate for a contact meta-
morphic event.
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Lasaga (1986) analyzed the role of diffusion and surface
reactions in the kinetics of dehydration of muscovite plus quartz.
He demonstrated that, for normal values of diffusion coeffi-
cients of the species in the intergranular fluid and porosity and
tortuosity of rocks, andalusite surface kinetics control the re-
action rate both under experimental conditions and in natural
situations. Only high-temperature oversteps and diffusion dis-
tances may produce control by diffusion transport for the mus-
covite-out reaction (see his Fig. 6). He also demonstrated the
importance of using a non-linear rate law for this reaction, to
explain both small and large deviations from equilibrium. This
would contradict the assertions of Fisher (1978) in relation to
sequential kinetics in the development of metamorphic struc-
tures, where he holds that an initial reaction-controlled stage
will end long before the structure is large enough to detect,
because it is based on the assumption that there is a linear rela-
tion between chemical reaction rates and reaction affinity.
Moreover, Kerrick et al. (1991), on the basis of experimental
studies, considered the reactions rates at the surface area of
solids as the rate-limiting process for typical heterogeneous
reactions involving fluids. However, many metamorphic pro-
cesses involve diffusion-controlled mineral growth (Fisher
1970; Joesten 1977; Foster 1981, 1983, 1986). Their develop-
ment is favored by high heat flow, such as in contact aureoles,
and by the inhibition of diffusion due to the absence of water
in the grain boundary network, such as occurs in retrogressively
and/or statically metamorphosed rocks.

Brearley (1986) and Worden et al. (1987) have shown that
the muscovite structure controls the crystallization of the prod-
ucts of the breakdown reaction in natural samples during
pyrometamorphism. Muscovite pseudomorphs are in structural
continuity with the precursor single crystal, such that they have
grown with their close-packed planes [(001) biotite, (010)
sanidine, for example] parallel to the (001) plane of the
phengites (the plane of closest oxygen packing). These crys-
tallographic relationships have also been observed in experi-
ments on muscovite breakdown under similar conditions of
marked overstepping temperatures (Rubie and Brearley 1987;
Brearley and Rubie 1990).

Fisher (1978) showed that after nucleation of stable new
minerals in a rock, the growth of the resulting metamorphic
structures goes through a definite sequence of stages, in which
the mechanism that determines the overall rate of mineral
growth for each stage, the rate-controlling step, depends on
local and regional changes in variables such as the distance
between the initial nuclei, grain size, diffusion coefficients, and
heat flow rates.

This paper examines a natural example of sequential kinet-
ics for the muscovite dehydration reaction in ductile deformed
mylonitic gneisses. The textures that were studied are similar
to some presented by García-Casco et al. (1993), and they con-
sist of deformed pegmatitic muscovite crystals surrounded by
fibrolitic sillimanite tightly intergrown with biotite, with po-
tassium feldspar in the pressure shadows, and with andalusite,
potassium feldspar, biotite, and quartz in the crystal core. The
crystallographic relations established for the phases involved
indicate the existence of topotactic replacement of muscovite
by potassium feldspar and andalusite in the cores. Deduced

reaction mechanisms have allowed to calculate the overall re-
action and to determine the sequence of stages these metamor-
phic structures have undergone: (1) An initial interface-controlled
stage; (2) an intermediate intracrystalline diffusion-controlled
stage; and (3) a probable final heat-flow-controlled stage for the
muscovite breakdown reaction process.

ANALYTICAL  PROCEDURES

An automated CAMECA SX50 electron microprobe (Centro
de Investigacíon Científica at the University of Granada) was
used to obtain backscattered electron (BSE) and X-ray images
on areas smaller than approximately 100 × 100 µm. Electronic
images of larger zones were obtained by moving the sample in
a square-shaped area while using a position-fixed beam. The
beam spot size, the step-to-step displacement and the acquisi-
tion time were optimized to obtain good analytical and spatial
resolution. Modal analyses were performed on diverse BSE and
X-ray images by image-analysis processes, using a color pallette
in isocountour and segmentation mode to obtain precise quan-
tification of the mineral areas.

Samples for TEM study were prepared as Canadian Bal-
sam-mounted thin sections oriented approximately normal to
(001) crystallographic planes of the pegmatitic muscovite single
crystals and to the c axis of the andalusite prisms inside them.
Samples were further thinned using a Gatan 600 ion mill and
then carbon-coated for TEM observation with a PHILIPS CM-
20 scanning transmission electron microscope (STEM) oper-
ated at 200 kV and equipped with an EDAX solid-state
energy-dispersive X-ray detector (EDX). An objective aperture
of 40 µm was used to obtain a compromise between amplitude
and phase contrast for the images, so reflections with d-values
> 0.4 nm were used for the lattice-fringe images.

GEOLOGICAL  SETTING AND SAMPLE DESCRIPTION

Together with the Rifian Cordilleras, the Betic Cordilleras
constitute the westernmost part of the Alpine Mediterranean
Orogen. The Internal Zones of the Betic Cordilleras comprise
the Nevado-Filabride, the Alpujarride and the Malaguide nappe
complexes, in ascending tectonic order. Within the western (or
upper) Alpujarrides, two main groups of units can be distin-
guished: the upper Casares-Los Reales Group and the lower
Blanca Group (Martín-Algarra 1987). The base of the Los
Reales nappes consists of peridotites, mainly lherzolites, with
minor dunites and harzburgites (Obata 1980). The Los Reales
unit overlies the Blanca unit of the Alpujarride Complex (Mollat
1968); the contact was originally a compressional thrust but is
now an extensional low-angle normal fault (García Dueñas and
Balanyá 1991). Torres-Roldán (1974, 1979, 1981) established
two different P-T gradients during metamorphism of the
Casares-Los Reales type units: an earlier medium-slope gradi-
ent (27 °C/km) and a later one with much shallower slope (60
°C/km). The change in physical conditions that caused the over-
printing of the low P-T set of assemblages on the intermediate
P-T ones was preceded by an episode of penetrative deforma-
tion that produced the megascopic or main foliation (D2 of
Torres-Roldán 1981; and Cuevas et al. 1989). The P-T evolu-
tion of these rocks from the earlier intermediate-P conditions
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to the later low-P ones included an intermediate stage of iso-
thermal decompression (Torres-Roldán 1981).

The samples studied come from the lower part of the Torrox
and Jubrique units belonging to the Los Reales type tectonic
unit, but are located above the peridotites. Specifically, the
samples are from muscovite-biotite-garnet banded gneisses and
pegmatitic rocks of the Torrox orthogneiss complex [TGC; see
Fig. 1 in García-Casco et al. (1993) for a geological sketch
map of the Betic Cordilleras and the location of the TGC] and
from pelitic gneisses in the Ronda peridotite aureole, located
at the potassium feldspar isograd of the Gneiss Series of Loomis
(1972a; see his Fig. 1 for the geological map, and his Fig. 2 for
the location of the isograds). Although the gneisses constitute
different structural units, both have been affected by the same
geotectonic processes (Torres-Roldán 1974). The prekinematic
minerals of the main foliation, termed S2, in the pelitic rocks
from the TGC and Ronda aureole are Ms, St, Grt, Ky, and Rt.
The syn-S2 minerals are Sil (fibrolitic), Bt, and Ilm, and the
post-S2 minerals are And, Bt, and Ilm [mineral abbreviations
after Kretz (1983)]. The three Al2SiO5 polymorphs appear in
these high-grade rocks from the Los Reales type unit. The stud-
ied textures appear in pegmatitic muscovite crystals of banded
gneisses and pegmatites from the TGC gneisses, and in mus-
covite pseudomorphs of quartz pods in the pelitic gneisses from
the peridotite aureole. The andalusite-sillimanite transforma-
tion and the muscovite breakdown reaction observed in these
samples were studied by Loomis (1972a) and García-Casco et
al. (1993), although they interpreted the intersection of the de-
hydration reaction very differently. Prograde metamorphism
(near isobaric heating) was proposed by Loomis (Fig. 10 in
Loomis 1972a), whereas García-Casco et al. considered the
muscovite-out reaction to be crossed during near-isothermal
decompression (see their Fig. 11A for the proposed P-T path).

RESULTS

Muscovite breakdown textures

Muscovite breakdown textures studied in detail in this pa-
per correspond to those observed in the pegmatitic muscovite
crystals from muscovite-biotite-garnet banded gneisses of the
TGC. The textures consist of deformed pegmatite muscovite
crystals surrounded by fibrolitic sillimanite tightly intergrown
with biotite, and with potassium feldspar in the pressure shad-
ows (Fig. 1). Potassium feldspar, andalusite, and biotite appear
in the crystal core (Figs. 1A, 1C, 2, 3A, 3B, and 3C). Particu-
larly noteworthy is the existence of quartz as a reaction prod-
uct of muscovite breakdown in the core of the muscovite
crystals. Quartz is observed both in those textures in which the
reaction products of these cores reach the matrix (Fig. 1C) and
in those structures that appear clearly isolated from the matrix
(Figs. 2 and 3A). Both andalusite and potassium feldspar form
single crystals in the structures completely isolated from the
matrix, with potassium feldspar adjacent to muscovite and an-
dalusite in the inner part (Figs. 2 and 3A). Where these struc-
tures have reached the matrix, andalusite single crystals appear
surrounded by a polycrystalline aggregate of andalusite, minor
quantities of potassium feldspar are observed, and biotite crys-
tals cover the internal muscovite boundary (Figs. 3B and 3C).

Ilmenite also appears intergrown with andalusite, potassium
feldspar, biotite, and quartz (Fig. 1C).

Modal analyses performed on BSE and X-ray images of
less-developed textures (Figs. 2B, 2C, and 3A) show molar pro-
portions of 5:2:1 for andalusite, potassium feldspar, and quartz,
respectively. In coarsened textures, the proportion changes to
3:1:1 (as in the case of the texture in Fig. 2D). Where it reaches
the matrix, potassium feldspar decreases drastically in amount
and is located only in cleavages along the muscovite basal
planes, as occurs for the texture shown in Figure 1C, and spe-
cially the one in Figure 3C.

Reaction products of celadonitic muscovite decomposition
(Massonne and Schreyer 1987) such as biotite and quartz, ap-
pear extensively at the rims of pegmatitic muscovite crystals
(Figs. 3B and 3D). This reaction has been studied by García-
Casco et al. (1993) for matrix muscovites in these rocks. Cores
of pegmatitic muscovite crystals where the breakdown reac-
tion products occur are non-celadonitic in contrast to the highly
phengitic character of the rims.

Optical studies performed on the texture shown in Figure
3A, and on a basal plate fragment of the muscovite seen in
Figure 1A (adjacent to the andalusite prisms) indicates that the
c axis of andalusite coincides approximately with <110> of the
host pegmatitic muscovite. Fibrolitic sillimanite at the musco-
vite boundary (Figs. 1C and 1D), as well as that located in
other shear planes of the matrix foliation and even within mus-
covite pseudomormphs (Fig. 1B), appears tightly intergrown
with and growing from biotite, and should not be considered a
product of muscovite breakdown. As shown in Figure 1D, a
coarsening and/or coalescence process produced a prismatic
sillimanite crystal from a precursor aggregate of fibrolite needle-
like crystals [see Fig. 10 of Vernon (1987a) for a similar case
of preferential coarsening of sillimanite fibers].

The muscovite-out reaction has also been studied in mus-
covite single crystals from pegmatitic bands from the TGC. In
these bands the breakdown takes place in very slightly or non-
deformed muscovite crystals through reaction with the adja-
cent matrix quartz. Reaction products, comprising potassium
feldspar, andalusite, and biotite, replace muscovite crystals from
the outer rim inward. No fibrolite is observed in these samples.
In Figure 4A, an andalusite single crystal forms a pseudomorph
after muscovite in a pressure shadow on a pegmatitic tourma-
line, preserving even its cleavage. The existence in some cases
of alternating bands of andalusite and potassium feldspar in
certain replacement structures is also noted (Fig. 4B). Modal
analyses reveal approximately equal molar proportions of po-
tassium feldspar and andalusite, although migration of potas-
sium feldspar has been observed in some cases.

In the pelitic gneisses of the Ronda peridotite aureole, mus-
covite breakdown is complete, and former muscovite crystals
have been replaced topotactically by andalusite, potassium feld-
spar, and biotite (Fig. 5A). Within pseudomorphs, elongated
sillimanite prisms and fibrolite have grown from biotite crys-
tals following muscovite breakdown (Fig. 5).

TEM study

Crystallographic relations observed optically between mus-
covite host and andalusite crystals have been confirmed by se-
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lected-area electron diffraction (SAED) study of the musco-
vite-andalusite boundaries. The andalusite c axis approximately
coincides with <110> (or [010]) of the muscovite (Fig. 6A).
The transmission electron micrograph in Figure 6B, correspond-
ing to this electron diffraction pattern, shows the presence of a
grain boundary between the two phases, resulting in a non-
coherent interface. However, muscovite relicts inside andalusite
show the persistence, in spite of the crystal sizes, of a coherent
interface with an approximate length of 65 nm across musco-
vite basal layers (Fig. 7A). Moiré fringe spacings of 1.5–2.2

FIGURE 1. Textures of the muscovite breakdown reaction in banded gneisses from the TGC. (A) Outcrop photo of a deformed muscovite
porphyroblast from banded gneisses with asymmetric pressure shadows indicating a dextral shear. Deformation produced kinking and fractures
at kink boundaries, as well as subsidiary shear planes cutting mica layers, possibly generated through a domino bookshelf (arrows) and a
carddeck mechanism (Price and Cosgrove 1990). Andalusite prisms occur along the [110] and [11

–
0] directions within these fracture planes.

Potassium feldspar is located in the pressure shadows defined by the white areas adjacent to the muscovite single crystal. (B). Optical
photomicrograph of a portion of a muscovite porphyroblast of banded gneisses pseudomorphed by andalusite with intergrown biotite and
quartz. Potassium feldspar occurs within asymmetric pressure shadows and in very low quantities in some boundary zones between the relict
muscovite and the replacing andalusite. Fibrolite appears tightly intergrown with biotite around the muscovite crystal and at shear planes that
developed at the muscovite-andalusite boundary and within replacing andalusite. (C) Optical photomicrograph of an andalusite + quartz +
biotite + potassium feldspar + ilmenite core within muscovite that has reached the matrix after coarsening. (D) A detail of (C) showing a
prismatic sillimanite crystal tightly intergrown with biotite that has grown from an aggregate of fibrolite needlelike crystals.

nm have been found at semicoherent interfaces between mus-
covite and andalusite (Fig. 7B). Large areas without lattice
fringes adjacent to this interface indicate significant elastic
strain of the two lattices, producing disorientation in the vicin-
ity of the interface. Transitions from grain boundaries to co-
herent or semicoherent interfaces occur throughout highly
deformed areas.

Figure 8 shows the crystallographic relationship between
muscovite and potassium feldspar at a coherent interface. The
SAED image shows how the crystallographic a axis of potas-
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sium feldspar coincides with one of the three equivalent direc-
tions <110>/[010] of muscovite.

TEM analysis has revealed rutile intergrown with biotite,
as well as iron oxides in open fractures between biotite and
potassium feldspar. No crystallographic relationship has been
observed between muscovite and biotite, with the exception of
the coincidence of their c* axes.

DISCUSSION: M USCOVITE DEHYDRATION  REACTION

Crystallography of the reaction

Structural control by muscovite on the nucleation and growth
of its breakdown products has been described and discussed
by authors such as Brearley (1986), Rubie and Brearley (1987),
Worden et al. (1987), and Brearley and Rubie (1990). How-
ever, no detailed structural relationships have been presented
between the muscovite host and the secondary minerals that

FIGURE 2. (A) Optical photomicrograph of a pegmatitic muscovite in banded gneisses, where diverse andalusite + potassium feldspar +
quartz + biotite cores appear inside. (B) BSE image of an enlarged image of the incipient texture outline in A. Note the euhedral habit of the
andalusite basal section and the location of potassium feldspar in the muscovite basal cleavages. (C) Si X-ray image showing the presence of
quartz within the incipient texture. (D) A more evolved texture inside the same muscovite crystal where an andalusite single crystal appears
surrounded by a potassium feldspar monocrystal that extends along the muscovite (001) basal cleavages (crossed polarizers).

would allow the precise mechanism of the transformation to be
established. Both epitaxy and topotaxy are feasible processes
for explaining the observations of the above mentioned authors.
The coincidence or parallelism between the planes of closest
oxygen packing of the involved phases may be explained by
epitaxy if the structural rearrangement is extensive (see for
example Banfield and Eggleton 1988 for the transformation of
biotite to kaolinite). In such a process, structural control by the
muscovite substrate takes place on the growing phases at ex-
tensive defects such as shear planes or voids with surfaces par-
allel to the (001) planes of the muscovite crystals.

Structural relationships visible from the results of the opti-
cal and TEM study indicate that potassium feldspar and an-
dalusite single crystals topotactically replaced pegmatitic
muscovite crystals, at least in the early stages of the reaction
process. Transformation took place with the least possible dis-
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placement of ions and the least breaking of bonds. Structural
fragments of the primary phase lattice have been used by the
products of the breakdown reaction. Directions defined by
strong bonds [periodic bond chains, PBC, of Hartman and
Perdok (1955)] of the muscovite are preserved in potassium
feldspar and andalusite. PBCs of the tetrahedral and octahe-
dral sheets of the muscovite structure run respectively along
the a* (or <130>) and b (or equivalent <110>) axes. The coin-
cidence of the c axis of andalusite with the <110> axis, or
equivalent (Fig. 6), of muscovite implies that the andalusite
lattice used PBCs from the octahedral sheet of the muscovite
crystals. Crystallographic relationships between muscovite and
potassium feldspar at coherent interfaces (Fig. 8) indicate that
polyhedral chains from the tetrahedral sheet of muscovite are
inherited by the potassium feldspar structure to form its crank-
shaft-like chains, as shown in Figure 9. Elemental reactions
involved in the proposed structurally controlled reaction mecha-
nism for the transformation of muscovite to andalusite and
potassium feldspar are clearly not isochemical. In the simple

K2O-Al2O3-SiO2 (KAS) subsystem, it is necessary to remove Al
to form potassium feldspar from muscovite. In the same way Si
and K must be removed to form andalusite from muscovite. More-
over, in the transformation of muscovite to potassium feldspar,
not only must the destruction of the muscovite octahedral sheet,
the migration of Al ions, and the redistribution of K ions in the
potassium feldspar structure occur, but the remaining tetrahe-
dral sheet must also be reorganized to provide the crankshafts of
the new structure. This transformation yields two excess oxygen
ions:

[IV] [Si3AlO10]5–
Ms → [IV] [Si3AlO8]1–

Kfs + 2O2–. (1)

Similarly, there is no direct use of the muscovite octahedral
layer by andalusite, as [VI] Al ions must be reordered in this sheet.
Only two of the three PBCs along the b (or <110>) axis of the
octahedral sheet may be used by the andalusite structure and
there is a deficit of two oxygen ions in the transference of the
octahedral PBCs:

[VI] [(OH)2O4Al 2]4–
Ms + 2O2– → 2 [VI] [AlO 4]5–

And + 2H+. (2)

FIGURE 3. (A) Optical photomicrograph (crossed polarizers) of andalusite + potassium feldspar + quartz + biotite cores showing the euhedral
habit of andalusite crystals and the coincidence of its c axis with [110] of the host pegmatitic muscovite. (B) Optical photomicrograph of a
pegmatitic muscovite of the banded gneisses with muscovite breakdown textures within the crystal and decomposition reaction products in the
rims. (C) Squared area in (B) showing an andalusite + potassium feldspar + quartz + biotite core that has reached the matrix, and where minor
amounts of potassium feldspar occur in the muscovite cleavages. In addition, note how biotite crystals concentrate at the boundary between the
core and the muscovite host. (D) BSE image of quartz + biotite intergrowths in the muscovite rims (star in B), produced after the phengitic
decomposition reaction (Massonne and Schreyer 1987).
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FIGURE 4. Breakdown textures in muscovites in pegmatitic bands from the TGC. (A) Optical photomicrograph of a muscovite crystal
pseudomorphed by andalusite, preserving the basal cleavages, and occurring together with a group of disoriented muscovite crystals within a
pressure shadow of a tourmaline porphyroblast having a diameter of 1.5 cm (not included in photograph). (B) Al X-ray image of alternating
bands of andalusite (arrows) and potassium feldspar + biotite (dark bands) resulting from muscovite reaction with matrix quartz.

FIGURE 5. Optical photomicrograph of breakdown textures affecting old muscovite crystals located in quartzofeldspathic pods in pelitic
gneisses from the Ronda peridotite aureole. (A) Old muscovite porphyroblast pseudomorphed by andalusite + potassium feldspar + biotite after
breakdown. Elongated sillimanite prisms and fibrolite have grown from these biotite crystals at diverse areas of the texture where shear stress is
preferentially located. (B) A similar, more evolved texture due to a major deformation; andalusite and potassium feldspar have disappeared
completely.

As will be shown in the following section, a coupling be-
tween the two transformations might take place.

The lack of clear structural relations at the biotite-musco-
vite interface, with the exception of the coincidence of their c*
axes, the significant structural reorganization necessary for the

formation of biotite by direct modification of the muscovite
structure, and the association of biotite with other precipitates,
such as iron oxides, suggest an epitatic crystallization of bi-
otite at planar defects parallel to the (001) muscovite planes.
Structural continuity along octahedral sheets between the two
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FIGURE 6. (A) SAED pattern at muscovite-andalusite interface showing approximate coincidence of andalusite c axis with <110> (or [010])
of the muscovite (a*Ms would correspond to [100] or equivalent <130>). (B) TEM micrograph of an incoherent interface between two phases of
the area in which (A) was obtained. The slight disorientation between the two reciprocal planes is likely related to the development of grain
boundaries after coarsening.

FIGURE 7. TEM images of coherent and semicoherent interfaces between andalusite and relict muscovite within it. (A) A coherent interface
with a length of about 65 nm (arrowed) between the two phases where approximate parallelism between the (001) muscovite planes and the
(110) andalusite planes may be observed. Strain energy at the interface is resolved through elastic bending of andalusite layers in interface
vicinity. (B) Moiré fringe spacings around 1.5–2.2 nm (arrows) at a muscovite-andalusite semicoherent interface, where some crystallographic
planes of the andalusite may be observed.
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FIGURE 8. (A) SAED pattern at a muscovite-potassium feldspar coherent interface showing the coincidence of the potassium feldspar a axis
with the b crystallographic direction (or equivalent) of muscovite (B) TEM image. Arrows indicate the interface.

FIGURE 9. Possible mechanism for the formation of potassium feldspar crankshaft-like chains (righthand side of the figure) from muscovite
tetrahedral sheet (lefthand side of the figure) through a three-step mechanism: (1) polyhedral chains of the muscovite tetrahedral sheet are
individualized along b, after disruption of shared corners along the dashed lines; (2) rotation of tetrahedra of the individualized chains at the
shared corners along the rotation axis indicated in the figure; and (3) corner sharing between tetrahedra from different sheets after destruction of
the muscovite octahedral sheet and/or reorganization of the interlayer. The stoichiometry of this transformation considering only tetrahedra
would be [IV] [Si3AlO10]5-

Ms → [IV] [Si3AlO10]5–
Kfs.
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phases has been found by Iijima and Zhu (1982) in a specimen
of intergrown crystals of muscovite and biotite, although no
genetic relationship was established. Brearly (1986) also
showed the crystallographic orientation relationship between
biotite and potassium feldspar into muscovite pseudomorphs
after breakdown reaction, with the coincidence of [010]Bt and
[100]Kfs. In any event, this would not imply topotaxy if epitactic
crystallization of biotite onto existing tetrahedral sheets of
muscovite at a previous surface is considered.

Reaction mechanisms and overall reaction

Elemental reactions (Lasaga 1981) for the direct transfor-
mations of muscovite to potassium feldspar and to andalusite
conserving tetrahedral and octahedral cations respectively, as
indicated in the above section for the initial structurally con-
trolled step, may be written, in the KASH system, as:

1 Ms → 1 Kfs + 1 Al2O3 + 1 H2O (3)

and

1 Ms + 1/2 Al2O3 → 2 And + 1 SiO2 + 1 H2O + 1/2 K2O.(4)

For this possible mechanism andalusite forms not only from
the topotactic replacement of muscovite as in reaction 4, but also
from the reaction of 1/2 of the Al2O3 remaining from Equation 3
with the adequate proportion of SiO2 from Equation 4. The ex-
cess SiO2 would precipitate as quartz. So, the reaction resulting
from the sum of Equation 3 and Equation 4 would be:

2 Ms → 1 Kfs + 5/2 And + 1/2 Qtz + 2 H2O + 1/2 K2O (5)

where the modal proportions of andalusite, potassium feldspar,
and quartz correspond approximately with those observed in
the incipient textures of Figures 2B, 2C, and 3A.

It is not possible to obtain reaction 5 through direct elemen-
tal reactions where all andalusite and potassium feldspar are
formed from topotactic replacement of muscovite. Alternatively,
all andalusite may be formed in this way if only 1/2 of the
octahedral PBCs of muscovite are maintained, instead of 2/3
as in the case of elemental reaction 4, where all octahedral cat-
ions are conserved. The stoichiometry of such a transforma-
tion would be:

2 Ms → 3 And + 3 SiO2 + 1 K2O + 2 H2O (6)

which is coupled with

1 Ms + 6 SiO2 + 1 K2O → 3 Kfs + 1 H2O (7)

where only 1/3 of the potassium feldspar is now formed from
the topotactic replacement of muscovite.

This new mechanism, expressed by reactions 6 and 7, may
also explain the precipitation of potassium feldspar in musco-
vite (001) basal cleavages. Therefore, due to the very slow dif-
fusion of Si from the matrix through the muscovite lattice, the
reaction proceeds by diffusion, in reverse direction, of K+ and
H3O+ ions through the interlayer, shear planes, or other sur-
faces parallel to the muscovite (001) planes. These surfaces
may be considered as open spaces containing a K+-rich aque-
ous fluid where potassium feldspar precipitation had occured
through reaction 7. The extent of this reaction would have been
controlled by the relative flux of K+ to the matrix with respect
to the total K+ liberated from reaction 6. So, reaction 5, ex-
plaining the observed modal proportion of andalusite, potas-

sium feldspar, and quartz, may be obtained via 5/6 (reaction 6)
+ 1/3 (reaction 7), which corresponds to a K+ flux equal to 2/5
of the K+ liberated in the direct transformation of muscovite to
andalusite through reaction 6.

Reaction 5 is a particular solution of the equation system
resulting from considering the Ms-Kfs-And-Qtz association in
the KASH system, open for the K2O and H2O components. This
equation system can be written vectorially as:

x1 Ms + x2 Kfs + x3 And + x4 Qtz + x5 K2O + x6 H2O = 0 (8)

where x indicates number of moles.
The modal proportions nKfs, nAnd, and nQtz, measured on the

observed textures, must satisfy the solution equation x2 = 1/
2(x3–x4). Solutions may involve the total absence of potassium
feldspar or quartz as reaction products. The correspondence of
the textural observations with the particular case represented
by reaction 5 indicates that the direct elemental reactions, such
as reactions 3 and 4 or reactions 6 and 7, which may have oper-
ated during the initial structurally controlled stage, continued
after coarsening of the reaction products.

Potassium may react with the quartz and the unstable silli-
manite in the matrix, after diffusion through the muscovite crys-
tal, to produce potassium feldspar. So, for the K flux in reaction
5 we may write

5/2 Qtz + 1/2 Sil + 1/2 K2O → 1 Kfs. (9)

The overall reaction, resulting from the sum of reactions 5
and 9 will be

2 Ms + 2 Qtz +1/2 Sil → 2 Kfs + 5/2 And + 2 H2O (10)

which implies the indirect transformation 0.25 Sil → 0.25 And
for each mole of muscovite decomposed for the initial stages
of the breakdown reaction. This indicates that the muscovite-
out reaction would have been used to convert sillimanite to an-
dalusite, due to the difficulty of the direct transformation of
sillimanite to andalusite.

However, the increase in the modal proportion of quartz and
the decrease in potassium feldspar with respect to andalusite
observed in more evolved textures such as that in Figure 2D, as
well as the drastic reduction of potassium feldspar when the
reaction product of the muscovite core reaches the matrix (Figs.
1B, 1C, 3B, and 3C), indicate an important deviation from re-
action 5. End-member reactions in the core of muscovite crys-
tals correspond to the cases of minimum and maximum K+ flux.
In the first case the maximum potassium feldspar production
in the core takes place, which occurs when no quartz is pro-
duced in the core [i.e., x4 = 0 in the solution equation x2 = 1/
2(x3–x4) of reaction 8]. The reaction would be:

1 Ms → 3/5 Kfs + 6/5 And + 1 H2O + 1/5 K2O. (11)

The other end-member reaction corresponds to the maxi-
mum K-flux and minimum potassium feldspar production in
the core (i.e., x2 = 0 ↔ x3 = x4 in Eq. 8). This solution is ex-
pressed by the reaction:

1 Ms → 3/2 And + 3/2 Qtz + 1 H2O + 1/2 K2O. (12)

The K-fluxes originating in the muscovite core through re-
actions 11 and 12 would produce, after reaction with the ma-
trix sillimanite and quartz, the transformation of 0.2 and 0.5
moles, respectively, of sillimanite to andalusite for each mole
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of muscovite decomposed through the reaction:

1 Ms + 1 Qtz → 1 Kfs + 1 And + 1 H2O. (13)

Because reaction 5, observed for the incipient textures, is
an intermediate case between reactions 11 and 12, and it is
possible to pass from reaction 11 to 12 by potassium feldspar
dissolution to produce andalusite, quartz, and K2O through the
reaction:

1 Kfs → 1/2 And + 5/2 SiO2 + 1/2 K2O. (14)

It may be envisaged that, for the more evolved textures that
reached the matrix, a sequential mechanism occurs in which
first an assemblage with only potassium feldspar and andalusite
is produced in the muscovite core, and then a pressure-solution
process transforms a certain proportion of potassium feldspar
into andalusite plus quartz.

Consideration of the intergrowth biotite within the musco-
vite cores together with the rest of the phases allows us to en-
visage the reaction mechanism in terms of a nearly
constant-volume process. Therefore, in the case of the lowest-
evolved texture shown in Figures 2A–C, the modal analysis
performed on BSE and X-ray images gives 2170, 1971, 202,
and 600 pixels for andalusite, potassium feldspar, quartz, and
biotite, respectively. Using molar volumes for the phases in-
volved at 2 kbar and 600 °C, we can obtain, when normalized
to one mole of potassium feldspar, the following constant-vol-
ume reaction:

1.93 Ms = 1 Kfs + 2.3 And + 0.49 Qtz + 0.22 Bt (15)

which compares well with the above Al-conservative reaction
5 in the KASH system. Biotite would have formed from the
MgO-, FeO-, and TiO2-components in muscovite, from part of
the Al2O3 and SiO2 employed in the formation of andalusite
and quartz, and from part of the K2O and H2O liberated in the
reaction process. In any event, the process may also be consid-
ered quasi-constant-volume.

Kinetics of reaction

Diffusion-control vs. surface reaction-control. In the pre-
vious section the reaction in the muscovite core was shown to be
balanced by K diffusion through the muscovite crystal to the
matrix. The diffusion of K outward from the biotite crystals and
the immobility of Si, Al, Fe , Mg, and Ti has been demonstrated
by Eggleton and Banfield (1985) for the solid-state transforma-
tion of biotite to chlorite through a topotactic replacement (mecha-
nism 2 in Veblen and Ferry 1983). The Si-, Al-, Fe-, Mg-, and
Ti-conservative character of the muscovite breakdown reaction
is based on the very slow diffusion of these elements through the
muscovite lattice. This is due to the high site energy of the tetra-
hedral and octahedral cations and the low anion porosity of these
sheets (Dowty 1980; Smyth and Bish 1988). However, lattice
diffusion of the interlayer cations, especially parallel to the mica
layers, is clearly favored by these crystal-chemical factors af-
fecting ion mobility in the crystal structure of the mica. The
marked anisotropy of diffusion through the mica lattice has been
demonstrated by Fortier and Giletti (1991), whose results indi-
cate that the oxygen self-diffusion coefficient perpendicular to
the layers is three to four orders of magnitude lower than for
transport parallel to the mica layers.

As indicated above, the existence of planar defects creates
high-diffusivity paths parallel to the mica layers. These defects
can cause strong deviations from ideal stoichiometry, with the
production of vacancies and interstitials that aid lattice diffu-
sion. Chemical defects, called crystallographic shear planes
(Veblen 1992), may occur in the mica structure parallel to (001)
in the interlayer level, with the collapse or dilation of the struc-
ture across the planar boundary (Amouric 1987; Sánchez-Navas
and Galindo-Zaldívar 1993). The substitution of K+ ions by
H3O+ at the interlayer level allows the formation of a film of
fluid at such planar defects. A duolayer of absorbed molecules
(~10 Å), as suggested by Walther and Wood (1984), may form
this film. Therefore, instead of lattice diffusion we can con-
sider diffusion through a fluid film, controlled by the solubility
and diffusivity of the solute in the fluid. Since basal slips com-
monly occur between the different packets or coherent domains
of the phyllosilicate structure (Nieto and Sánchez-Navas 1994),
without disruption of the crystal structure (Sánchez-Navas and
Galindo-Zaldivar 1993), only a certain proportion of the slips
produce fractures or open areas subparallel to the packet bound-
aries, where a fluid film may be located.

To evaluate the diffusion of K through this fluid film, we
need to know the porosity for grain boundary diffusion, ϕ, de-
fined as the fractional volume occupied by a fluid, and expressed
as the product of the length of the grain boundary per cm2 (l) by
the width of the fluid film (d). In this work, the intracrystalline
porosity along the directions perpendicular to the mica c* axis
has been established from the morphology and the estimation of
the proportion of microcleavages deduced from TEM observa-
tions. To determine the proportion of these kinds of defects, we
can first consider the frequency of planar defects in general along
the mica c* axis. A planar defect commonly observed in the TEM
images of phyllosilicates is twinning on the composition plane
(001). This produces a change in the packet contrast on TEM
images, due to the change in the orientation of crystallographic
directions a and b in the basal plane between the packets or co-
herent domains of the crystal. Similar effects are produced by
deformational defects such as basal slips at the interlayer level.
These coherent domains have a thickness near 1 µm along c* in
these pegmatitic crystals.

However, only lenticular voids resulting from basal slip in
the interlayer level are considered to be planar defects that al-
low diffusion through a fluid film, and they may account for
less than a tenth of the total planar defects observed along the
c* axis. These voids average 10 Å in thickness across the mica
layers and 1000 Å in length [see Fig. 8 in Amouric (1987), and
Fig. 7 in Sánchez-Navas and Galindo-Zaldívar (1993) for the
case of deformed biotite crystals; and Fig. 7 in García Casco et
al. (1993) for the deformed matrix muscovites of these rocks].
The finite character of such voids parallel to the layers, when
compared with other planar defects in mica, reduces the prob-
ability of finding this defect along these directions by at least
one tenth. All this leads to considering a length of microcleavage
boundaries, l, equal to

 
 

which gives an intracrystalline porosity, ϕ, of 10–6 (10/cm·10–7
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cm) for the muscovite planes parallel to c*.
Substitution of this ϕ value in the equation:

(16)

of Walther and Wood (1984), where LD
KK , DKK, and CK are the

phenomenological coefficient, diffusion coefficient and con-
centration, respectively, for the case of the k components, and
using a D equal to 10–4 cm2/s (Brady 1983; Lasaga 1986) and a
concentration of 10–4 mol/cm3, corresponding to the solubility
of quartz at 600 °C and 2 kbar (Fournier and Potter 1982), gives,
after changing units:

This value is much greater than that obtained when consid-
ering diffusion through defective areas formed by the disorga-
nization of layers between the mica packets (see Walther and
Wood 1984, for the value of their true grain boundary diffu-
sion coefficient) or a lattice diffusion process.

If the overall rate of mineral growth in the muscovite core
is controlled by the diffusion rate of the K interlayer cations
(see later discussion), it is necessary to know, besides the mag-
nitude of the diffusion coefficient (which depends, as seen, on
the type of transport considered through the mica), the chemi-
cal potential gradients between the core and the matrix assem-
blages that drives the diffusion process (Fisher 1973 and 1977).
The matrix and core assemblages are related through reactions
9 and 5 respectively, from which the relationship

∆µK
5–9 = µK

5 – µK
9 = ∆GMuscovite out + 1/4 ∆GSill-And

may be obtained. Therefore, the driving force for the K flux
may result not only from the overstepping of the muscovite-
out reaction but also from the difference in free energies of
andalusite and sillimanite under P-T conditions where an-
dalusite is stable. Fisher (1970) studied mineral segregations
originated from chemical potential gradients that resulted sim-
ply from the difference in free energy between these polymor-
phs, with andalusite being the stable phase.

Determination of the exact values of P and T, and so of both
∆Gr, from the relative rates of reaction 13 and the polymorphic
transformation, is not possible due to lack of data on the kinet-
ics of the Sill → And reaction. Despite experimental studies on
the andalusite-sillimanite reaction kinetics, such as the work
of Nitkiewicz (1989), the rate law for this transformation has
not been established due to its sluggishness. In fact, this reac-
tion is significantly slower and has a smaller ∆Gr than the other
two polymorphic reactions (Kerrick 1990). On the other hand,
a precise rate law has been established experimentally for the
dehydration of muscovite + quartz (Schramke et al. 1986;
Lasaga 1986). In accordance with Lasaga (1986) and the con-
siderations of Kerrick et al. (1991) regarding the existence of a
non-linear relationship between the reaction rate and the ∆Gr

of the type of the Arrhenius-based equation for the andalusite-
sillimanite reaction, it is possible to apply a “general” surface
rate law for the andalusite growth rate of type k·∆G2. Applica-
tion of this law to the present case means that the P-T condi-
tions examined would produce overstepping of the two
considered reactions such that ∆GMuscovite out ≈ 2 ∆GSill-And, if the
same pre-exponential factor k is considered for both cases. De-
termination of ∆µK

5–9 has been done, after calculation of ∆Gr

using the VERTEX program of Connolly and Kerrick (1987)
and the thermodynamic data base of Holland and Powell (1990),
for the cases of 3 kbar and 639 °C (∆GMuscovite out ≈ 2.5 ∆GSill-And)
and 2 kbar and 605 °C (∆GMuscovite out ≈ ∆GSill-And), where the mus-
covite-out reaction has been overstepped by 5 °C in both cases,
which gives ∆µK

5–9 values of 389.2 and 482.2 J/mol, respectively.
The rate law, relating core size with time, for the muscovite

breakdown process controlled by the intracrystalline diffusion
of K+ ions has been derived in the Appendix, following Fisher
(1978). The equation obtained, expressing the time t (in sec-
onds) as a function of the core size, XC, is

(17)

where parameters L, νK
(5), νMs

(5), and νMs are the length of the mus-
covite crystal measured along the basal layers, the stoichio-
metric coefficients of K and Ms in reaction 5 and the molar
volume of muscovite, respectively. Equation 17, correspond-
ing to a parabola, has physical significance only in the interval
[0,L]. The fact that the core grew at the expense of the host
muscovite crystal, increasing the reaction and diffusion sur-
faces, means that the greatest growth rates corresponded to the
final stages. Making L, νK

(5)/νMs
(5), and νMs equal to 0.01 m, 1/2

and 1.428 10–4 m3 /mol, and using the values of 1.38·10–16 and
1·33.10–16 mol2 /J·m·s for LDKK and of 482.2 and 389.2 J/mol for
∆µK

5-9 corresponding to the two previously considered P condi-
tions of 2 and 3 kbar respectively, Equation 17 yields a time
between 11 300 and 14 500 years for the core diameter of 0.002
m observed in the most evolved textures that have not yet
reached the matrix (Figs. 2A and 2D). The time of about 10 000
years seems to be a reasonable time constant for thermal decay
in a pluton contact aureole (Spear 1993).

As indicated in the introduction section, Lasaga (1986) has
demonstrated that the muscovite dehydration reaction is surface-
controlled both in laboratory experiments and in field situations.
The low solubility of aluminosilicates causes the dissolution rate
at the mineral surface of andalusite and not the diffusion trans-
fer, to control the overall rate. Applying the reaction data of
Lasaga (1986) to model the reaction textures presented here (see
Appendix) provides the following linear growth law:

t = 4.03 1012 r (sec) (18)

This law yields a time of 12 800 years for a basal thickness of
2 mm (r = 0.1 cm in andalusite crystals), such as that observed
in the most evolved textures (Figs. 2A and 2D). This result is
very similar to that obtained with the above rate law deduced
for a diffusion-controlled process. Figure 10 shows the diffu-
sion-reaction boundary, indicating the transition from reaction-
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controlled to diffusion-controlled processes, as a function of
temperature overstep and intracrystalline porosity (ϕ) for the
equilibrium conditions at 2 and 3 kbars, in a manner similar to
that in Figure 6 of Lasaga (1986). For this the two previously
deduced rate laws for diffusion-control and reaction-control
models have been equated after expressing time as a function
of temperature overstep and diffusion coefficient LD

KK (or
intracrystalline porosity) as shown in the Appendix. As pre-
sented in Figure 10, the conditions of temperature overstep and
porosity considered here in this natural case plot just on the
diffusion-surface reaction boundary. However, the overall rate
seems to be controlled by diffusion transfer as indicated by the
considerations given below. Therefore, although dehydration
reactions require very low overstepping for nucleation (Ridley
and Thompson 1986) and growth (Lasaga 1986), particularly
when topotactic replacement of the reactants by products oc-
curs, the value of the temperature overstep assumed here (5
°C) is probably extremely low. In fact, Ridley and Thompson
(1986) suggest that nucleation generally takes place after 10–
50 °C of overstepping for a dehydration reaction. In laboratory
experiments on the muscovite breakdown reaction, Rubie and
Brearley (1987) and Brearley and Rubie (1990) also observed
crystallographic relationships between the phases under con-
ditions of marked overstepping of temperatures. The porosity
considered for this natural case in Figure 10 may be low for an
intracrystalline diffusion process and it represents a maximum
value for the diffusion coefficient. The size and the idiomor-
phic morphologies of the andalusite single crystals in the cores
would result from a slow removal rate of the components that
could not be accommodated in the core (K2O and H2O in this
case). In addition, the relatively quick non-reconstructive struc-

tural replacement favored the dissolution and growth of the alu-
minosilicate phases in spite of their low solubilities.

The macroscopic development of these textures (e.g., Fig.
1A) indicates that core growth by diffusion continued for a sig-
nificant time interval, as seen in the preceding section, indicat-
ing that the assumption that reaction 9 in the matrix proceeded
at such a rate that all the K supplied by the muscovite core
reaction 5 was consumed is correct. This supports the idea that
the process may approach a state of minimum entropy produc-
tion, equivalent to a steady state (Fisher 1973).

Sequential kinetics and other kinetic considerations.
Structural relationships discussed in a preceding section indi-
cate that a certain degree of lattice matching across the musco-
vite-potassium feldspar and muscovite-andalusite interfaces
might exist in the incipient stages of the reaction. The similar-
ity of their structural elements allows an initial coherence, which
means that the activation energy for nucleation is small. TEM
study has shown the preservation, in spite of coarsening, of
some coherent relict interfaces between muscovite and potas-
sium feldspar (Fig. 8B) and between muscovite and andalusite
(Fig. 7A), which probably formed part of a major stepped in-
terface formed in the early stages of the reaction process. How-
ever, coarsening increased the strain energy due to the structural
differences between the muscovite host and the reaction prod-
ucts, although this effect may have been reduced by the ap-
pearance of dislocations at the interface. The relaxation of the
coherence strain when the critical thickness is reached (~700
Å for the muscovite-andalusite interfaces, as seen in Fig. 7A)
favors the formation of semicoherent interfaces. In these cases
Moiré fringes appear, such as occurs in the muscovite-andalusite
interface in Figure 7B. These fringes are due to a more or less
regular spacing of the misfit dislocations, which produce local
plane bending (Dixon et al. 1992). The difficulty for a coher-
ent or semicoherent planar interface to migrate, due to the un-
stable, high-energy situation produced by the simple
incorporation of a new atom (Putnis 1992), indicates the exist-
ence of an initial interface-controlled growth of reaction prod-
ucts in the muscovite crystal core. However, it must be taken
into account that the partial non-reconstructive character of the
transformations described in this paper notably reduce the ther-
mal activation barrier for the interface motion. The formation
of non-coherent interfaces, after coarsening of the reaction prod-
ucts, causes the growth process to be controlled by diffusion of
the K component removed from the core through the musco-
vite crystal.

As shown in the section on the muscovite breakdown tex-
tures, some muscovite single crystals in pegmatitic rocks from
the TGC, where sillimanite is absent, are replaced by andalusite
and potassium feldspar forming alternating bands (Fig. 4B).
These textures may be explained by a diffusion-controlled
Liesegang-type mechanism where diffusion of chemical spe-
cies is coupled with an internal precipitation process (Fisher
and Lasaga 1981). Interaction between the diffusive fluxes,
possibly of K and Si, across an initial muscovite-quartz bound-
ary perpendicular to the muscovite basal layer, would produce
the supersaturation products necessary for the precipitation of
the phases and the formation of observed bands.

Textural analysis also shows that the reaction took place

FIGURE 10. Temperature overstep required for diffusion to match
reaction rates as a function of intracrystalline porosity, ϕ. The
temperature overstep of 5 °C and ϕ equal to 10–6 considered for this
natural case plot just on the diffusion-surface reaction boundary.
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only when overstepping was locally enhanced by the
underpressure produced at pressure-shadow areas by differen-
tial stress. This is particularly high at competent layers (Robin
1979) and in relation to porphyroblasts (Strömgärd 1973). So,
the minimum principal stress, σ3, would have a low value in
the quartzo-feldspathic pegmatitic layers, and in the pressure
shadows associated with pegmatitic muscovite crystals occur-
ring within a shear zone. Deformation affecting pegmatitic
muscovite crystals also produced open spaces such as voids in
the hinge zones and serrated boundaries of minor folds with
kink geometry (not shown here), which acted as points for het-
erogeneous nucleation of the reaction products. This would
explain why the dehydration reaction does not affect musco-
vite crystals in the matrix in spite of the low magnitude of over-
stepping necessary to promote this type of reaction. The pressure
solution produced the segregation of potassium feldspar at the
pressure shadows of the muscovite crystals in deformed banded
gneisses.

The local increase of the free-energy change of the reaction
due to underpressure, the reduction of the activation barrier
due both to the low interfacial free energy of the coherent in-
terfaces and to the non-reconstructive character of the reac-
tion, the large entropy and volume change of the reaction, and
the high absolute temperature at which it took place, all indi-
cate that overstepping of the muscovite dehydration reaction
boundary might be small. The existence of initial interface-
controlled growth followed by diffusion-controlled growth is
in accordance with a low overstepping reaction before nucle-
ation, as shown by Ridley and Thompson (1986).

The occurrence of less-evolved textures together with more-
evolved ones is due to the fact that nucleation was not instanta-
neous but continued in an apparently random fashion almost to
reaction completion, and also due to the buffering process. The
reaction was stopped by the reduction in temperature as en-
ergy was absorbed by this endothermic reaction (Ridley 1985)
and by the local overpressures produced by fluid liberation
(Dutrow and Norton 1995). Therefore, local fluctuations in fluid
pressure through a process of opening and filling of microcracks
by reaction products (Etherige et al. 1984) may produce pul-
sating episodes of nucleation and growth even inside musco-
vite crystals.

It may be deduced from the above discussion that although
heat flow may have been significant when the well-developed
diffusion-controlled structures formed, low thermal inertia may
be supposed for the heat source. In this respect, rapid heat trans-
port by fluids through an important regional shear zone con-
necting these rocks with adjacent granitic rocks, generated
during peridotite emplacement, may be considered as the driv-
ing force for this reaction, as will be examined in more detail
in the next section. It explains the fact that the pegmatitic crys-
tals localized at highly deformed mylonitic bands of the TGC
have been affected selectively by the dehydration reaction.

PETROLOGICAL  CONSIDERATIONS AND CONCLUDING
REMARKS

The slight overstepping of the muscovite-out reaction de-
duced for the gneissic rocks of the TGC contrasts with the ob-
servations on equivalent textures in pelitic gneisses from the

Ronda peridotite aureole, where all muscovite has been com-
pletely pseudomorphed by andalusite, potassium feldspar, and
biotite. These rocks, belonging to two structurally equivalent
nappes and therefore affected by the same geotectonic pro-
cesses, share a decompression path that crosses the three poly-
morph fields, from kyanite to andalusite through the sillimanite
field (Torres-Roldán 1981; García-Casco et al. 1993). This de-
compression path is recorded by the compositional trends shown
for the matrix muscovite in banded gneisses from the TGC
(García-Casco et al. 1993). Pegmatitic muscovite crystals must
constitute, together with other minerals such as porphyroblasts
of potassium feldspar and some biotites from the orthogneiss,
original mineral phases of an old Hercynian granite (Sánchez-
Navas, in preparation). Due to the large size of the pegmatitic
muscovite crystals, they must have acquired the chemical sig-
nature of the medium-pressure Alpine event only at their rims,
where the celadonitic decomposition reaction is observed,
whereas smaller matrix muscovite crystals equilibrated easily
at these metamorphic conditions. Products of this reaction are
biotite, quartz, and rutile (and at low pressures ilmenite),
whereas potassium feldspar nucleated at the matrix after K dif-
fusion to the matrix. The fact that the breakdown reaction oc-
curred at low-pressure conditions in the andalusite stability field
resulted in decomposition of non-celadonitic cores of musco-
vite crystals, whereas celadonite-rich matrix muscovite crys-
tals were unaffected. This is in agreement with the fact that the
celadonitic component of muscovite produces a displacement
of the breakdown equilibrium toward higher temperatures for
a given pressure (see Fig. 5D of Anderson and Rowley 1981).

The decompression process was accompanied by the devel-
opment of a significant penetrative foliation (Torres-Roldán
1981; Tubia and Cuevas 1986; Cuevas et al. 1989) where
fibrolitic sillimanite grew and formed a lineation defined in
some cases by prismatic sillimanite in highly deformed shear
zones, over which andalusite grew at low pressure through a
coalescence mechanism (Sánchez-Navas unpublished data).
This, together with the observation of sillimanite prisms and
fibrolite growing from biotite in completely transformed mus-
covite pseudomorphs (Figs. 5A and 5B), indicates that the
pelitic gneisses from the Ronda aureole were affected, after
the decompression process, by a heating event at low-pressure
conditions where the muscovite-out and And → Sill reactions
were crossed sequentially. Less heating would have taken place
for the gneisses from the TGG. In this case the sillimanite field
was not reached after muscovite breakdown, and fibrolite prob-
ably grew before muscovite breakdown, either within its sta-
bility field during a decompression process accompanied by
deformation (as indicated above), or metastably at low pres-
sure within the andalusite stability field (Kerrick 1987), stabi-
lizing and concentrating in the folia under high non-coaxial
strains (Wintsch and Andrews 1988) associated with the late
crustal emplacement of peridotites (see below).

Metastable fibrolitic sillimanite would have developed dur-
ing the heating responsible for the muscovite breakdown reac-
tion, which was produced by the low-pressure contact
metamorphic episode related to the high-temperature emplace-
ment of the Ronda peridotite (Loomis 1972a, 1972b; Lundeen
1978; Tubía and Cuevas 1986). This fibrolite was formed and
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concentrated in folia, through a base-cation leaching process
(Vernon et al. 1987; Vernon 1987b; Kerrick 1990) during an
influx of hot, acidic fluids generated during the emplacement
of intrusive leucogranites from the underlying Blanca unit
(Currás and Torres-Ruiz 1992; Acosta and Menéndez 1995;
Shaw et al. 1996). A fluid-migration mechanism through a re-
gional shear zone (such as that envisaged by Etheridge et al.
1983), associated with the emplacement of the ultramafic sheet
through a compressional tectonic injection mechanism
(Sánchez-Navas and Martín-Algarra unpublished data), pro-
duced a rapid heating-cooling event in the studied rocks, which
explains the observed textures and the occurrence of the large
andalusite zones of adjacent metamorphic terrains. All this is
in agreement with the idea of Rubie (1986) that the develop-
ment of equilibrium (or near-equilibrium) mineral assemblages
and microstructures generally occurs over relatively short pe-
riods of time under transient fluid-present conditions.

It may be concluded that, although this reaction took place at
low degrees of overstepping for the gneissic rocks of the TGC,
in part due to buffering processes such as the endothermic char-
acter and fluid pressure oscillations associated with the chemi-
cal reaction itself, significant overstepping of the reaction
boundary is deduced from the muscovite-out textures in pelitic
gneisses from the Ronda aureole. In this case andalusite together
with biotite and potassium feldspar topotactically replaced mus-
covite crystals that have been completely transformed. Growth
of elongated and disoriented sillimanite crystals on biotites of
the matrix and of muscovite pseudomorphs, and on matrix an-
dalusite are also observed. This points to a possible rapid heat-
ing and cooling of these rocks after decompression. This regional
contact metamorphism was produced by the late-crustal emplace-
ment of peridotites, perhaps through a compressional tectonic
injection mechanism of the ultramafic sheet, at an approximate
depth of 7–10 km during the exhumation process of these rocks,
followed by late-orogenic extension.
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APPENDIX

Rate law for diffusion-controlled model

Appendix Figure 1 shows the geometry of the muscovite
crystal and of the core assemblage growing within it, where L
is the edge of the square basal section of the muscovite host
and XC the thickness of the core, considered as equidimensional.
The rate of the dissolution of muscovite per unit of area, through
the heterogeneous reaction at the core-crystal host boundary,
JR

Ms, and the rate of K production per unit of area at this bound-
ary, JKR, are proportional to their respective stoichiometric coef-
ficients nK

(5)and n(5)
Ms in the observed reaction 5, so that

(A1)

 Because transport only occurs parallel to the mica layer
due to the anisotropy of diffusion through the muscovite host,
the equation for conservation of material would be

(A2)

where JKD is the K flux through the muscovite host, SD is the
diffussion surface, and SR is the reaction surface at the core-crystal
host boundary. The dissolution rate of muscovite in m3/s is

(A3)

where vMs is the muscovite molar volume. For the geometry
considered, it also holds that

(A4)

since VMs = V 0
Ms – XC

3, where V 0
Ms is the initial volume of the

muscovite crystal. Combining Equations A3, A4, A1, and A2
and rearranging them, then

Substitution of , where XD is the length of the dif-

fusion path, equals to 1/2 (L–XC), gives

Integrating both sides of the equation and giving t as a func-
tion of XC, we obtain
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(A5)

Rate law for reaction-controlled model
In accordance with Lasaga (1986), we first need to deter-

mine the specific surface area of andalusite (A
–
). Considering a

cylindrical geometry (see Fig. 1A) for the andalusite growing
in the muscovite crystal,

where r and h are the radius and height of the cylinder.
To determine the time for the texture formation, Equation

29 in Lasaga (1986) was used, for a P = 2 kbar and Teq= 601 °C
and an overstep of 5 °C, yielding a rate of 1.9 10–15 mols water/
cm2 andalusite/s. Since reaction 5 in this paper indicates a mo-
lar proportion between water and andalusite of 1:5/4, the reac-
tion rate may be expressed as 2.375 10–15 moles andalusite/cm2

andalusite/s. The total rate, Rt, is obtained by multiplying this
rate, R, by

The number of andalusite moles per cm3 is 1.92 10–2, as one
mole of andalusite occupies 52.20 cm3. Therefore, the time
needed to form an andalusite crystal with a basal thickness of
2r is given by

Diffusion-reaction boundary
To determine the kinetic mechanism governing metamor-

phic process studied here when thermodynamic and kinetic
parameters are varied, rate laws were rewritten as a function of
temperature overstep and diffusion coefficient LD

KK  (or
intracrystalline porosity). So, in Equation A5, the consideration
of LD

KK and ∆T as variables, and the substitution of ∆µK
5–9 = µK

5 –
µK

9 = ∆GMuscovite out + 1/4 ∆GSill-And [where ∆GMuscovite out = –∆T∆S
(∆S = 74.38J/K) and ∆GSill-And = –441.5 J for the equilibrium
condition at P = 2kbar], as well as making L, vK

(5)/vMs
(5), vMs, and

XC equal to 0.01 m, 1/2, 1.428 10–4 m3/mol, and 0.002 m, re-
spectively, results in:

where intracrystalline porosity, ϕ, may be introduced easily,
instead of LDKK, through Equation 16 of the text, which, for the
case of P = 2 kbar and Teq = 600 °C, is expressed by ϕ = 7.2585
109 LD

KK.
In a similar way, reaction-control equation for P = 2kbar

may be rewritten as function of ∆T, so the curve representing
the boundary between surface-control and diffusion-control will
be given by:

.

APPENDIX FIGURE 1. Geometry of
muscovite and core used to obtain the
rate law for the diffusion-controlled
process.


