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ABSTRACT

A technique of quantitative forward modeling that combines differential and irreversible thermodynamic relations is used to
gain insight into the types of textures that develop in regional metamorphic terranes. Two different P-T paths are examined that
produce sillimanite—garnet schist from staurolite—garnet schist of the same bulk composition. One is an isobaric heating path from
600°C to 630°C at 4 kbar, and the other is an isothermal decompression path from 8 kbar to 4 kbar at 630°C. The final temperature,
pressure, mineral compositions, and whole-rock mineral modes are the same in the two cases. However, the mineral textures are
different, allowing the two paths to be distinguished. The critical information that permits the paths to be discriminated is the
recognition of textures that show that the higher-pressure rock originally had more garnet and less staurolite than the lower-
pressure rock. There also is a difference in the reactions that produced sillimanite: in the isobaric heating case, most sillimanite
is produced by staurolite breakdown, whereas in the isothermal decompression case, most sillimanite is produced by garnet
breakdown. The different mechanisms of sillimanite formation cause the rock that decompressed to have much less biotite in the
matrix than the rock that was heated. The textures produced for each path are distinct, easily recognizable, and should persist over
a wide range temperature and pressure, making it possible to identify them even if the rock undergoes multiple prograde or
retrograde events. The simulations show that considerable information about the P-T history of metamorphism is recorded in
textures produced by mechanisms of reaction in metapelites. Integration of this technique with regional studies of metamorphic
textures has the potential to provide significant constraints on the detailed 3-D thermal history of mountain belts and valuable
insight into the tectonic processes that produce them.
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SOMMAIRE

On utilise une technique de modelisation progressive fondée sur les relations thermodynamiques différentielles et irréversibles
afin de mieux comprendre les subtilités texturales des roches dans des socles ayant subi un métamorphisme régional. Deux tracés
différents d’évolution P-T sont évalués dans la production d’une schiste 2 sillimanite—grenat 4 partir d’une schiste a staurolite—
grenat de la méme composition globale. Le premier tracé implique un réchauffement isobare de 600°C 4 630°C a 4 kbar, et le
deuxieéme, une décompression isotherme de 8 2 4 kbar 4 630°C. La température, la pression, la composition des minéraux, et les
proportions modales des minéraux de la roche sont les mémes dans les deux cas. En revanche, les textures des minéraux sont
différentes, ce qui permet de les distinguer. Pour permettre cette distinction, il est nécessaire de reconnaitre, d’apres les textures,
que la roche équilibrée a pression élevée avait, 2 I’ origine, plus de grenat et moins de staurolite que la roche équilibrée a pression
plus faible. Il y a aussi une différence dans les réactions responsables de la formation de la sillimanite: dans le cas d’un
réchauffement isobare, la plupart de la sillimanite se forme par déstabilisation de la staurolite, tandis que dans le cas d’une
décompression isotherme, la plupart de la sillimanite résulte de la déstabilisation du grenat. A cause des différents mécanismes de
formation de la sillimanite, la roche sujette 4 1a décompression posséde beaucoup moins de biotite dans la matrice que la roche qui
a été réchauffée. Les textures résultant de chaque tracé évolutif sont distinctes, facilement reconnaissables, et devraient persister
sur un grand intervalle de température et de pression, de sorte qu’on devrait pouvoir les identifier méme si la roche a subi de
multiples événements progrades ou rétrogrades. Les simulations montrent qu’une riche information & propos de I’évolution P~T
du métamorphisme serait préservée dans les textures produites selon les mécanismes de réaction dans les métapélites. L’ intégration
de cette technique avec I’étude du développement régional de textures métamorphiques a le potentiel d’ajouter des coniraintes
importantes sur le développement thermique des ceintures orogéniques en trois dimensions, et sur les processus tectoniques qui
en sont responsables.

(Traduit par la Rédaction)

Mots-clés: textures métamorphiques, mécanismes de réaction, tracé P-T-t, thermodynamique irréversible, thermodynamique
différentielle.
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INTRODUCTION

One of the main goals of metamorphic studies is to
obtain detailed information about the sequence of P-T
conditions to which rocks have been subjected to dur-
ing orogeny (the P-T path). These data provide impor-
tant constraints for thermal and tectonic models of the
evolution of a mountain belt because they are closely
linked to the thermal and tectonic history of an area.
Consequently, methods that lead to better information
about P-T path promise to substantially improve knowl-
edge of processes that operate in the deep parts of oro-
genic belts. Presently, most investigators try to deduce
the P-T path of a rock using a combination of field stud-
ies, thermobarometry, techniques that predict reactions
at the whole-rock scale (such as the Gibbs method) and
qualitative interpretation of textures and fabrics. A no-
table exception is found in the work of Kretz (1966,
1969, 1973, 1974, 1993, 1994), who has pioneered in-
novative quantitative approaches to metamorphic tex-
tures. His work has provided the foundation for a
number of recent studies (e.g., Carlson 1989, 1991,
Carlson & Denison 1992, Carlson ez al. 1995, Denison
et al. 1997a, b) that are providing considerable insight
into metamorphic textures and the processes that form
them.

Many petrologists recognize that the interpretation
of metamorphic textures has the potential to provide
considerable insight into the P-T history of a rock, but
this approach is presently of limited value because most
textural interpretations are based on qualitative assess-
ments that are essentially “guesses” about what a tex-
ture represents. Textures hold great promise for the
interpretation of P-T paths because many metamorphic
reactions proceed by a mechanism that involves non-
isochemical reactions in local domains. These reactions
produce subtle, but distinct, variations in the modes of
common minerals (e.g., biotite, muscovite, plagioclase,
quartz) that are stable over a wide range of metamor-
phic conditions. These variations form compositionally
distinct regions that persist through much of the P-T
history of a rock, but only the most obvious cases are
typically recognized. In this paper, I demonstrate how
differential and irreversible thermodynamics can be
used to simulate the mechanisms of reaction that form
metamorphic textures, and how these mechanisms re-
late to the P-T history of a rock.

BACKGROUND

An approach that is widely used to extract P-T paths
from textures and zoning profiles was developed by
Spear (1988, Spear et al. 1991). It uses differential ther-
modynamics (the Gibbs method) and mass balance
(Duhem’s Theorem) to calculate whole-rock modal
composition, mineral compositions and zoning profiles
in porphyroblasts that should be produced by a speci-
fied P-T trajectory. Where carefully applied, this tech-
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nique has provided considerable insight into the evolu-
tion of metamorphic rocks in orogenic belts. Spear
(1993) and Spear et al. (1995) gave examples of the
wide range of problems that are being addressed using
this technique.

Their approach has a major limitation: it does not
provide information about the local mechanisms of re-
action that yield the whole-rock reaction. In a rock con-
taining porphyroblasts, this presents a problem, because
the proximity of porphyroblasts to one another can have
a profound influence on the mechanism of reactions that
develop and the resulting textures (Foster 1983, 1986a,
1998). For example, the proximity of staurolite porphy-
roblasts to depletion mantles that develop around grow-
ing segregations of sillimanite determines the type of
pseudomorph that replaces the staurolite as it breaks
down (Foster 1983). Porphyroblasts close to the site of
sillimanite growth will be enveloped by a muscovite-
free mantle and replaced by biotite + plagioclase
pseudomorphs. Staurolite farther away from the silli-
manite lie beyond the mantles and are replaced by mus-
covite-rich pseudomorphs. Rocks with low modal
amounts of muscovite, such as those near File Lake,
Manitoba (Bailes & McRitchie 1978, Bailes 1980), have
a wide muscovite-free mantle around sillimanite segre-
gations. Consequently, most staurolite porphyroblasts
lie within the mantles, and the predominant pseudomor-
phic assemblage is biotite + plagioclase. Rocks with
abundant modal muscovite, such as those from western
Maine (Foster 1977), have thin muscovite-free mantles.
Most staurolite porphyroblasts in these rocks lie outside
the mantles, and the predominant pseudomorph type is
muscovite-rich. This process produces two distinctly
different pseudomorphs after staurolite, even though the
same whole-rock reaction (St + Ms + Qtz — Bt + Sil +
Grt + H>0) is responsible for the consumption of stau-
rolite.

These types of processes can be quantitatively mod-
eled using the irreversible thermodynamic approach of
Fisher (1975, 1977). The resulting simulations closely
reproduce metamorphic textures observed in a wide
variety of rocks and provide insight into the controls on
the mechanisms of reaction responsible for metamor-
phic textures. For example, Foster (1977) originally
described biotite-rich and muscovite-rich pseudomorphs
such as those discussed above, but their relationship to
the muscovite-free mantles of sillimanite segregations
was not recognized until the model calculations pre-
dicted their development. This technique has mostly
been applied to textures that developed over short seg-
ments of P-T paths (e.g., Foster 1981, 1982, 1983,
1986a, 1990, 1991, Dutrow & Foster 1992, Guidotti et
al. 1996) because the net amount of porphyroblast
growth or dissolution at the whole-rock scale can be
determined from field relations and least-squares tech-
niques using minerals of fixed compositions. The Gibbs
method as implemented by Spear et al. (1991) provides
a way to monitor whole-rock reactions, mineral modes
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and mineral compositions along an entire P~T path. This
information can be integrated with irreversible thermo-
dynamic models of local reactions to provide a detailed
simulation of mechanisms of reaction that develop along
a specified P-T path (Foster 1992, 1994). To illustrate
the power of this method, textures produced by two dif-
ferent P-T paths (Fig. 1) on rocks with the same bulk
composition and peak P-T conditions will be calculated
and compared.

TEXTURES FOR Two P-T PATHS

The reference rock used in the calculations was de-
rived from the reference rock used by Spear et al. (1995)
and has a composition similar to metapelites near
Rangeley, Maine. The parameters for the reference rock
are given in Table 1. The stability fields of phases
(Fig. 1) for this bulk composition in a system open to
H,0 were calculated using the Gibbs90 program (Spear
et al. 1991). The P-T paths used in the calculations
(Fig. 1) were selected to illustrate how two rocks with
the same bulk composition and P-T conditions develop
different textures depending upon the P-T path they fol-
lowed. The two distinct paths are similar to those com-
monly proposed in metamorphic terranes: an isobaric
heating path (rock A) and an isothermal decompression
path (rock B).
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The examples both start with a staurolite — garnet —
biotite — muscovite — plagioclase — quartz schist and
terminate with a sillimanite—garnet schist above the
staurolite-out isograd at 630°C, 4 kbar (Fig. 1, point C).
The starting modes and mineral compositions (Table 1)
were calculated from the reference rock by removing
chlorite and sillimanite from the assemblage and chang-
ing the T and P from the reference conditions to 600°C,
4 kbar (rock A) or 630°C, 8 kbar (rock B) with the sys-
tem open to HO fluid. The bulk composition is the same
in both rocks except that rock B has slightly less H,O,
because the higher-pressure assemblage contains more
garnet and a lower proportion of hydrous minerals. The
final rock (at point C, Fig. 1) in both cases will have
nearly identical modal mineralogy and mineral compo-
sitions at the same final P-T conditions, so that the
major differences between the rocks are the textures
created by the local mechanisms of reaction that develop
along the P-T path. The rock in the first example (path
A) represents an isobaric heating event that is typical of
regional metamorphism related to the intrusion of mag-
mas at a mid-crust depth (Spear 1993, p. 66). The rock
in the second example (path B) is similar to the decom-
pression portion of a clockwise P-T path, which is char-
acteristic of crustal thickening (Spear 1993, p. 62).
Mineral modes and mineral compositions for each path
are given in Figure 2.
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FiG. 1. P - T diagram showing stable mineral assemblages in systems open to H,0. Dia-

gram was calculated from reference rock given in Table 1 using the Gibbs 90 program
(Spear ez al. 1991) with mass-balance constraints, the program variable NFRAC = 0 for
all minerals and NFRAC = 2 for H,0 (no zoning in minerals, system open to H,0).

Point A: starting conditions for path of i

sobaric heating (rock A). Point B: starting con-

ditions for path of isothermal decompression (rock B). Point C: final conditions for both
paths. Point R (*): conditions of reference rock (Table 1). Small fields with K-feldspar
and cordierite assemblages in the lower right corner of the diagram are not shown to
allow more pertinent regions to be clearly labeled.
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The textures for the starting conditions in both rocks
were chosen to consist of six staurolite crystals and six
garmet crystals set in a foliated matrix of muscovite —
biotite — plagioclase and quartz. Because of the modal
differences in the two P and T settings, this configura-
tion causes the higher-pressure rock (rock B) to have
larger crystals of garnet and smaller crystals of stauro-
lite than the lower-pressure rock (rock A). The matrix
of the higher-pressure rock also has noticeably less
biotite than the lower-pressure rock. The starting tex-
tures for rocks A and B are shown in Figures 3a and 4a,
respectively. The mineral modes and compositions are
given in Table 1.

The basic procedure to predict the textures in each
rock as they progress along their specified P-T paths
involves two steps, one to calculate the whole-rock re-
action, and the other to calculate the local mechanisms
of reaction by which the whole-rock reaction proceeds.
The whole-rock reactions are simulated by using the
Gibbs 90 program (Spear ez al. 1991), which calculates
the mineral modes and compositions in the rock as it
proceeds along the P-T path. The whole-rock reaction
and mineral compositions along the P-T path from the
Gibbs program are used as input for the program SEG
93 (Foster 1993), which models local reactions that de-
velop in the vicinity of porphyroblasts or mineral segre-
gations. The method assumes that: 1) local equilibrium
is maintained along the P-T path, 2) chemical potential
gradients driving material transport are sufficiently
small that the mineral compositions for each P-T incre-
ment are essentially the same throughout a thin section,
3) there is no appreciable flow of fluid through the out-
crop, and 4) the rocks are not under a significant
deviatoric stress. In addition, the diffusion coefficients
for all components were assumed to be identical. These
assumptions appear to be well founded for at least some
metamorphic rocks because previous modeling studies
using them have produced a wide variety textures with
morphologies and modes that are very similar to those
observed in amphibolite-facies metapelites (Foster
1994, Guidotti ez al. 1996). Although estimates of rela-
tive thermodynamic diffusion coefficients for transport
along grain boundaries in low-pressure upper-amphibo-
lite-facies metapelites are available (Foster 1981), this
study used coefficients that are equal for all components
(L;i/ Ljj = 1) because it is uncertain whether or not the
previously determined values are valid over a wide
range of P-T conditions. As in Foster (1981), cross
terms in the diffusion coefficient matrix were set to zero
(Ljj = 0,1 #j). Test calculations show that similar local
reactions are produced by both sets of coefficients, re-
sulting in similar textures. However, variations in rela-
tive coefficients slightly change the stoichiometry of the
local reactions, which results in subtle textural differ-
ences that should allow a comprehensive set of values
to be determined when quantitative data on texture have
been obtained over a wide range of pressures and tem-
peratures.
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TABLE 1. MINERAL MODES AND COMPOSITIONS FOR REFERENCE
ROCK USED TO CALCULATE FIGURE 1 AND FOR ROCKS A AND B

Reference rock Rock A Rock B
T(°C) 571 600 630
P (bars) 2653 4000 8000
Mineral volumes (cm®)
Qtz (1) 31.0 293 25.7
AlSil 24) 0 - -
Bt (10) 23.0 173 5.7
Ms (6) 23.0 282 38.7
St(12) 15.0 110 26
Pl (8) 50 43 32
Gt (9) 3.0 89 209
Chl (14) 0 - -
Mineral compositions
Biotite Xou 0285 0.336 0.494
- 0713 0.663 0.506
D 0.002 0.001 0.0004
Garnet Xy 0.060 0.082 0.151
X 0.840 0.848 0.801
X 0.050 0.021 0.009
Xen 0.050 0.048 0.038
Staurclite Xy 0.088 0.114 0,198
Xeost 0.905 0,884 0.801
Koot 0.007 0.003 0.001
Plagioclase X, 0.602 0.705 0918
o 0398 0295 0.082
Chiotite  Xugon 0.309 - 2
P o 0.650 = s
KXoctt 0.001 - -
Number in p after mineral abt is phase number in Gibbs90 data file

used in calculations. A dash means that the phase is not present in the rock, a zero
means the phase is present in an infinitesimaily small amount. Mineral abbreviations
according to Kretz (1983)

P-T path A: isobaric heating

Initially, rock A is a staurolite—garnet schist with a
foliated matrix consisting of biotite, muscovite, plagio-
clase and quartz at 600°C, 4 kbar. Mineral modes and
mineral compositions for this rock are given in Table 1.
Heating rock A at 4 kbar (Fig. 1) produces very little
reaction until staurolite begins to break down to silli-
manite at 608°C (Fig. 2a). The reaction mechanism that
develops is strongly influenced by the pattern of silli-
manite nucleation (Foster 1986b). Because the factors
controlling the patterns of nucleation are poorly under-
stood, two end-member cases are considered here: one
with few nuclei and one with many nuclei. Although a
number of factors influence the development of nuclei,
these two end-member cases are taken to indicate dif-
ferent rates of overstepping of a reaction. Few nuclei
are favored where reaction rates and transport rates be-
tween reaction sites are able to keep pace with heating,
whereas many nuclei are considered to represent situa-
tions where the reaction is rapidly overstepped because
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Rock A Modes
(Heating to 630°C, 4 kbar)
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Rock B Modes
(Decompression to 630 °C, 4 kbar)
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FiG. 2. Mineral modes and compositions for rock A as it progresses from A to C (Fig. 1) along a path of isobaric heating, and
for rock B as it progresses from B to C (Fig. 1) along a path of isothermal decompression. Note that final modes and compo-
sitions at 630°C, 4 kbar (point C, Fig. 1) are virtually identical in both rocks. The number of oxygen atoms per anhydrous
formula unit used in reactions discussed in text is as follows: Ms 22, Bt 22, Qtz 2, P1 8, Gri 12, St 46, and Sil 5.

reaction rates and transport rates are unable to keep pace
with heating (Ridley 1985, Kretz 1994).

In the case of few nuclei, six sillimanite nuclei were
allowed to form in the matrix and to begin growing. The
constraints on material transport through the matrix
around the growing sillimanite result in the reaction:

0.25 Ms + 0.31 P1 — 0.03 Bt +
1.18 Qtz + 1.0 Sil €8]
(see Appendix for calculation procedure, Fig. 2 for min-
eral compositions). The components needed to balance
this reaction are provided by diffusion of material
through the network of grain boundaries in the matrix
around the growing sillimanite. Reaction (1) is the sum
of several local reactions that consume muscovite and

plagioclase in the vicinity of the growing sillimanite and
that produce biotite-rich mantles and quartz-rich mantles
around the sillimanite (Fig. 3b). Details of the local
mechanisms of reaction that allow reaction (1) to pro-
ceed are described in Foster (1981, 1982), and good
examples of this texture are provided by photomicro-
graphs in Foster (1977, 1982), Bailes & McRitchie
(1978), and Bailes (1980).

While sillimanite is growing in one area of the rock,
staurolite in other domains of the rock begins to dis-
solve via the local reaction:

1.0 St + 15.4 Qtz — 0.44 Bt +

1.92 Ms + 3.22 P1 2

The constituents needed to balance this reaction are
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provided by diffusion of material along the network of
grain boundaries in the matrix around the dissolving
staurolite, Because the quartz must come from the ma-
trix around the porphyroblast and the staurolite must
come from the porphyroblast, reaction (2) splits into two
parts, one that consumes the porphyroblast (3} and the
other that progresses out into the matrix (4).

1.0 St — 2.01 Ms 3)
154 Qtz + 0.09 Ms — 0.44 Bt + 3.22 P1 @

This split results in the replacement of staurolite by
a muscovite-rich pseudomorph and the reaction of
matrix quartz to form a mantle enriched in biotite + pla-
gioclase that grows into the matrix around the pseudo-
morph (Fig. 3b). If the staurolite was a poikiloblast with
quartz inclusions, it would have been replaced by a mus-
covite-rich pseudomorph containing biotite as well as
plagioclase, because the quartz needed for reaction (2)
would be supplied from the inclusions, rather than a
reaction that consumed matrix quartz (Foster 1981,
1983). Photomicrographs of this texture are available in
Foster (1977, 1983).

The growth of sillimanite is linked to the dissolution
of staurolite by the components diffusing along the net-
work of grain boundaries in the matrix around each seg-
regation so that the local reactions form a reaction cycle
that produces the whole-rock reaction (Carmichael
1969). Reaction (1) produces ~9.8% (volume percent
of rock) sillimanite, and reaction (2) consumes ~11%
staurolite in rock A. In addition, a small amount (~1.6%)
of garnet growth is required to balance the whole-rock
reaction (Fig. 2a). The local reaction needed to grow
garnet that is consistent with material-transport con-
straints in the matrix around the garnet is:

0.48 Bt + 0.68 P — 0.02 Ms +
1.62 Qtz + 1.0 Grt ©)

The constituents needed to balance reaction (5) are
provided or removed by diffusion through the grain-
boundary matrix around the garnet and are transported
through the matrix to the sillimanite or staurolite, where
they balance reactions (1) or (2), respectively. Reaction
(5) produces a biotite-poor region around garnet as it
grows (Fig. 3b), but the mantle is relatively thin because
of the small amount of garnet growth and the large size
of the pre-existing porphyroblasts of garnet. In a rock
with a coarser matrix than shown in Figure 3b, the
mantle will be diffuse and difficult to detect because the
matrix would not be homogeneous at the scale of the
mantle thickness. Reactions (1), (2) and (5) take place
simultaneously in the rock, allowing the overall whole-
rock reaction to proceed in a reaction cycle of the type
proposed by Carmichael (1969). The matrix minerals,
especially the micas, act as catalysts to facilitate the
whole-rock reaction (Foster 1991). The sources and
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sinks in the different local reactions balance each other,
and the rock is closed at the whole-rock scale to all com-
ponents except H,O, which is allowed to escape. When
the staurolite-breakdown reaction is complete, the rock
contains 9.8% sillimanite, 12.8% garnet and 0% stauro-
lite. An example of a rock with this type of texture is
shown in Foster (1977, Fig. 5).

Once the staurolite is totally consumed, the amount
of sillimanite growth per degree of temperature rise
drastically decreases. Figure 3b shows the rock at 610°C,
4 kbar, just after staurolite has been consumed. Further
heating to 630°C produces a small amount (0.7%) of
sillimanite and biotite growth at the expense of garnet
and muscovite (Fig. 2a). This addition causes the silli-
manite segregation to continue to grow slightly via a
reaction similar to (1). Simultaneously, garnet dissolves
slightly (-0.8%) because of a reaction that is the reverse
of (5), causing gamet to be rimmed by a thin layer of
biotite plus a small amount of plagioclase. No reaction
takes place at the staurolite pseudomorph during this
temperature interval because the phases making up the
pseudomorph are the same as in the stable matrix that
surrounds it. The textures in the rock at 630°C, 4 kbar
are shown in Figure 3c. Note that several composition-
ally distinct regions are shown in this figure: areas rich
in sillimanite, areas rich in muscovite, areas rich in gar-
net, and the matrix. These areas now have a different
bulk-composition than the matrix from which they
formed. The local compositional difference will have a
strong influence on future textures that develop in the
rock. Evidence of these local compositional variations
will persist over a wide range of temperatures and pres-
sures, allowing the configuration shown in Figure 3c to
be identified even after additional reactions have taken
place in the rock.

If sillimanite nucleates at many sites instead of few
sites, the same whole-rock reaction leading to silliman-
ite and garnet at the expense of staurolite will take place
(Fig. 2a), but by a different mechanism. The presence
of sillimanite nuclei and quartz in the matrix surround-
ing the staurolite causes the local staurolite-consuming
reaction to proceed via:

1.0St+3.0Qtz + 0.75 Ms —
0.75 Bt + 10.5 Sil (6)

Reaction (6) differs from reaction (2) owing to the
constraint on transport of Si and Al through the matrix
provided by the Gibbs—Duhem equations of sillimanite
and quartz, which requires that the chemical potential
gradients of AlO; 5 and SiO; be zero. This forces reac-
tion (6) to conserve Al and Si, resulting in the produc-
tion of large amounts of sillimanite. As in the case of
reaction (2), reaction (6) splits into two parts. The stau-
rolite for reaction (6) is supplied via a reaction that re-
places the staurolite porphyroblast:

1.0 St — 0.21 Bt + 8.29 Sil @)
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Heating Path Textures

Garnet

Mineral Key:

Staurolite - Sillimanite 1 '

Muscovite I:::, Quartz

Plagioclase - Biotite

FIG. 3. Calculated textures for path of isobaric heating (rock A). Horizontal length of each frame is 2 cm. Minerals are color-
coded according to key in upper right corner. a) Starting texture for rock A (600°C, 4 kbar). b) Textures after staurolite
breakdown is complete where few nuclei of sillimanite form (610°C, 4 kbar). Black rectangle in center left pseudomorph
shows original position of staurolite porphyroblast. ¢) Textures at end of path of isobaric heating where few nuclei of sillimanite
form (630°C, 4 kbar). d) Textures after staurolite breakdown is complete where many nuclei of sillimanite form (610°C, 4
kbar). e) Textures at end of path of isobaric heating where many nuclei of sillimanite form (630°C, 4 kbar).



422

and the quartz and muscovite are supplied by a reaction
that progresses out into the matrix around the porphy-
roblast:

3.0Qtz +0.75 Ms — 0.54 Bt + 2.21 Sil (8)

The result of reactions (7) and (8) is that the staurolite
is replaced by a sillimanite-rich pseudomorph (Sil > Bt);
it is surrounded by a biotite-rich mantle (Bt > Sil) that
replaced quartz and muscovite in the matrix around the
porphyroblast. As in the case described for few nuclei of
sillimanite, a small amount of garnet growth is required
to balance the constituents produced or consumed by re-
action (6). The garnet is produced by reaction (5), which
results in a biotite-poor mantle around the garnet that is
exactly the same as the mantle around the garnet in the
situation of few nuclei of sillimanite. The texture for many
nuclei of sillimanite at 610°C, after all of the staurolite
has been consumed, is shown in Figure 3d.

Further heating will cause garnet to begin to dissolve
via the reaction:

1.0 Grt + 0.54 Ms — 0.54 Bt +
0.80 Qtz + 0.05 P1 + 2.05 Sil &)

which replaces the garnet with a biotite + sillimanite
intergrowth. Because the muscovite for reaction (9)
must come from the matrix and the garnet must come
from the porphyroblast, reaction (9) splits into two parts.
One replaces garnet:

1.0 Grt — 0.43 Bt + 0.54 Sil 1o
and another consumes muscovite in the matrix:

0.54 Ms — 0.11 Bt +

0.80 Qtz + 0.05 P1 + 1.51 Sil (11)

Reaction (10) replaces the garnet with a thin layer that
is biotite-rich but contains smaller amounts of silliman-
ite. Reaction (11) replaces matrix muscovite near the gar-
net with a thin sillimanite-rich mantle that also contains
biotite, quartz and plagioclase (Fig. 3e). The pseudo-
morphs of sillimanite after staurolite do not take part in
this reaction because they are isolated from the garnet by
the material-transport constraints in the matrix that force
the chemical potential gradients of AlO; 5and SiO; to be
fixed at zero in the matrix. This effectively isolates the
sillimanite that grew from the staurolite from that which
grew from the garnet. Again, the textures have produced
local changes in composition that will strongly influence
the development of further mechanisms of reaction, al-
lowing evidence of the texture shown in Figure 3e to
persist over a wide range of T and P.

P-T path B: isothermal decompression

The beginning texture for rock B is a schist with six
porphyroblasts of staurolite and six porphyroblasts of
garnet set in a foliated matrix consisting of biotite, mus-
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covite, plagioclase and quartz at 630°C, 8 kbar. Note
that rock B has larger crystals of garnet and smaller crys-
tals of staurolite than rock A and less biotite in the ma-
trix (Fig. 4a). Lowering pressure in this rock at 630°C
(Fig. 1) produces a reaction that, provided the rock is
open to H,O, should produce staurolite at the expense
of garnet until the sillimanite field is reached at about
4.8 kbar. However, this reaction consumes H,O, which
needs to be supplied to the rock for the reaction to pro-
ceed, a situation that is rare in typical prograde regional
metamorphic settings. If H,O is not allowed to infiltrate
the rock during decompression, the available H,O along
grain boundaries is quickly consumed by the formation
of a small amount of staurolite. Then the rock no longer
is HyO-saturated, and the H,O content of the rock will
remain constant, with dry grain-boundaries as the pres-
sure decreases. Under these conditions, little reaction
occurs until the sillimanite-forming curve is crossed at
6.4 kbar. This curve is displaced ~1.6 kbar higher than
the curve shown on Figure 1 because the lower content
of H,0 in rock B decreases the stability field of stauro-
lite. When sillimanite begins to form, H,O is produced,
saturates the grain boundaries, and excess H,O will es-
cape from the rock. As in the case of isobaric heating,
the reaction mechanism that develops is strongly influ-
enced by the pattern of sillimanite nucleation (Foster
1986b). Again, two end-member cases are considered
here: one with few nuclei and one with many nuclei.

If few sillimanite nuclei form in the matrix, the silli-
manite-producing reaction is similar to reaction (1), but
the stoichiometry is slightly different because of the
compositional variation in the minerals due to different
Pand T:

0.27 Ms + 0.23 P1 — 0.04 Bt +
1.10 Qtz + 1.0 Sil (12)

The sillimanite segregations produced by this reac-
tion (Fig. 4b) have a similar morphology to the ones
(Fig. 3b) produced by reaction (1), but the size of the
segregations is smaller because of the lower amount of
staurolite, which is completely consumed after only
2.3% sillimanite grows in the rock.

The staurolite in rock B is replaced by a reaction
similar to reaction 2, but with slightly different stoichio-
metry:

1.0 St + 14.2 Qtz — 0.31 Bt +
2.18 Ms + 2.35 P1 (13)

The size of the pseudomorphs produced by reaction
(13) is smaller than those produced by reaction (2) ow-
ing to the smaller size of the staurolite crystals origi-
nally present in rock B. Reaction (13) splits into two
reactions: one that replaces staurolite, which is similar
to reaction (3), and one that consumes quartz in the
matrix around the porphyroblast, which is similar to
reaction (4). As in the case of isobaric heating, a small
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Decompression Path Textures
Mineral Key: ol -

Staurolite - Sillimanite

Muscovite |:| Quartz

Plagioclase HI Biotite

Fic. 4. Calculated textures for path of isothermal decompression (rock B). Horizontal length of each frame is 2 cm. Minerals are
color-coded according to key in upper right corner. a) Starting texture for rock B (630°C, 8 kbar). b) Textures after staurolite
breakdown is complete where few nuclei of sillimanite form (630°C, 6.4 kbar). Black rectangle in center left pseudomorph
shows original position of staurolite porphyroblast. c) Textures at end of path of isothermal decompression where few nuclei
of sillimanite form (630°C, 4 kbar). d) Textures after staurolite breakdown is complete where many nuclei of sillimanite form
(630°C, 6.4 kbar). e) Textures at end of isothermal decompression path where many nuclei of sillimanite form (630°C, 4 kbar).
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amount of garnet growth is required to balance the local
reactions that cause the breakdown of staurolite and
growth of sillimanite. Such growth proceeds via a reac-
tion similar to (5):

0.41 Bt + 047 P1 + 0.05 Ms —
1.0Grt + 1.17 Qtz (14)

The rock with few nuclei of sillimanite after stauro-
lite has been consumed is shown in Figure 4b. It is simi-
lar to the rock in the case of isothermal heating (rock A)
after staurolite breakdown except that the sillimanite
segregations and staurolite pseudomorphs are smaller,
and the garnet crystals are larger in the decompression
case (rock B).

Upon further decrease in pressure, garnet breaks
down to sillimanite in the whole-rock reaction (Fig. 2).
If no new nuclei of sillimanite form, the sillimanite-
forming reaction continues to be reaction (12), and gar-
net is replaced by a reaction that is the reverse of (14),
with small differences in stoichiometry because of com-
positional changes in minerals along the reaction path:

1.0 Grt + 1.44 Qtz — 0.46 Bt +
0.02Ms + 0. 56 P1 (15)

This reaction splits into two parts, one that replaces
the garnet with biotite and lesser amounts of muscovite
and plagioclase (16), and the other that provides the
quartz for reaction (15) by converting matrix quartz and
some muscovite to biotite and plagioclase (17).

1.0 Grt — 0.41 Bt + 0.09 Ms + 0.08 P! (16)

0.07 Ms + 1.44 Qtz — 0.48 P1 + 0.05 Bt a7
This produces a plagioclase-rich mantle around the
garnet and a biotite-rich pseudomorph after the garnet.
The rock at the end of the decompression-induced reac-
tion path with few nuclei of sillimanite is shown in
Figure 4c. It is characterized by muscovite pseudo-
morphs after staurolite, sillimanite segregations with a
biotite-rich rim, and biotite-rich pseudomorphs after
garnet with an outer mantle that is plagioclase-rich.

If sillimanite nucleates at many sites throughout the
rock when staurolite begins breaking down at 6.4 kbar,
the staurolite will dissolve in a matrix that contains
abundant nuclei of sillimanite. The constraints on mate-
rial transport through the matrix provided by the Gibbs—
Duhem relations of sillimanite and the other matrix
minerals result in the production of a sillimanite-rich
pseudomorph after staurolite via the reaction:

1.0 St + 0.67 Ms + 2.85 Qtz —
10.36 Sil + 0.67 Bt (18)

This reaction splits into two parts, one consuming
staurolite (19) and the other consuming muscovite and
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quartz in the matrix (20):

1.0 St — 0.15 Bt + 8.41 Sil (19

0.67 Ms + 2.85 Qtz — 0.52 Bt + 1.95 Sil 20)

This produces a sillimanite-rich pseudomorph after
staurolite, which is surrounded by a biotite-rich rim, as
shown in Figure 4d. The boundary between the change
in mode at the pseudomorph—mantle boundary is the
original location of the matrix—staurolite boundary. A
small amount of garnet growth (0.7%) is required to
balance the whole-rock staurolite-breakdown reaction
(Fig. 2b). Sillimanite nuclei in the matrix around the
garnet are quickly consumed by garnet growth via a
reaction that is similar to the reverse of reaction (9).
Then the growth of garnet proceeds via reaction (14).
This reaction slightly increases the size of the garnet
porphyroblasts and consumes nearby biotite and plagio-
clase. The rock, after all the staurolite has broken down
at 6.4 kbar, is shown in Figure 4d. It is characterized by
small pseudomorphs of sillimanite after staurolite with
a biotite-rich rim, and large crystals of garnet with subtle
biotite-depleted zones around them.

Upon further decompression, garnet shifts to the re-
actant side of whole-rock reaction as more sillimanite
forms (Fig. 2b). Sillimanite nuclei forming in the matrix
near the garnet should not be consumed, but instead
would be expected to grow owing to the local reaction
near the garnet:

1.0 Grt + 0.53 Ms — 0.53 Bt +
0.03 P1 + 0.88 Qtz + 2.04 Sil @1

This reaction splits into two parts, one consuming
garnet (22) and the other consuming muscovite from the
matrix (23):

1.0 Grt — 0.42 Bt + 0.56 Sil (22)
0.53 Ms — 0.11 Bt +
0.03 P1+0.88 Qtz + 1.48 Sil (23)

The garnet is replaced by a biotite + sillimanite
pseudomorph that is biotite-rich, and the matrix is re-
placed by a biotite + sillimanite mantle around the
pseudomorph that is sillimanite-rich. Note that most
(~75%) of the sillimanite production is actually in the
mantle around the garnet rather than in the garnet
pseudomorph. Garnet-replacement textures with simi-
lar features in rocks from Connemara, Ireland, are illus-
trated in Yardley (1977, Fig. 1C). The production of a
large amount of sillimanite in the muscovite-consum-
ing reaction arises because this is one of the few situa-
tions where Al is truly immobile in metamorphic rocks.
The presence of sillimanite nuclei plus quartz in local
equilibrium throughout the matrix forces the chemical
potential gradient of AlO; s to be zero, requiring that all
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reactions conserve aluminum. The large amount of
muscovite required to satisfy reaction (21) releases
abundant Al, which is consumed by formation of silli-
manite in reaction (23). Some of the potassium released
by the muscovite breakdown in (23) is consumed lo-
cally by biotite production in reaction (23), and the rest
diffuses across the biotite + sillimanite pseudomorph to
the remaining garnet, where it is used to make biotite at
the expense of garnet in reaction (22). The sillimanite
that formed in the pseudomorphs after staurolite (at
6.4 kbar) does not grow as the pressure decreases be-
cause of the inability of aluminum to be transported
through the matrix from the site of garnet reaction to
the location of the sillimanite-rich staurolite pseudo-
morphs. The rock at 630°C, 4 kbar, after the decompres-
sion path is complete, is shown in Figure 4e. It has large
crystals of garnet rimmed by sillimanite + biotite and
small sillimanite-rich pseudomorphs after staurolite,
with biotite concentrated at the rim.

DiscussioN AND CONCLUSIONS

The modal composition of a rock is very sensitive to
P and T, as are mineral compositions (Fig. 2). Conse-
quently, careful analysis of modal variations can yield
valuable information about the P-T path of metamor-
phism. Methods involving modal mineralogy may actu-
ally prove to be superior to conventional thermo-
barometry, which uses mineral compositions, because
the modes are more easily recognized and are less likely
to be affected by re-equilibration. For example, the start-
ing configurations for rocks A and B were derived from
the same bulk composition but have distinctly different
initial modes (Figs. 3a, 4a). The distinctions are easily
recognized, even in hand specimen.

A record of the mineral modes along a P-T path is
preserved in the textures that form as a rock is progres-
sively metamorphosed. The types of textures that de-
velop are strongly dependent upon the local mechanisms
of reaction by which the whole-rock reaction progresses.
Provided local equilibrium is maintained, the main con-
straints on the mechanism of the local reaction are the
distributions of minerals in the rock, the nucleation sites
for new minerals that form, and the constraints on ma-
terial transport provided by the mineral assemblages in
the regions around reaction sites. Variations in mineral
compositions with P and T and the relative magnitude
of diffusion coefficients also influence the local reac-
tions. However, these generally produce second-order
effects that result in subtle changes rather than major
differences in texture. The reaction mechanisms produce
distinct textures that are strongly dependent on the P—
T—t path, which can be interpreted using models calcu-
lated using differential and irreversible thermodynamic
techniques, as described above. For example, the final
rocks (point C, Fig. 1) have essentially the same bulk
composition, with the same mineral modes and compo-
sitions (Fig. 2) for both cases, isobaric heating (rock A)
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and isothermal decompression (rock B). However, the
textures are distinct (Figs. 3c, e, 4c¢, €), and their fea-
tures are easily recognized (Table 2). The crucial infor-
mation in distinguishing the starting points for the two
paths is recognition that rock B came from an environ-
ment with more garnet and less staurolite than rock A,
indicating that rock B was at a higher pressure than rock
A. The evidence that rock A underwent isothermal heat-
ing is that most of the sillimanite production is from
staurolite breakdown, and only minor amounts come
from garnet consumption at the whole-rock scale. Con-
versely, it can be deduced that rock B followed a path
that involved substantial decompression because much
of the sillimanite production involved consumption of
garnet at the whole-rock scale. The different mecha-
nisms of reaction for the formation of sillimanite also
result in different distributions of biotite in the two rocks
(Figs. 3c versus 4c, Figs. 3e versus 4¢). Rock A (heat-
ing path) has significantly more biotite in the matrix than
rock B (decompression path) because much of the
biotite in rock B is concentrated around garnet owing to
reactions (15) or (21).

As shown in Figures 3 and 4, nucleation patterns play
an important role in establishing mechanisms of reac-
tion and the textures that result from them. Although

TABLE 2, COMPARISON OF FEATURES IN ROCKS A AND B

Rock A Rock B
isobaric heating isothermal decompression
Whole rock
Final modal proportions same in both rocks same in both rocks
Final mineral compositions ~ same in both rocks same in both rocks
Sillimanite production most from breakdown most from breakdown
of Staurolite in the of Garnet in the

whole-rock reaction whote-rock reaction

Final textures

Staurolite pseudomorphs  large or more abundant small or less abundant
Matrix biotite mode high low

Biotite rims on garnet thin thick
Plagioclase concentrations slight prominent

near gamet

Muscovite-free mantle slightly more biotite; slightly less biotite;
around sillimanite slightly thicker width slightly thinner width
Changes in mode along P-T path

Sillimanite mode large increase large increase
Staurolite mode large decrease moderate decrease
Garnet mode small increase large decrease
Biotite mode small increase large increase
Muscovite mode small decrease large decrease
Plagioclase mode nearly constant nearly constant
Quartz mode small decrease small increase

Changes in mineral composition along P-T path

Garmet composition tiny increase in Fe/Mg moderate increase in
Fe/Mg

Plagioclase composition slight decrease in Ca largg increas_e inCa

Biotite composition small increase in Fe/Mg large increase in Fe/Mg
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the factors that influence patterns of nucleation are not
well understood, calculations using a priori distributions
of nuclei allow the resulting textures to be simulated,
permitting whole-rock reactions to be extracted from
textures that are similar to those in the model calcula-
tions. The number of nuclei is dependent on a number
of complex feedback loops involving rates of overstep-
ping due to P-T changes and rates of transport in the
rock. These factors influence the size of domains in
which nucleation is suppressed by nearby reactions
(Carlson 1989, 1991). In addition to determining rates
of overstepping, the P-T path may exert a profound in-
fluence on patterns of nucleation by controlling whether
grain boundaries remain wet or dry as metamorphism
progresses. P—T paths dominated by heating tend to in-
volve reactions that continually produce small amounts
of H,0, which wets the grain boundaries as it migrates
out of the system. On the other hand, decompression
paths in staurolite-garnet rocks produce whole-rock re-
actions that consume H,O, which would be expected to
dry out grain boundaries shortly after decompression
begins. This arrests the whole-rock reaction, because of
the absence of additional H,O required for it to progress,
and greatly decreases rates of transport in the rock. The
lower rates of transport cause the size of regions where
nucleation is suppressed around a growing crystal to
become extremely small, which favors formation of
many nuclei. Consequently, many nuclei are more likely
to form in a decompression path. For example, many
nuclei of sillimanite would be expected to form in rock
B because sillimanite is nucleating in a rock with dry
grain-boundaries. Fewer nuclei would be expected to
form for the same rate of overstepping in rock A be-
cause sillimanite is nucleating in a rock with wet grain-
boundaries. In general, isobaric heating should tend to
produce textures characterized by few nuclei (Fig. 3c),
whereas isothermal decompression should produce tex-
tures characterized by many nuclei (Fig. 4e).

The textures produced by mechanisms of reaction
that develop during metamorphism are generally long-
lived features in a rock because they reflect local
changes in bulk composition and commonly are made
of minerals with large fields of stability, such as micas,
quartz and plagioclase. For example, if the rocks shown
in Figures 3c, 3e, 4c and 4e were rehydrated in a later
greenschist-facies event, the mica pseudomorphs after
staurolite in Figures 3¢ and 4c should persist because
they are composed of minerals (muscovite, biotite, and
plagioclase) that are stable in the greenschist facies. The
sillimanite in the rocks would be replaced by muscovite
in a greenschist-facies rehydration, but the new lower-
temperature muscovite would be concentrated in the
areas where sillimanite was abundant in the higher-
grade rocks. The other features associated with the silli-
manite segregation, such as quartz-rich and biotite-rich
mantles, would be largely unaffected by the rehydra-
tion event, and would retain their spatial relationship to
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the muscovite that replaced the sillimanite, allowing the
features to be recognized.

Deformation can also have an important effect on
the mineral textures in a rock and complicates the inter-
pretation of polymetamorphic features. However, tex-
tural features composed of minerals present in the matrix
of the rock (e.g., the mica pseudomorphs after stauro-
lite in Figs. 3 and 4) should deform, but remain recog-
nizable as compositionally distinct domains even though
they have changed their shape. It is also possible to in-
corporate a VdP term in the Gibbs-Duhem relations
used to constrain transport relationships around reaction
sites, allowing the effects of a deviatoric stress on local
reactions to be assessed. Preliminary work suggests that
this approach may be a viable one with which to simu-
late segregations and porphyroblasts that develop in
deforming rocks.

The forward modeling technique outlined here has
the potential to provide considerable insight into the
evolution of metamorphic textures as a rock migrates
along a P-T—t path during metamorphism. Although a
number of details involving the significance of nucle-
ation patterns, the controls on mechanisms of reaction
in deforming rocks, and the values of diffusion coeffi-
cients remain to be established, the features of many
metamorphic rocks are effectively simulated by this
approach. The technique has been extended to investi-
gate controls on the spatial distribution of textures at
the scale of a mountain belt by integrating the texture
modeling with three-dimensional thermal models of
metamorphic terranes (Foster ef al. 1996, Dutrow et al.
1997). Once it is fully implemented, this method should
provide important information about orogenic processes
by linking the spatial distribution of mineral textures
in a mountain belt to tectonic controls of its thermal
structure.
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APPENDIX: CALCULATION OF LOCAL REACTIONS

The methods used to calculate reactions (1) through
(23) have been discussed in detail by Foster (1981, 1982,
1983, 1986a, 1990, 1991). The procedure involves solv-
ing a set of simultaneous equations derived from:
1) Gibbs—Duhem relations that constrain the chemical
potential gradients of components in local equilibrium
with minerals along the transport path, 2) transport equa-

tions that link the flux of a component to its chemical
potential gradient, and 3) conservation equations that
link the transport of material through the region around
a reaction site to the amounts of minerals precipitated
or dissolved in the reaction (see Foster 1981, p. 261-
264 for derivation). The equations to calculate reaction
(1), sillimanite (Sil) growing in a matrix of biotite (Bt),

Vi® Vg™ Vo va® v® v ™ va® ve® ve™ 0 0 0 0 0 ] Vg *A/Rsi 0
Vi Vag™ Vi Ve vid® v va™ g™ vg™ 0 0 0 0 0 Vimg *A/Rgi 0
Ve Vg Vi Ve Vi vt VAl v v 0 0 0 0 0 Vi *A/Rs; 0
Ve Vie®® Va2 Va2 v v 22 vy @ v vg® 0 0 0 0 0 Ve ARs; 0
Ve v Vi VeFI VP v Py P ygPe 0 0 0 0 0 Vi A/Rgy 0
Ligere 0 0 0 0 0 0 0 0 Ve -ve Ve Ve % V™ | | Vi eARg Vet
0 Lygy, 0 0 06 0 0 0 0 VM v v Vg |o| ViweARs | = Vi
0 0 Lym 0 0 0 0 0 0  -Va v V" v ® V| | ViseARs Vo
0 0 0 Leca 0 0 0 0 0 Va-ve Vo' Ve -va™ | | VireARs Ve
0 0 0 0 Lag 0 0 0 0 -vi®™ v v v aw™ Rui/Rsi e
0 0 0 0 0 Ly 0 0 0 Vv Vi v 2 v, Rume/Rsit Vi
0 0 0 0 0 0 Ly 0 0 -vi®-vi™ v " vy ® -vy™ Re/Rei va®
0 0 0 0 0 0 0 Lgy © Vg wvg™ vl -vg T Svg™ Rou/Rsu v
0 o 0 0 0 0 0 0 Lg -va®-va"™ -vg" -vg® -vy™ Rya/Rsi v
FiG. 5. Matrix equations to solve for chemical potential gradients and reaction coefficients for reaction (1). p;is the chemical

potential of component i in the matrix around the reaction site, ;¥ is the amount of component i in phase k, A is the area of a
surface surrounding the reaction site where the chemical potentials are measured, and Ry is the coefficient of mineral k in the
reaction. The sign convention for Ry has been chosen so that Ry is positive if mineral k is produced, and negative if mineral
k is consumed. L; are the straight terms in the thermodynamic diffusion coefficient matrix. Cross terms (L;;, i # j) in the
thermodynamic diffusion coefficient matrix were set to 0. L;; were set equal for all components in this study instead of using
the values determined by Foster (1981), because the effect of large changes in P and T on the Lj parameters is presently
unknown, Component subscripts stand for oxide components (Fe: FeO, Mg: MgO, Mn: MnO, Ca: CaO, K:KOq s, Na: NaOp s,

Al: AlOy 5, Si: Si0,, H: H;0).
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muscovite (Ms), plagioclase (Pl), quartz (Qtz) and an
H,O0 grain-boundary fluid (Fld), are shown in Figure 5.
The first five rows are equations derived from the
Gibbs—Duhem relations for each matrix phase. These
equations constrain chemical potential gradients in the
matrix, provided local equilibrium is maintained. The
next nine rows represent conservation equations that
link the transport of components through the matrix to
the net reaction inside of the region surrounded by the
matrix. Gain or loss of material due to changes in con-
centration of components in the grain-boundary fluid
(dey/dt) are ignored because it is several orders of mag-
nitude smaller than the amounts of material produced
or consumed by the mineral reactions (see Foster 1981,
p. 262 for discussion). The first nine terms of the solu-
tion (Fig. 5, middle matrix) to this system of equations
give terms (Vu,; *A/Rg;) that can be used to compare
chemical potential gradients among different compo-
nents that control material transport through the matrix

TABLE 3, STOICHIOMETRIC COEFFICIENTS FOR

REACTIONS (1) THROUGH (23)

Reaction P R, Ry Ry Ry Roe Ry’
I6)) sit 10 003 -025 -031 118 -
2) St -1.0 044 1.92 322 -154 -
3) St 10 - 2001 - _ .
5) Grt 10 048 002 -068 162 -
() st 10 075 075 0 300 1050
1G] St 10 021 - = = 829
© Grt -1.0 034 054 0.05 0,80 2.05
(10) Grt -1.0 043 - - = 0.54
(12) sit 10 004 —027 023 110 -
(13) St 10 031 218 235 -142 -
(14) Gt 10 041 —005 -047 117 -
(15) Grt -10 046 002 056 -144 =
(16) Grt -1.0 0,41 0,09 008 - -
(18) St -10 067 -067 0 -2.85 1036
19 St -10 015 - - - 8,41
@1 Grt -1.0 053 -053 0.03 0.88 204
@2) Grt 10 042 - = = 0.56

Reaction method R, Ry Ry Ry R, Ry
@ @-0) 044 -009 322 -154 -
@® © - 054 075 0 300 221

011 -054 005 0.80 151
005 -007 048 -144 -

052 067 0 ~2.85 1.95
011 -053 003 0.88 148

(11 (9)-(10)
(17) (15)-(16)
20) (18)-(19)
23) @D-(22)

The coefficients for the 17 reactions in the upper part of the table were obtained by
solving matrix equations like those shown in Figure 5 as described in the text. The
mineral at the center of each reaction system is given in the column labeled "p", and
the amount of the central mineral that grows (R, > 0) or dissolves (R, < 0) is given
in the column R, Ry, Ry, Ry, and Ry, give the moles of biotite, muscovite,
plagioclase and quartz that take part in the reaction, respectively. R’ gives the
amount of sillimanite that forms in reactons (6) to (11) and (18) to (23), where
abundant nuclei of sillimanite are present in the region around staurolite or garnet
porphyroblasts. The coefficients for reactions in the lower part of the table were
obtained by subtracting two reactions in the upper part of the table to give the
reaction for a mantle growing out into the matrix around a dissolving porphyroblast.
The reactions used to calculate the mantle reactions are given in the column labeled
"method”. A dash means the mineral is not present,
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surrounding the reaction site (see Foster 1981, p. 264
for discussion). The next five terms (Ry/Rg;) give the
coefficients for the reaction, normalized to the amount
of sillimanite produced (Ry; > 0) or consumed (Rg; < 0)
in the center of the segregation.

The coefficients of reaction (Ry) for minerals in-
volved in reactions (1) through (23) are given in Table
3. The Ry for the seventeen reactions at the top of the
table were derived by solving sets of equations like those
in Figure 5 for Ry/R,, terms. The reaction stoichiometry
is obtained by multiplying the Ry/R, terms by the
amount of the mineral (p) that grows (R, > 0) or dis-
solves (R, < 0) in the center of the segregation. For ex-
ample, the stoichiometric coefficients (Ry) for reaction
(1) were derived from the (R/Rsj) terms in the solution
to the equations shown in Figure 5 by setting Rgy = 1.0.
The resulting values are given in the first row of Table 3.

The six reactions at the bottom of the table represent
situations where the overall reaction for a mechanism
that dissolves a porphyroblast of staurolite or garnet
splits into two parts because both the porphyroblast and
some of the matrix minerals are consumed by the over-
all reaction. The Ry for the reaction that replaces the
porphyroblast is calculated by removing the matrix min-
erals that are consumed by the overall reaction from the
system of equations and solving for the reaction that is
possible between the porphyroblast and the remaining
minerals that surround it (see Foster 1991, p. 953-955
for details). If the new reaction consumes some of the
remaining minerals that surround it, the minerals that
are consumed by the reaction are removed from the sys-
tem of equations. This process is repeated until suffi-
cient minerals have been removed to produce a reaction
that consumes the porphyroblast but has no other min-
erals as reactants that need to be supplied from the
matrix. For example, reaction (3) was calculated in three
cycles by successively removing quartz, then plagio-
clase, then biotite from the system of equations used to
calculate reaction (2). The reaction that progresses out
into the matrix is calculated by subtracting the reaction
that replaces the porphyroblast from the overall reac-
tion for the local system. For example, reaction (4) was
calculated by subtracting reaction (3) from reaction (2).
The staurolite for the overall mechanism of reaction is
provided by reaction (3), and the quartz is provided by
reaction (4). The sum of the local reactions (3 + 4)
equals the overall reaction (2). In a rock with tiny,
evenly distributed matrix crystals, the reaction that
progresses out into the matrix (4) would split into sev-
eral multiple mantles in the matrix around the
porphyroblast (see Foster 1991, Fig. 5c for an example).
The size of crystals in the matrix used in this paper is
too large to produce well-developed multiple mantles
because the thickness of the individual mantles is less
than the size of the matrix crystals.





