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Abstract
A local equilibrium, irreversible thermodynamic model was used to study biotite-rich
pseudomorphsafter staurolite in muscovite-bearingpelites near Rangeley, Maine. This
type of pseudomorph is found in close proximity to sillimanite segregationswhich have
grown during a staurolite breakdown reaction (Foster, 1977a).The local reactions and
distribution of mineralsexpectedto be producedby the growth of sillimanite near staurolite
poikiloblasts in a matrix of muscovite, biotite, plagioclase, quartz and ilmenite were
calculated using Gibbs-Duhem relations, conservation equations and relative thermodynamic diffusion coefficientsin an SiO2-fixedreferenceframe. Biotite-rich, plagioclase-rich,
muscovite-freepseudomorphsare formed in the model when the muscovite-freemantle of
a sillimanite segregationenclosesa staurolite poikiloblast or grows over a muscovite-rich
pseudomorph.The model produces biotite-rich, muscovite-free,plagioclase-freepseudomorphs when the muscovite-free, plagioclase-free mantle of a sillimanite segregation
encloses a staurolite poikiloblast or grows over a muscovite-rich or plagioclase-rich
pseudomorph.Biotite-rich pseudomorphsafter staurolite in rocks from the lower sillimanite zone near Rangeley,Maine are similar to those calculatedby the model. The proportion
of muscovite-rich to biotite-rich pseudomorphsin the model is a function of the initial
proportions of muscovite, plagioclase and staurolite, which govern the proportion of
staurolite that is enclosedby sillimanite segregationmantles.

A secondtype of pseudomorphwhich is less common
at Rangeley than the muscovite-rich pseudomorph is
Many staurolite breakdown reactions in pelitic schists muscovite-free, biotite-rich, and plagioclase-rich with
are thought to proceed by cation exchange reaction
smaller amounts of quartz and ilmenite (Fig. 2). This
mechanismswhich form a variety of staurolite pseudo- texture is commonly enclosed by the muscovite-free
morph textures (e.9., Bailes, 1980; Carmichael, 1969; mantle (Foster, 1977a)of anearby sillimanite segregation.
Hietanen, 1968; Kwak, 1974). Muscovite-rich pseudo- The muscovite-freemantle has the same mineral assemmorphs after staurolite from the lower sillimanite zone blage as the pseudomorph. The boundary between the
pseudomorph and the mantle is marked by a change in
near Rangeley, Maine (Guidotti, 196E,1970, 1974)form
when staurolitedissolvesin one part of the rock providing
mineral modes.
componentsneededfor the growth of sillimanite in other
A third pseudomorphtype, uncommon in the Rangeley
domains of the rock. These pseudomorphs are coarse- area, is plagioclase-free,muscovite-freeand rich in biograined aggregatespredominantly composed of musco- tite with lesser amounts of quartz and ilmenite (Fig. 3).
vite with smaller amounts of biotite, plagioclase,ilmenite This texture is commonly enclosed by the muscoviteand quartz (Fig. l). This texture is separatedfrom the
free, plagioclase-freemantle (Foster, 1981)of a nearby
sillimanite segregationsin the rock by a finer grained sillimanite segregation.The boundary between the pseumatrix containingthe samemineral assemblageof biotite,
domorph and the mantle is marked by a changein mineral
modes.
muscovite, plagioclase,quartz, and ilmenite. The boundThe purpose ofthis paper is to show that the model for
ary between the pseudomorphand matrix is marked by a
change in mica grain size and change in the mineral muscovite-rich pseudomorphs(Foster, 1981)can also be
modes. Foster (1981)has presentedan irreversible therused to explain biotite-rich pseudomorphsafter stauromodynamic model, derived from the approach of Fisher
lite. This provides a good test of the flexibility of the
(1973,1975,1977),
which seemsto explainmuscovite-rich model becauseof the completely diferent mineral modes
pseudomorphsafter staurolite.
in the biotite-rich and muscovite-rich pseudomorphs.
Introduction
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Fig. L Muscovite-rich pseudomorph after staurolite (51%
muscovite, 26Vo biotite, l4Vo plagioclase, 8Vo quartz, lVo
ilmenite). The boundary of the pseudomorphis shown by a solid
line. The small, high relief blebs in muscovite in the
pseudomorphare remnantsof staurolite. The scale bar is I mm.

Reaction models
Biotit e-ric h, mus c ov it e-fr ee p seudomorphs
The spatial relationship between muscovite-free mantles of sillimanite segregationsand the muscovite-free,
biotite-rich pseudomorphsafter staurolite suggeststhat
the local reactions which form the pseudomorphs are
influenced by the nearby sillimanite segregation. Two

Fig. 2. Muscovite-free, biotite-rich, plagioclase-rich
pseudomorph after staurolite (52Vobiotite, 38Voplagioclase, llVo
quartz). The pseudomorph boundary is shown by a solid line.
Light gay grains are stained plagioclase. High relief grains
within plagioclasein the pseudomorphare staurolite remnants.
The matrix/muscovite-free mantle boundary is marked by the
dashed line. The tick marks are on the matrix side of the line.
The scale bar is I mm.

(73%
pseudomorph
Fig. 3. Muscovite-rich,plagioclase-free
muscovite,9Vobiotite, 17Voquartz,lVoilmenite)afterstaurolite
being convertedto a muscovite-free,plagioclase-free
pseudomorph(86Vobiotite, l3Vo quartz, l% ilmenite).The
plagioclase-free
mantleboundaryis shownby the dottedline.
The muscovite-free
mantleboundaryis shownby the dashed
line.Thetick marksareon themuscovite-bearine
side.Thescale
baris I mm.
possiblemechanismsof pseudomorphformation suggested by the observedtextural relations are shown in Figure
4: (a) the muscovite-freemantle of the sillimanite segregation grew around the staurolite poikiloblast before much
staurolite had broken down so that most of the staurolite
dissolvedin a muscovite-freeregion or; (b) the muscovite-free mantle of the sillimanite segregationgrew over a
muscovite-rich pseudomorph, converting the muscovite
in the pseudomorphto biotite and plagioclase.
If the muscovite-freemantle of a sillimanite segregation
grew around a staurolite poikiloblast, as shown in Figure
4a, the staurolite would be surrounded by a muscovitefree region which contains biotite, plagioclase, quartz,
and ilmenite. The local reaction which takes place when a
staurolite poikiloblast dissolves under local equilibrium,
steady-stateconditions while enclosedby biotite, plagioclase,quartz and ilmenite can be calculatedby solving the
systemofequations shown in Figure 5 (seeFoster, 1981,
p. 261-264 for derivation). The first three rows of the
square matrix represent the Gibbs-Duhem equations of
the muscovite-freemantle phasesbiotite, plagioclaseand
ilmenite. These equations provide constraints on the
chemical potential gradients in the mantle that govern
diffusion to or from the segregations.The components
SiO2 and H2O are not included in the Gibbs-Duhem
equationsbecausetheir chemical potential gradients are
fixed at zerc by the presenceof quartz and a water-rich
fluid phase in all domains of the rock. The next seven
rows of the squarematrix are conservationequationsthat
relate the fluxes of FeO, NaOe.5,MgO, AlO1.5,KO6.5,
CaO, and TiO2 in the mantle around the staurolite to the
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umes, and mineral compositions in sillimanite segregations and muscovite-rich pseudomorphsafter staurolite
using a weightedleast squaresprocedure(Foster, l98l , p.
265-267). This method gives the set of coefficients that
best fit the observed data in both types of segregations.
To illustrate the sensitivity of the pseudomorphmodelsto
the diffusion coemcients, test calculations were made
using valuesfor the aluminumcoefficientfrom 0.1 to 15.
The other coefficientswere held constant at the optimum
values given above. The configuration chosenfor the test
was a staurolite poikiloblast (7lVo staurolite, 29Voquartz
by volume) dissolving in a matrix of biotite, muscovite,
plagioclase,quartz and ilmenite. The results are shown in
Figure 6. It gives the molar stoichiometric coemcients
(Rd for the net reaction in the staurolite pseudomorph
when one mole of stauroliteis dissolved(n* : - I .0). The
minerals most sensitive to changes in the aluminum
coemcient are quartz and muscovite. Biotite, plagioclase
and ilmenite are more sensitive to the iron, sodium and
titanium coemcients,respectively. The heavy portion of
the quartz and muscovite curves show the range of
stoichiometric coefficients that would produce a ratio of
quartz to muscovite which lies within one standarddeviation of the mean value in specimenRA66N. The mean
and standard deviation were determined by point counting 27 muscovite-rich pseudomorphs.Note that the values for the aluminum coefficient that produce acceptable
E
results lie within the standard deviation about the mean
given by Foster (1981).Generally, variation of the diffusion coefficient for any component within the standard
deviationsgiven in Figure 4 of Foster (1981)does not
causedrastic changesin the modeled textures.
An SiO2-fixed reference frame was chosen for the
E
study because quartz is present throughout the rock,
fixing the chemical potential gradient of SiO2at zero for
constant temperature and pressure. Therefore, an SiOzFig. 4. Mechanisms
for th" l"u"topment of muscovite-free, fixed reference frame should be equivalent to an inert
marker reference frame if cross terms involving SiO2 in
pseudomorphs.
biotite-rich,plagioclase-rich
the inert marker diffusion coefficientsare negligible. The
equivalenceof the SiO2-fixedand inert marker reference
amounts of those componentsproduced or consumedby
frames in the vicinity of muscovite-rich pseudomorphs
the sum ofthe reactions which take place in the pseudo- has beendemonstratedby Foster (1981,Fig. 3, p. 265)t.
morph. The last two rows represent conservation equaFor the model, I assumethat the system is always in
tions for SiO2 and H2O, respectively. These two equa- local equilibrium (IaVF,i = 0), open to a water-rich fluid
tions are used to calculatethe amount of quartz and water which fixes
&Hro, and that the mineral compositions and
that take part in the reaction. The mineral compositions thermodynamic difusion coefficient ratios are constant
used in this study are given in Table l. They are from
throughout the rock during the growth of the segregaspecimen RA66N (Foster, 1977a).Manganeseand zinc tions. In addition, sinks or sourcesdue to compositional
were ignored becausethey are only important in inconchangesin the fluid along grain boundaries are assumed
gruent reactions involving garnet and staurolite (Foster,
to be negligibleso that the system approximatesa steady
1977a).
state(dcilAt= 0 in Equation(7), Foster, 1981,p. 262).The
The relative thermodynamicdiffusion coefficients(phe- values four
of the terms in the solution to the equations
of
nomenological coefficients)used in this study are those in Figure 5 are given in the first row of Table 2. They give
derived by Foster (1981)for a SiO2-fixedreferenceframe.
T h e y a r e A l o r . s : 5 . 9 ,F e O : 2 . 6 , M g O :
1 . 8 ,K O o . s=
I Note: the label of the vertical axis of Fig. 3 in Foster (1981)
1 . 0 ,N a O s s= 0 . 9 , T i O 2 : 0 . 4 a n d C a O : 0 . 2 . T h e s e
values were calculated from the observed modes. volshould read (-ViA/<o o.5)rather than (Vi/Vxo o s).
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Fig. 5. Matrix equation to solve for the chemical potential gradients and stoichiometric coefficients around staurolite (S)
dissolvingin a biotite (B), plagioclase(P), ilmenite (I), quartz (Q) mantle saturatedwith a water-rich phase(W). Components1, 2, 3,
4,5,6,7,8,9, are FeO, NaO65,MgO, AlO1.5,KO65, CaO, TiO2,SiO2,and H2O,respectively.
the net amounts of biotite, plagioclase, ilmenite, and
quartz produced (-) or consumed (+) when I mole of
staurolite dissolves (Rs : -l).
The net reaction (in
moles) among the solid phases given by the calculation is:
1.0 staurolite + 5.66 quartz + 0.11 ilmenite -+
1.33 biotite + 2.23 plagioclase

(l)

This reaction consumes staurolite and quartz in a volume
ratio of 4.4 to l. Because the volume percent of quartz in
staurolite poikiloblasts ranges from25-30Vo in the rocks
under consideration, the staurolite is entirely consumed

by the reaction before the quartz is used up. The reaction
consumes staurolite and ilmenite in a volume ratio of 63
to l; a few ilmenite grains in a poikiloblast will allow
ilmenite to persist when the staurolite is consumed. The
resulting pseudomorph consists of the biotite and plagiobv Reaction (1) plus the few percent
"q::,lt:d:"ed
poikiloblastic quartz and small amount of ilmenite not
used by Reaction (1). If ilmenite is entirely consumed by
Reaction (1) an ilmenite-free mantle will develop around
the staurolite. The modes, morphology, and local reaction calculated by the model for the texture formed when

Table l. Molecular formulas of minerals used in this studv
Fe*

Mg

Al

Ti

Si

Hzo

Stauroli te

3.204

0.000

0.4t2

1 7. 5 7 7

7.73L 0.000

0.000

0.104

Z

B io t i t e
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0.058

l.834

3 .5 1 4

5.403 7.657

0.000

0.227

I
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0.085

f,. DJU
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0.000
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0.000
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0.000

0
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0.000

0.000

0. 000
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0.000
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0
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Fig. 6. Stoichiometriccoeffcients(Rf calculatedby the
modelfor staurolitedissolvingin a matrixof muscovite,biotite,
plagioclase,
quartzand ilmeniteas a functionof the aluminum
diffusioncoefficient.
Theheavyportionof themuscoviteandthe
quartzcurvesshowwherethe quartzto muscoviteratio in the
modelis withinonestandard
deviationof theobserved
ratio.The
mean and standarddeviationof the aluminumdiffusion
coefficient
calculated
by Foster(1981)
is alsoshown.
a staurolite poikiloblast containing 70Vostaurolite, 29Vo
quaxtz and lVo ilmenite has been partially replaced are
given in Figure 7a. Note that the mineral modes for the
Fig. 7. Local reactionsandmineralmodescalculatedby the
pseudomorphpredicted by the model are similar to those
model
for the formation of muscovite-free,biotite-rich,
pseuplagioclase-rich
of the muscovite-free,biotite-rich,
pseudomorphs
plagioclase-rich
after staurolite.(M) standsfor
domorph shown in Figure 2.
muscovite-free.M:muscovite, B:biotits, p=plagioclase,
The (Vp)*
A/Rs terms in the solution to the equa- I=ilmenite,
Q:quartz,St:staurolite
tions in Figure 5 are tabulated in the first row ofTable 3.
If these terms are multiplied by their respective diffusion
coefficientsthey give the net amount of each component
If the muscovite-freemantle of a sillimanite segregation
required to difuse to or from the dissolving staurolite to
balance Reaction (1). A negative value in Table 3 means grew over a pre-existing muscovite-rich staurolite pseuthe componentis removed from the reaction site by mass domorph, as shown in Figure 4b, the muscovite-rich
pseudomorphcontains the samephasesas the muscovitetransfer through the region around the staurolite. A
positive value means the component is supplied to the bearing matrix. Therefore, the local reaction at the musreaction by transport through the region around the covite-free manfle/muscovite-rich pseudomorph boundary can be calculatedby the samemethod Foster (1981,p.
staurolite.
Table 2. Stoichiometric coefficient ratios (R6/Rs) for staurolite reactions in four types of sillimanite segregationmantles
RB/RS

(M)

m a n tel

-1.33

(MP) mantle

-I.?J

( M P I )m a n t l e

-1.47

(P)

-0.14

mantle

RM/RS

RQ/RS

reacti on
numoer

RP/RS

R I/ R S

-z.zJ

0 .t 1

c, oo

(1)

0 .1 6

0 .5 3

/?\

0.23

(4)

5.39

( 6)

-0.15
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Table 3. Chemical potential gradient terms ((Vp1)*

A/R") for reactions in Table 2
reacti on
number

Fe0

Nuoo.
5

Mso

Al0. -

K0^
u.f

Ca0

ri02

(M) mantle

0.10

7.92

L.t2

-1.73

2.21

2.87

-0.10

(1)

( l ' 1 P )m a n t l e

0.27

0.10

1. 3 1

- 1.U6

2.53

0.00

-0.26

(3)

(MPI)mantle

U. JJ

0 .0 9

L.Zd

-a.LL

2.44

0.00

0.58

(4)

(P) nantle

-0. 88

0.71

0 .0 1

-0. 98

0.00

0.85

(6)

component

T a b l e3 ,

267-269) used for the muscovite-free mantle/matrix
boundary of a sillimanite segregation.The reaction is:
0.28 muscovite+ 0.04 ilmenite--->
0.17biotite + 0.23 plagioclase+ 0.15 quartz

(2)

The major differencesbetweenthe muscovite-richpseudomorph and muscovite bearingmatrix that will affect the
model are the mineral modes. When Reaction (2) consumesmatrix of the compositionshown in Figure 7, it
createsa muscovite-freemantle with a compositionof
3TVobiotite,l8%oplagioclase,43Voquartz and l%otlmenite
(see Foster, 1981, p. 269 for calculation method). If
Reaction(2) consumesa muscovite-richpseudomorphof
the compositionshown in Figure 7b, it createsa muscovite-free pseudomorphwith a composition of 59Vobiotite,
32Voplagioclase,7Voquartz and less than lVo ilmenite.lf
Reaction (2) uses up all of the ilmenite in the pseudomorph an ilmenite-free pseudomorph will form. The
texture is still distinct after it is overgrown by the
muscovite-freemantlebecausethe proportionsof biotite,
quartz, plagioclaseand ilmenite are different in the portions of the mantle formed from the muscovite-bearing
matrix. The modes, morphology, and local reactions
calculatedby the model for the texture produced when a
muscovite-richpseudomorphhas beenovergrownby the
muscovite-free mantle of a sillimanite segregation are
shown in Figure 7b. The material transport through the
mantle and matrix can be calculated from the chemical
potentialgradienttermsgiven in Table 2 of Foster(l9gl).
Note that the modesof the mineralsin the muscovitefree pseudomorph in Figure 7b are nearly identical to
those of the muscovite-freepseudomorphin Figure 7a. If
muscovite and staurolite are entirely consumed,it would
not be possibleto distinguishthe two caseson the basisof
the mineral modes from the resulting pseudomorph.
B iotit e-ric h, mu sc ovit e-fr ee, p la g io c la se-fr ee
pseudomorphs
The association of muscovite-free, plagioclase-free
pseudomorphs with muscovite-free, plagioclase-free
mantles of sillimanite segregationssuggeststhat formation of these pseudomorphsis also related to the growth
of sillimanite. Four possible mechanismsfor the forma-

tion of this texture are suggestedby the observed relations: (1) the plagioclase-free
and muscovite-freemantles
of a sillimanite segregation grew around a staurolite
poikiloblast before much staurolite had broken down so
that the staurolite dissolved in a muscovite-freeand
plagioclase-freemantle; (b) the muscovite-free, plagioclase-freemantle of a sillimanite segregationgrew over a
muscovite-free,biotite-rich pseudomorphproduced by
one of the mechanismsshown in Figure 4; (c) the plagioclase-freemantle of a sillimanite segregationgrew around
a staurolitepoikiloblastwhich then dissolved,producinga
plagioclase-free,
muscovite-richpsedomorphwhich was
overgrownby a muscovite-free,plagioclase-free
mantle;
(d) a plagioclase-freemantle of a sillimanite segregation
grew ov,era plagioclase-bearing,
muscovite-richpseudomorph convertingit to a plagioclase-free,
muscovite-rich
pseudomorphwhich in turn was consumed by a plagioclase-free,muscovite-freemantle of a sillimanite segregation. The type of pseudomorphformed by mechanism(a)
can be modeledby calculatingthe local reaction if staurolite is allowed to dissolve in a biotite, qvartz, ilmenite
mantle.This can be accomplishedby deletingthe plagioclaseterms in the matrix equationshown in Figure 5 and
solvingfor the remainingunknowns.The stoichiometric
coefficient ratios for this reaction (3) are given in row two
of Table 2. The chemicalpotentialgradientterms, which
can be used to calculate the net mass transfer produced
by Reaction(3), are given in row 2 ofTable 3. Ifthere is
Iittle or no ilmenite in the staurolitepoikiloblast, Reaction
(3) should form an ilmenite-free mantle by consuming
ilmenite in the region surrounding the poikiloblast. The
local reaction involving staurolite inside of this mantle
can be calculated by removing the ilmenite and plagioclase terms from the matrices in Figure 5. The stoichiometric coefrcient ratios and chemical potential gradient
terms for this reaction (4) are given in row three of Table
2 and Table 3. The morphology, local reactions, and
mineral modes in the pseudomorph calculated by the
model for mechanism(a) are shown in Figure 8a and 8b.
Figure 8a shows the configuration if the sillimanite segregationhas a muscovitefree mantle. Figure 8b showsthe
configuration if the sillimanite segregationhas a plagioclase-freemantle (Foster, 1982).
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l+0.208+0.70

Fig. 8. Local reactions and mineral modes calculatedby the model for the formation of muscovite-free,plagioclase-free,biotiterich pseudomorphsafter staurolite. Mineral abbreviationssame as in Fig. 7. Minerals not present are shown in parentheses.

The type of pseudomorph expected to be formed by
mechanism(b) can be modeled by using Reaction (D) of
Foster(1981):
0.28 plagioclase+ 0.01 ilmenite --->
0.02 biotite + 0.65 quartz

(5)

This is the reaction calculated by the model for the
boundary between the muscovite-free mantle and the
muscovite-free, plagioclase-freemantle of a sillimanite
segregation. If it consumes a plagioclase-rich, biotiterich, muscovite-freepseudomorph,the plagioclasewill be
eliminated and replaced by biotite giving a texture with
73Vobiotite,26Vo quarlz and lVo ilmenite. The morphology, modes, and local reactions calculated by the model
for this type of pseudomorphare given in Figure 8c. The
mass transfer through the mantles produced by Reaction
(5) can be calculatedfrom the chemical potential gradient
terms given in Table 2 of Foster (1981).
The type of pseudomorphproduced when a staurolite
poikiloblast dissolves within a plagioclase-free mantle
(mechanismc) can be calculated by replacing the plagioclase terms with muscovite terms in the matrices shown
in Figure 5. The solution to these equations gives the

stoichiometric coemcient ratios and chemical potential
gradient terms for Reaction (6). They are tabulatedin row
4 of Table 2 and Table 3. Reaction (6) will produce a
pseudomorphcontaining 8396muscovite, TVobiotite, 8Vo
quartz and ZVollmenitefrom a poikiloblast which contains
TlVo staurolite,29Vo quartz. This pseudomorph can be
converted to a biotite-rich pseudomorphif it is overgrown
by the muscovite-free, plagioclase-freemantle of a sillimanite segregation. The reaction calculated by Foster
(1982)at the interface between the plagioclase-freemantle/muscovite-free,plagioclase-freemantle of a sillimante
segregationis:
0.29 muscovite + 0.05 ilmenite --->
0.20 biotite + 0.70 quartz

(7)

This reaction converts the muscovite-rich pseudomorph
produced by Reaction (6) to one with biotite, quartz, and
a small amount of ilmenite as shown in Figure 8d. A
photomicrographof this type of pseudomorphis shown in
Figure 3.
The type ofpseudomorph produced when a preexisting
muscovite-rich, plagioclase-bearingpseudomorph is
overgrown by a plagioclase-freemantle of a sillimanite
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segregation(mechanismd) can be modeled by using the
matrix/plagioclase-free mantle reaction calculated bv
Foster (1982):
0.(XX biotite + 0.055 plagioclase-->
0.013muscovite + 0.01 ilmenite + 0.94 quartz

(g)

This reaction would convert a pseudomorph containing
75Vomtscovite, 9Vobiotite, llVo plagioclase,47o quartz
and lVo ilmenite to one with 837omuscovite, TVobiotite,
8Voquartz and2Voilmenite. This texture is essentiallythe
same as the one produced by Reaction (6). If it is
overgrown by a muscovite-free,plagioclase-freemantle,
Reaction (7) will convert it to the biotite-rich. muscovitefree, plagioclase-freepseudomorph shown in Figure 8d.
The masstransfer through the mantles required by Reactions (7) and (8) can be calculated from the chemical
potential gradients given in Table I of Foster (1982).
Note that the calculated modes for the biotite-rich
pseudomorphsshown in Figure 8a, b, c and d are nearly
identical. It is not possible to distinguish between the
various mechanismson the basis of mineral modes.
Discussion
The main factors that determine the most common
pseudomorph are the proportions of staurolite, muscovite, and plagioclasein the rock when sillimanite begins
to grow. If the ratio of muscovite to staurolite and the
ratio of plagioclase to staurolite is relatively high, the
mantles that develop around growing sillimanite will not
be very thick, permitting most of the staurolite in the rock
to dissolve in a matrix of muscovite, biotite, plagioclase
and quartz (-rilmenite). This processwill produce muscovite-rich pseudomorphs which contain several percent
plagioclase, biotite, and quartz (+-ilmenite) such as the
one shown in Figure 1. Only stauroliteswhich lie next to
sillimanite nucleation sites will form biotite-rich pseudomorphs via one of the reaction mechanismsdiscussedin
the previous section.
In rocks where the muscovite to staurolite ratio is low
and the plagioclase to staurolite ratio is high, thick
muscovite-freemantlesaround sillimanite should develop
after a relatively small amount of sillimanite growth.
These mantles would enclose most staurolite poikiloblasts early in the breakdown reaction, permitting the
staurolite to dissolve in a muscovite-freemantle as shown
in Figures 4a and 7a. The portion of staurolite pseudomorphs that had formed in the matrix would initially be
muscovite-rich. These would be converted to muscovitefree pseudomorphsif they were consumed by a muscovite-free mantle as shown in Figures 4b and 7b. The
dominant pseudomorphin these rocks would be biotiterich and plagioclase-rich, similar to the one shown in
Figure 2. A few muscovite-rich pseudomorphscould be
located in regions of the rock which had not been
overgrown by muscovite-freemantles.
Rocks with low muscovite to staurolite ratios and low

plagioclaseto staurolite ratios would develop thick muscovite-free, plagioclase-freemantlesbefore much staurolite had broken down to sillimanite. Much of the staurolite
in the rock would then dissolve in a muscovite-free,
plagioclase-freeenvironment, producing biotite-rich and
quartz-rich (-+ilmenite) pseudomorphsas shown in Figures 8a and 8b. Muscovite-rich or plagioclase-richpseudomorphs which formed prior to being enclosed by a
muscovite-free, plagioclase-free mantle would be converted to biotite plus quartz pseudomorphs(*ilmenite)
by one of the mechanismsshown in Figures 8c and 8d.
The predominant pseudomorph in these rocks would be
biotite-rich and quartz-rich. A few pseudomorphs with
plagioclaseand/or muscovite might exist in regions that
were not consumed by the plagioclase-free,muscovitefree mantles.
Conclusions
The results of this study show that the model of Foster
(1981),originally proposed for muscovite-richpseudomorphs after staurolite, can be used to quantitatively
model biotite-rich pseudomorphs as well. The model
suggests: (l) muscovite-rich pseudomorphs containing
small amounts of biotite, plagioclaseand quartz form if a
staurolite poikiloblast dissolvesin a matrix where muscovite, biotite, plagioclase,and quartz are present (Foster,
l98l); (2) muscovite-rich,plagioclase-free
pseudomorphs
containingsmall amounts of biotite and quartz form when
the plagioclase-freemantle of a sillimanite segregation
consumes a matrix pseudomorph or when a staurolite
poikiloblast dissolves while surrounded by the plagioclase-freemantle of a sillimanite segregation;(3) biotiterich, plagioclase-rich,muscovite-freepseudomorphscontaining quartz form when a matrix pseudomorph is
consumed by the muscovite-free mantle of a sillimanite
segregationor when a staurolite poikiloblast dissolves
while surrounded by the muscovite-free mantle of a
sillimanite segregation;(4) biotite-rich, plagioclase-free,
muscovite-free pseudomorphs containing quartz form
when a pseudomorphis consumedby the muscovite-free,
plagioclase-freemantle of a sillimanite segregation or
when a staurolite poikiloblast dissolvesin the muscovitefree, plagioclase-freemantle of a sillimanite segregation.
According to the model, all four types of pseudomorphs
may be present in one rock. The predominant pseudomorph type should dependupon the proportions of muscovite, plagioclase and staurolite at the initiation of
staurolite breakdown. In rocks with abundant muscovite
and plagioclase, muscovite-rich, plagioclase-bearing
pseudomorphsshould predominate becausemost of the
pseudomorphswill be in the matrix of the rock. Rocks
which are rich in muscovite and poor in plagioclase
should primarily have muscovite-rich, plagiclase-free
pseudomorphsbecause most pseudomorphswill be enclosed by the thick plagioclase-freemantles of sillimanite
segregations.In rocks poor in muscovite but rich in
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