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ABsrRAcr

Computer simulation of garnet gfowth in
the assemblage garnet-chlorite-kyanite-muscovite-
quartz-water, according to several reaction models,
illustrates that the reaction processes controlling
growth can be distinguished by compositional-zoning
profiles and the dependence of partitioning on bulk
composition and grade. Three models produce zoning
profiles similar to those described in the literature:
(1) reaction-controlled growth, (2) Rayleieh frac-
tionation, and (3) equilibrium growth. However,
only the reaction-controlled-growth model explains
the variations of garnet-core compositions and tle
variation of the partitioning coefficient of Mn as
functions of bulk composition and sample grade
that have been documeoted in garnet- and staurolite-
grade rocks. Suff,icient data on intergranular dif-
fusivities do not exist to reject the diffusion-con-
trolled-reaction model, but the assumptions about
multicomponent diffusivities required 1o produce
zoning prof,iles consistent with observation make
the success of the model unlikely; published studies
on nucleation and growth of garnet also provide
evidence against the diffusion-controlled-growth
model. The reaction-controlled growth model as-
sumes that (1) the nucleation of garnet is delayed
to a temperature above which equilibrium grofih
would begin, (2) chemical potentials remain nearly
uniform in the matrix during growth and (3) dif-
fusion does not occur within garnet. The equili-
brium partitioning coefficient assumed in the Ray-
leigh fractionation model is incorrect for major
elements. A disequilibrium-partitioning model is
derived here for multicomponent systems that dif-
fers from the Rayleigh fractionation model in its
prediction that tle coefficient is sensitive to bulk
composition, extent of crystallization and amount
of overstepping. Tte success of the reaction-con-
trolled-growth model, the commonly euhedral mor-
phology of garnet and published observations on
nucleation and growth rate suggest tiat the rate of
garnet growth is limited principally by the reactions
at the garnet surface (interface kinetics) and by the
dissolution rate of reactant phases. Diffusion-con-
trolled textures or structures can still be generated
even if interfacial reactions are the rate-limiting
pr@esses, but the mobilities of component$ in theso
structure$ will be underestimated if the effect of
interfacial reactions is not taken into account. Simu-
lations of the equilibrium growth of garnet at
various locations in a hypothetical contact aureole

indicate that: (1) the radial ,growth-velocity of
earnet at ,the. garnot isograd and within,tie staurolite
zone differ by many orders of magnitude, (2) the
radial growth-velocity is highest during formation
of the core and decreases with time, and (3) rapid
equilibrium-growth is followed by a long period of
residence near the maximum metamorphic grade.
Observations (1) and (2) probably explain the pro-
pensity of high-grade rocks to overstep nucleation,
and (2) and (3) may explain the apparent equitb-
rium in the matrix in contrast to the signific2111
dispersion of partition coefficients recorded by
garnet cores and their inclusions,

Keywords: crystal growth, garnet, computer simula-
tion, disequilibrium.

SoMMAIRE

D'apris une simulation par ordinateur de la
croissance du grenat dans I'assemblage grenat-chlo-
rite-disthCne-muscovite-quartz-eau, et selon plu-
sieurs moddles de r6action, on peut distinguer les
processus de r6action responsables par le profil de
la zonation des cristaux et par la d6pendance des
coefficients de partage de la composition globale et
I'intensit6 du m6tamorphisme. Trois mod0les con-
cordent avec les profils publi6s: (1) croissance gou-
vern6e par une r6action, (2) fractionnement de
type Rayleigh, et (3) croissance i l'fuuitbre. Seul
le premier de ces mod0les rend compte et des varia-
tions de composition du noyau des cristaux, et des
changements dans le coefficient de partage du Mn
en fonction de la composition globale et de l,inten-
sit6 du m6tamorphisme, observ€s dans les roches i
grenat et i staurotide. I-es donndes sur la diffusi-
vit6 intergranulaire ne suffisent pas i infirmer un
moddle de r€action i diffusion contr6l6e; toutefois,
les hlpothBses n€cessaires concernant les coeffi-
cients de diffusivit6 dans un systeme i composantes
multiples et les r6sultats d6je publi€s sur la nu-
cl6ation et la croissance du grenat rendent I'accep-
tation de ce moddle peu probable. Ie premier
moddle supg)se l) un d€tai dans la nucl6ation des
cristaux jusqu'i une temp6rature sup6rieure au
point de croissance i f6quilibre, 2) une quasi uni-
formit€ des potentiels chimiques dans la matrice
pendant la croissance, et 3) I'absence de diffusion
interne. Les coefficients de partage i l,6quilibre,
postul6s dans le moddle de fractionnement de Rav-
leigh, sont inadmissibles pour les €l€ments maieu*.
Un modlle de rdpartition avec d6s6quilibre, 6labor6
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ici pour les systlmes i multi-composantes, diffdre
du modble de Rayleigh lorsqu'il prddit que le coeffi-
cient de partage est fonction de la composition glo'
bale, du degr6 de cristallisation et de I'importance
de I'emboitement des r6actions. I; sucCls dui pre-
mier moddle. l'abondance de cristaux dt les obser'
vations publi6s sur les taux de nucl6ation et de
croissance font supposer que le taux de croissance
est limit6 surtout par la cin6tique des r€actions a'
la surface du cristal et de dissolution. des r6actifs.
Les textures ,ou structures dues i la diffusion peu-
vent se former mdme si les r6actions i finterfa.ce
limitent le taux de croissance, mais la mobilit6 des
composantes sera sous-limitEe si I'on n6glige I'effet
de ces r6actions. Une simulation de la croissance
d l'6quilibre en divers points d'une aur6ole de con-
tact hypoth6tique donne les r6sultats suivants: l)
les vitesses de croissance radiale du cristal e I'iso-
grade du grenat et dans la zone i staurotide diffB-
rent I'une de l'autre de plusieurs ordres de gran'
deur, 2) la vitesse de croissance atteint un maximum
lors de la formation du noyau et d6croit avec le
temps, et 3) b toute croissance rapide b l'6quilibre
succide une longue p6riode statique prds du point
culminant du m6tamorphisme. Les observations l)
et 2) expliquent waisemblablement la tendance des
roches fortement m6tamorphis6es b outrepasser la
nucl6ation; 2) et 3) pourraient expliquer I'apparence
d'6quilibre dans la matrice en d6pit de la disper-
sion importante des coefficients de partage dans
le noyau des cristaux et leurs inclusions.

Cfraduit Par la R6daction)

Mots-cl6s: croissance cristalline, grenat, simulation
par ordinateur, d6s6quilibre.

INTRoDUcrroN

If chemical equilibrium is attained in a meta-
morphic rock, evidence of its geological history
up to that point is lost. Disequilibrium as$em-
blages, on the other hand, offer the oppoftunity
to decipher a record of changing conditions that

more cleady constrains tectonis models of meta-

morphism. The interpretation of disequilibrium
assemblages to yield history requires knowledge
of the processes by which crystals grow and

are destroyed.
The emphasis in this paper is placed on the

growth processes of garnet for several reasons:
( 1) it is a common mineral that forms large

crystals, (2) compositional zoning and inclu'

sions that differ from matrix crystals are formed
and preserved, (3) the description of the diffu-
sion ptocess is simplified in isotropic crystals,
and (4) thermodynamic and experimental data

are available. Many investigators have been in-

terested in garnet and have advanced many

hypotheses on the growth and zoning of crystals-

The preceding paper on simulations of garnet
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growth under equilibrium conditions (Loomis &
Nimick (1982) and this paper on disequilibrium
growth processes of garnet in chlorite-bearing,
aluminous pelitic rocks contribute to the subject
by ( i ) 

'demonstrating the significant differences
between the thermodynamic constraints of, the
multicomponent system and the binary models
usually applied to describe garnel, (2) illustrat-
ing the possible effecis of. nonequilibrium parti-
tioning laws on the popular Rayleigh fractiona-
tion model, (3) dmphasizing evidence for dis'
equilibrium growth (overstepping), and (4).
arguing for the significance of interfacial pro-
cesses in metamorPhic reactions.

The thermodynamic data and methods used
to calculate equilibrium partitioning of Mg, Fe
and Mn between phases are described in the
preceding paper (Loomis & Nimick 1982). As
stated there, the simulations of garnet growth are
restricted to garnet-chlorite assemblages con-
taining excess aluminum silicate, muscovite and
quartz. The total pressure is assumed to be 5
kbar and the water pressure, 4 kbar. The chlo-
rite-garnet assemblage was chosen because gar-
net often develops first in prograde sequences
primarily at the expense of chlorite; this is the
simplest assemblage that can be used to produce
realistic simulations of garnet growth. Moreover,
Mn is an important element responsible for
compositional zoning of garnet and, of the major
phases present in low-grade rocks, only chlorite
usually contains much Mn. Constant mole. frac-
tions of "additional" cations (garnet 0.1, chlo-
rite O,24) in addition to Mg, Fe and Mn are
assumed to be present in the phases to make
their compositions similar to those occurring
naturally and to reduce the extrapolation of
compositions from the natural assemblages from
which thermodynamic data were derived. The
standard bulk composition used to illustrate
growth of garnet is reported. in Table 3 of
Loomis & Nimick (1982). This composition
represents a typical Al-rich pelitic rock. One
thousand garnet nuclei per mole of oxides,
equivalent to approximately 56 nuclei per cmu
of rock, are assumed to be present. The use of a
different or variable number of nuclei would
change the radius of the simulated zoning pro'
files but would have no effect on the compo-
sitional history of the first crystals to form.

DrsnQurr-rnnruM-GRowrH Moorrs

Disequilibrium growth involves several pro-
cesses that are poorly known in geological sys-
tems. Consequently, we only discuss the manner
in which these variables migbt influencp growth
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and suggest the types of evidence that indisates
the operation of disequilibrium processes in
rocks. Two models of disequilibrium growth of
garnet from chlorite are introduced in the next
sections, followed by an evaluation of their
predicted effect on zoning profiles. The anal-
ogous growth-models are discussed in greater
detail for the growth of plagioclase from plagio-
clase melts in Loomis (1981). The measure of
disequilibrium in metamorphic reactions anal-
ogous to undercooling in igneous systems is
usually called "overstepping". It is defiqed as
the actual temperature of growth minus the
equilibrium temperature for the phase assem-
blage for the bulk composition.

Diffusion-controlled reaction

The diffusion-controlled-reaction model is
commonly applied to the analysis of metamor-
phic reactions, although its implications for
compositional zoning have not been examined.
The model assumes that the rate of reaction is
limited only by the rate at which components
can be transferred among discrete reaction sites
determined by nucleation processes. For garnet
growth from chlorite, the diffusing elements
that control zoning in garnet in the present
model are Mg, Fe and Mn. The alternative "re-
action-controlled growth" model, discussed be-
low, is appropriate if the diffusion rate of the
stoichiometris components Al or Si limit growth
rate.

The constraints of the diffusion-controlled-
growth model are most easily understood by
considering first the binary Mg-Fe system
shown by solid curves in Figure 2 of the preced-
ing paper (Loomis & Nimick 1982), where its
calculation is described. If the temperature is
raised to 775.6 K without any reaction ocsur-
ring (50 K overstepping), the composition of
chlorite (B) is shown by the box in Figure 2
(Loomis & Nimick L982). At this temperature,
garnet nucleates and disequilibrium growth pro-
ceeds at constant temperature until equilibrium
is achieved tlroughout the matrix. Because tle
only process limiting the growth rate of garnet
is exchange diffusion of Mg and Fe in the
matrix, the initially rapid growth of garnet will
drive the chemisal potentials of these matrix
components at the garnet surface to values cor-
responding to equilibrium at775.6 K. The som-
positions of chlorite and garnet corresponding
to the local equilibrium situation at the garnet
surface ard shown as C and G, respectively.
In the binary Mg-Fe system, these composi-
tions are rrrrique. Chemical potential gradients

o o.o2 0.o4 0.06 0.o8
CRYSTAL RADIUS (cm,

Frc. 1. Computed zoning profiles for the pelitic
bulk composition in Table 3 of Loomis & Nimick
(1982) according to the following models: E
equilibrium growth between 725.6 and 835 K
(dashed where metastable), DC diffusion-
controlled growth at 50 K overstepping (725.6
K), and RC reaction-controlled grofih at 5O K
overstepping (775.6 K), A Mn profiles, B Fe
profiles, C Mg profiles. ,'
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of Mg and Fe are established in the matrix
between the garnet-chlorite equilibrium condi-
tion at the surface of the garnet and the chemi-
cal potentials of these elements, as defined by
the composition of chlorite away from the
garnet (B in Fig. 2 of Loomis & Nimick 1982).
If chlorite is present in the region around gar-
net, its composition should vary from C at the
garnet surface to B out in the matrix. The rate
of garnet growth will decline with time as dif-
fusion gradients diminish, and growth will stop
when all remaining chlorite in the matrix
reaches composition C. The garnet produced
will be homogeneous with a composition G.

If temperature varies after garnet nucleateso
the compositions of garnet (G) and chlorite (C)
that reflect the local equilibrium state at the
garnet surface will vary according to the re-
quirement of the phase diagram. Large varia-
tions in temperature during growth would be ne-
cessary to induce significant zoning. Only iso-
thermal growth is considered here.

The isothermal growth of garnet by a diffu-
sion-controlled model is less well defined in the
ternary $ystem because the equilibrium composi-
tions of garnet and chlorite depend on bulk com-
position as well as temperature. The simplest
simulation is shown in Figure I as profile DC.
The equilibrium composition of garnet at each
step of growth was calculated using the butk
composition ol the matrix. The equilibrium com-
positions of garnet and chlorite are shown as
Gz and Cz, respectively, on Figure 3 of the
preceding paper; these equilibrium compositions
at 775.6 K can be contrasted with those for the
same bulk composition at725.6 K (Gr and Cr),
representing the initial conditions for equilib-
rium growth of garnet. The computed profile
is unzoned because components are removed
from the matrix by garnet in proportion to their
equilibrium partitioning into this phase,

The actual constraints on relative diffusion
rates implied by the simulation shown in Figure
I are not easily determined. Presumably, a bell-
shaped Mn profile might be generated if the
diffusion exchange of Mn and Mg were much
faster than Fe and Mg. At the initiation of
growth, the inhibited diffusion of Fe toward
garnet would raise the "apparent" bulk com-
position content of Mn and stabilize an equilib-
rium composition of garnet enriched in Mn and
deficient in Fe. Eventually Mn would be de-
pleted in the matrix, however, and the compo-
sition of garnet would migrate toward a Fe'
rich composition. Unfortunately, quantitative
simulation of the growth of garnet crystals con'
trolled by multicomponent diffusion processes

in spherical co-ordinates is beyond our current
ability. Whereas it may theoretically be pos'
sible to generate a bell-shaped Mn profile using
unequal diffusivities of Mg, Fe and Mn, the
assumption that Mn diffuses many times faster
than Fe seems unlikely. The data of Blackburn
(1968) on compositional variations of garnet
in high-grade metamorphic rocks suggest that
Mn equilibrated over only a slightly larger
volume than Fe, although both do show more
extensive equilibration than Mg. A more likely
prediction of zoning would be that the Mg con-
tent of garnet would be depressed initially,
raising both Fe and Mn values; subsequent
fractionation of the matrix would cause both
Fe and Mn to fall as Mg rises. Other observa-
tions that argue against the importance of dif-
fusion control of garnet growth are discussed
in the section below on processes of disequilib-
rium growth.

R eaction-controlled- grow th model and
di s e quili brium p ar ti t ionin g

This model assumes that the rate of garnet
growth is limited by factors in addition to the
diffusion of Mg, Fe and Mn in the rock matrix.
Consequently, diffusion gradients of Mg, Fe
and Mn in the matrix will be reduced. In the
end-member case investigated here, it is as-
sumed that the rate of growth. is sufficiently
slow that chemical potential gradients of Mg,
Fe and Mn in the matrix are eliminated. This
assumption is identical with that for the basic
Rayleigh fractionation model (Hollister 1966).
Several processes could restrict the rate of gar-
net growth in this way and will be considered in
the section on processes of disequilibrium re-
action.

Two consequences of the reaction-controlled-
growth model are: (1) local equilibtium at the
-rystal face is not maintained, and (2) the crystal
composition can be influenced by crystallogra'
phic factors if growth is interface-controlled.
The absence of local equilibrium at the crystal
interface adds uncertainty to our interpretation
of partitioning of elements between phases.

A partitioning model commonly used for.Mn
in garnet is Rayleigh fractionation (Hollister
1966, Atherton 1968), in which a partitioning
coefficient K'(i) indicates the relative mass or
mole fraction of component i in the crystal of
interest (x) and the matrix phase(s) (rn)z
K'(i) = Xflxf;,It is commonly assumed that
K' for partitioning between two phases is prim-
arily a function of temperatr[e, and that sfoanges
of Ko may reflect changing temperature because
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constant Kr is expected for isothermal growth.
Only Hollister (1966, 1969a) recognized that
it is necessary to assume that Mn is a minor com-
ponent in order to regard KD as constant. Un-
fortunately, many of the assumptions regarding
the behavior of Kr during equilibrium and dis-
equilibrium growth are incorrect.

If we assume ideal solution of components in
the phases, Ks is indeed a function only of tem-
perature at equilibrium. However, the equilib-
rium value of Ks cannot be correct for a dis-
equilibrium system. This can be easily illustrated
by arbitrarily defining the composition of the
matrix phase (chlorite) and using the equilib-
rium Kn for each element to calculate the com-
position of garnet; the result is a sum of mole
fractions unequal to one. Thus, the element-parti-
tioning constant is a function of ihe matrix
composition. The Rayleigh fractionation model,
as implemented above, appears to work if only
one component is calculated or if a trace ele-
ment is considered, because mass or molar
abundance problems are not obvious. In practi-
cal applications, the complications of non-ideal
solution and varying relative abundances of mul-
tiple matrix-phases (Hollister 1969a) also ob-
fuscate comparison of data and simulations.

Hopper & Uhlmann (1974) have proposed
three models of nonequilibrium partitioning for
binary systems based on thermodynamic reason-
ing; the application. of these models to the
growth of plagioclase is evaluated by Loomis
(1981). Of these, the first is pursued here be-
cause it is analogous to the Rayleigh fractiona-
tion model, the second is an approximation that
produces a result equivalent to the diffusion-
controlled simulations presented above, and the
third usually requires too many thermodynamic
data for general use.

The disequilibrium-partitioning model requires
that the free energy of the system be reduced a
maximum amount for a given amount of re-
action, a model compatible with the assumptions
of irreversible thermodynamics. I will extend
the model to systems of ,? components and eval-
uate it in terms of simple thermodynamic quan-
tities as follows. The system comprises an
assemblage containing the solid-solution crystal
of interest, denoted r (garnet) and a matrix as-
semblage m (chlorite). The energy per mole of
the solid-solution phases are:

rr
g" = ui$ 

Pl, i = l,n (t)

l.g^= ix i l i , i = l ,n

The chemical potentials p, are defined for ideal
solution by, for example,

f t :  f ; ' +  R T l n  K , i :  l , n ,  ( 2 )

where pr,r"'o refers to a standard state at the
temperature and pressure of growth. Following
Hopper & Uhlmann, the ler and .r assemblages
are formed from an initial m assemblage, where
m had the composition Xoo. The free energy of
reaction to form N moles of r and M moles of
m frem one mole of. m of the initial compo-
sition is:

AG = Ns, (4) + Mc. (4) - c. (4)
+ aGE, (3)

where AGo represents the change in free energy
attributable to other phases. The mass-balance
constraints for each component i are:

NX,.'+ MXi" : xf (4)

The value of AG is maximized as a function
of crystal composition for a fixed amount of
reaction (N and M constant) and fixed initial
Xr,o by requiring

i  :  l ,  n - 1 ,  ( 5 )

where Xl signifies that all mole fractions ex-
cept j = i are constant. Only n-I components
are independent in a crystal owing to the con-
straint

D . X ' : 1 '  ( 6 )
I

(uf)"r - o'

(#) *=(un)*

Expanding (5)

(tr) o= (#),,.
AXT' , i = l , n - 1 ,
ax',

using (4) to evaluate the last term, and intro-
ducing (3) we find

(#).

i : l , n - l . A
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This is a generallzation of the result for the
binary system. Explicitly solving (7) by intro-
ducing (1) and (2), the general constraint can
be formulated as

X', XT= oo F 
- 0r*'-ff"t+ (rto-fr"t1

X,,XT L RT I

i : L , n - 1 .  ( 8 )

Equation (8) is simply a statement of the
equilibrium distribution-coefficient Koi-" for
binary exchange of each component i and the
dependent component a. It implies that Ko"-'
for binary exchange during disequilibrium
growth is the same as for equilibrium at the
same temperature. The right-hand side of (8)
can be evaluated from thermodynamic data.
Then the composition of phase x for a defined
composition of phase nr is found as follows. For
each component i

x , f l
K;': -- K;'-_, i -- l, n - l. (9)_Y ,X i

Expanding (6), we can write

)(,
X r +  \ X t ,  : 1 ,  i : l , n  - 1 . ( 1 0 )

t X*,

Combining (9) and (10), the value of X"" is
found:

f , : - - - ) , , i = l , n - 1 .'  l+?re ; '
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Frc. 2. Thermal history curves computed for points
at the indicated horizontal distance from the
rnidpoint of the side of an intrusive body 5 x 5
km in cross section and extending 20 km down-
ward and vertically. I{egional temperature 300"C,
intrusion temperature 1000oC, thermal diffusivity
0.0079 cm'/s.

librium partitioning model will differ from the
equilibrium partitioning Kr assumed in the Ray-
leigh calculation, and the calculated composi-
tion of garnet for a given composition of
matrix will differ.

The effect of disequilibrium partitioning, ac-
cording to the model above, on the growth of
garnet from chlorite at.775.6 K (50 K overstep-
ping of the beginning of growth under equilib-
rium conditions) is illustrated in Figure 1 (cur-
ves RC). The profile was computed by assum-
ing, at each growth step, that matrix chlorite
had a composition determined by the bulk
composition of the matrix, and that the compo-
sition of garnet at each step was derived from
the chlorite composition by equations 11 and 12.

CottpemsoN or ZoNrNc PnoDUcED
BY GRowrH MoPnrs '

The simulated profiles of equilibrium-growth
zoning in Figure I (eqrve E) reproduced from
the pieceding paper (Loomis & Nimick 1982)
are Comparable to the profiles described by Hol-
lister (1966, 1969a). The bellshaped'Mn pro-
file, the small compensating rise of Mg and tbe
large rise of Fe with growth are similar. The
late-stage zoning of Mg and Fe predicted by
the simulations is not found in Hollister's sam-
ples because the garnet'ifystals did no-t grow
ihis large, and the aPpearance of biotite and
staurolite add complicating reactions. In view
of the importance iof bul( composition and nu-

:: 9Oo
9-
u
E)
F 800
E
U

U
F 700

Subsequently, the other components are found
from (9)

x, :  YtK; ' (r2)

There is a significant difference between this
disequilibrium-partitioning model based on ther-
modynamic assumptions and the partitioning
model usually assumed in Rayleigh fractiona-
tion calculations: the former model requires that
Ks for an element change as the composition of
the source phase changes, even for isotbermal
growth. Consequently, the compositional zoning
of garnet will reflect a variable Kr during
growth. Furthermore; the value of Ks at the
6eginning of growth calculated by the disequi-



cleation factors, it is remarkable that even the
MnO core composition of garnet (61 tnt,Vo
in the natural examples, and - 5.7 vrt. Vo
in the simulations) and width of the Mn bell-
shaped profili (O.O8*0.1 cm in natural examples
and -0.08 cm in the simulations) 'are similar.
We can conclude that there is no obvious dis-
crepancy between the simulated and the natural
profiles of zoning that cannot be explained by
bulk composition or nucleation.

The disequitbrium profiles in Figure 1 rep-
resent two end-member models of disequilibrium
growth at 50 K overstepping of nucleation. The
diffusion-controlled model (DC) assumes that
diffusion of Mg, Fe and Mn in the intergranular
medium is the important rate-limiting step,
whereas the reaction-controlled model (RC) as-
sumes that intergranular diffusion of these com-
ponents is infinitely fast. Comparison of the
simulated profiles in Figure 1 with the equilib-
rium-growth-model curves and natural profiles
indicates that if disequilibrium growth of garnet
occurs, (1) the reaction-controlled-growth
model easily accounts for observed zoning fea-
tures, whereas (2) the diffusion-controlled-
growth model may be able to produce the ob-
served profiles only il the diffusion rate of Mn
is much faster than that of Fe in the matrix.
The suitability of the reaction-controlled-growth
model for simulating zoning in garnet was es-
sentially arrived at by Hollister (1966) and
Atherton (1968) based on their successful ap-
proximation of Mn zoning profiles by the Ray-
leigh fractionation model.

To determine whether disequilibrium-growth
models can explain other aspects of garnet zon-
ing that are not explained by equilibrium pro-
cessesn the following sections will focus on the
variation of zoning patterns with bulk compo'
sition and metamorphic grade. Data do not
exist to evaluate the effect of these variables
on relative rates of diffusion in the matrix;
therefore, only the reaction-controlled-growth
model is considered.

The elfect ol bulk Mn and overstepping on Mn
partitioning

Table 1 summarizes partitioning data for Mn
for three bulk compositions that produce garnet
under both equilibrium and disequilibrium (re-
action-controlled growth) conditions in the gar-
net-chlorite system. Several observations are per-
tinent to the interpretation of compositional
variations in garnet. Firstly, the bulk composi-
tibn has little effect on K'(Mn) for: the first
appearance of garnet under equilibrium condi'
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TABLE l. PARIITI0NING OF ltr BEIIIIEN GARIIET AilD CHLoRITE As A ruNCTI0N 0F h

CONTEI{T OF THE SYSTEN AND TTiPERATURE

EULK fu
(@1es)

TElIPERATURE
( " K )

k  and H9 conten ts  o f  a l l  bu lk  co@os l t lon l  a .e  .06  and .04  rc les '  re3pec_

iJve ly .  E  des lgnates  4u i l lb r lum q .d th  be t reen the  t ro  tempet t lu re ! ,  D

des lq ;a t *  l so theml ,  reac t lon-contml led  grodh a t  the  ind ic r ted  tenpe. -

a iuae.  The overs tepp ing  a t  the  beq lnn inq  o f  d lgequ i l ib . lu f r  q rodh ls  Jnd l '

caied by aT. kE ls deflned ln the ted.

tions, despite the large effect of butk compo-
sition on this isograd temperature. Nearly ideal
mixing of Mn and Fe, and their similar inter-
action with Mg (Ganeuly & Kennedy 1974),
suggest that nonideal mixing considerations
would not significantly change this result. Simi-
larly, Kr changes little over a large range of
temperature during equilibrium growth.

Secondly, Ks(Mn) for the initial composition
of garnet (INITIAL Kr) to nucleate under dis-
equilibrium conditions decreases with the amount
of overstepping. A given amount of overstepping
affects K' in a similar way in all compositions.
Since increasing bulk Mn content depresses the
equilibrium temperature of the garnet isograd
and increases overstepping, the value of Kt
in garnet crystals growing at the same tempera-
ture will be inversely proportional to the bulk
Mn content (cf., 775,6 K growth for the three
compositions in Table 1).

Thirdly, Ks(Mn) is predicted to increase
markedly during isothermal growth but reaches a
fairly constant value (FINAL K') as Mn is
depleted. The increase of Ks can be correlated
with decreasing overstepping as the matrix is
fractionated toward an equilibrium composition'
Kr conv€rges to a nearly uniform value at the
end of growth in all examples in Table 1 be-
cause it becomes a trace element after depletion,
and Henry's law can be applied.

In general, these observations suggest that the
equilibrium value of Ks(Mn) is insensitive to
temperature and, as required by ideal solution,
to bulk composition. In contrast, the value of
K'(Mn) during disequilibrium growth is sensi-
tive to overstepping, which is related, in turn,
to growth temperature and to bulk composition.
The following paragraphs discuss how these
predibtions of the reaction-controlled-growth
model can explain certain observations on gar-

AT INIT IAL F INAL
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(t l  725.6 -  834.6 0 43.3 43.9
iD) 173.6 5o.o 35.5 43.5

{E) 695.8 -  834.0 0 42.4 43.9
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{t)  668.7 -  834.7 0 40.8 43.9
iDl 718,1 so.o 34.6 43.3
(ni  775.6 106.9 28.9 43.5
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net zoning not possible using the equilibrium-
growth or Rayleigh fractionation models.

The effect of bulk composition on K'(Mn)
provides an explanation for the observation of
Hollister (1969b) that the fractionation factor
analogous to Ka (he used wt. 7o instead of
mole Vo ) for the core composition of garnet
decreased apparently systematically with in-
crease of the bulk Mn content of the rock. The
five samples examined by Hollister were from
the same staurolite-grade outcrop and can be
assumed to have experienced the same thermal
history. The data presented in Table 1 indicate
that Kr should not be affected significantly by
bulk composition if the garnet crystals begau
growing at their equilibrium temperatures. Simi-
larly, if they all grew at the same amount of
overstepping of their respective equilibrium-tem-
peratures, a significant trend of Ks with bulk
composition would not be visible. However, if
all garnet crystals nucleated at approximately
the same temperature under disequilibrium con-
ditions, Kr (core composition) would decrrease
significantly with bulk Mn because tle amount
of overstepping would be gteater in rocks en-
riched in Mn.

Additional support for the overstepping model
comes from the data of Atherton (1968). Using
bulk-rock and measured garnet-core composi-
tions, he found that Ku(Mn) decreases with in-
creasing metamorphic grade. Whereas diffusion
within garnet would result in gteater relaxation
of Mn curves at a progressively higher grade,
it is unlikely that significant diffusion occurred
between the garnet- and staurolite-isograd tem-
peratures because (1) complex zoning of Ca
and Mg is preserved in the core region of some
zoning profiles, (2) estimates of the exchange
diffusivity of Mg and Fe in garnet based on
the data of. Lasaga et al. (L977), Loomis
(1978) and Elphick et al. (1981) indicate that
little relaxation of profiles should occur, and
(3) Yardley (1977) and Woodsworth (1977)
found that evidence of homogenization of gar-
net crystals was restricted to higher-grade rocks.
The decreasing value of nucleation Ks with
grade is easily explained if the amount of over-
stepping at the initia.tion of garnet growth in-
creased monotonically with maximum grade.

A final observation is that of Hollister (1966,
Fig. 2); discrepancies between his Rayleigh frac-
tionation simulations and measured profiles sug-
gested to him that Kr(Mn) varied during
growth. The variation of Kr during isothermal
growth predicted by the disequilibrium-parti-
liening model developed here improves the fit
between simulated and observed profiles.

Mg and Fe zoning

Hollister (L969a, p. 1484) compared the zon-
ing profiles of garnet in chlorite-bearing as-
semblages from different metamorphic grades
and noted that (l) the zoning of Mg/Fe ratio
is small in the central part of each grain of
garnet, (2) the profiles of garnet grains from
different grades do not overlap, and (3) the
average Mg/Fe ratio increases with grade. The
Mg/(Mg * Fe) ratio in garnet cores for bio-
tite, biotite f staurolite, and biotitq * silli-
manite assemblages are 0.038, 0.099 and O.153,
respectively. Based on these data, he suggested
that garnet crystals found at high grades did not
nusleate at the same temperature as their lower-
grade counterparts, but that they grew directly
at higher temperature. Bulk compositions of gar-
net obtained by Atherton (1968) also show an
average increase of Mg/Fe with distance above
the garnet isograd (samples 4 to 13).

The possibility that Mg/ (Mg * Fe) ratio in
the garnet core is controlled by the bulk-rock
composition can be evaluated. Considering the
garnet-chlorite equilibrium approximated in Fig-
ure 2 (Loomis & Nimick 1982), it is apparent
that there would have to be a systematic in-
crease of bulk Mg/ (Mg * Fe) to very high
values to explain the systematic shift of garnet-
core composition. Moreover, the temperature of
first appearance of garnet would be shifted to
values approximating the staurolite isograd it-
self. The possibility that increasing Mn content
of the bulk composition in higher-grade samples
could increase the ratio Mg/(Mg * Fe) can be
discounted, because the data presented by Hol-
lister (1969a, Figs. 8, 19) indicate that the
concentration of Mn in a garnet core declines
with grade; Atherton (1968) also documented
this trend in his samples.

The systematic variation of Mg/(Mg * Fe)
with grade documented by Hollister (1969a)
can be explained by a progressive increase of
overstepping with grade. For the bulk compo-
sition modeled, the ratio Mg/ (Me f Fe) in
the garnet core is predicted to increase from
O.o47 to 4.061 with 50 K of overstepping ac-
cording to the reaction-controlled-growth model.

DISEQUILIBRIU}{-REACTIoN PRocEssEs

Disequilibrium is created whenever growth or
reaction rates of crystals do not keep pace with
changing environmental conditions. Disequilib-
rium growth is accepted in some igneous sys-
tems, but has been slow to be acknowledged in
metamorphic cases. One argumetrt is that meta-



DISEQUILIBRIUM GROWTH OF GARNET IN PBLITIC ROCKS 4L9

morphic reactions occur over long periods of
time, and equilibrium is more likely to be
achieved. Yet, the grain size and nucleation
density in metamorphic rocks, measures of the
relative ease of growth and transport processes,
are similar to those in igneous rocks. Thus, the
disequilibrium processes that govern the growth
of crystals in igneous systems may well play a
role in metamorphic rocks.

Several factors could restrict the rate of
growth of garnet. First is limited rate of diffu-
sion of components in intergranular medium. If
diffusion of Mg, Fe and Mn are the rate-limit-
ing steps, the reaction model is here called "dif-
fusion-controlled growth". If the diffusion of
Al or Si is the rate-limiting step, the appropriate
reaction model is "teaction-controlled growth".
As discussed previously, it may be possible to
generate zoning patterns similar to those ob-
served with the diffusion-controlled-growth
model if Mn has a much higher diffusivity than
Fe. Because the Al content of garnet is nearly
stoichiometric in pelitic rocks (and ferric iron
cannot be distinguished with the microprobe) '
there is no direct evidence of the significance of
Al diffusion recorded in compositional zoning.
Textural evidence has been cited to support the
contention that the limited diffusivity of Al con-
trols inclusions within crystals, local mineral as-
semblages and, to some extent, the morphology
of aluminous crystals in metamorphic rocks
(e.g., Carmichael 1969, Fisher 1970); however,
other work suggests that Al is not as immobile
as commonly assumed (Foster 1977, l98l).

The evidence against the significant control
of diffusion of Al and Si on garnet nucleation
and growth rate is impressive. Careful study of
the distribution and size of garnet crystals in
several types of rocks yielded the unanimous
conclusion that nucleation was random and that
growth was not controlled by competition for
components with neighboring garnet crystals
(Jones & Galwey 1964, Galwey & Jones 1966'
Kretz 1966, 1973). Galwey & Jones found that
nucleation density in rocks with similar thermal
histories lacks correlation with the amount of
garnet crystallized; this observation suggests that
nucleation of garnet is not controlled by the
supply of its constituents in the matrix. The
progressively increasing rate of nucleation with
time, found by the authors cited above, prob-
ably does not correlate with the supply of garnet
constituents by reaction, as exemplified by the
curve in Figures 4 and 5 of Loomis & Nimick
(1982). Finally, it seems unlikely that the rates
of intergranular diffusion of Mn and Fe are
much slower than those of Al or Si, and that

the relative diffusivity of Mn and Fe will be
of the sorrect magnitude, and have the correct
dependence on bulk composition and tempera-
ture, to match the observations discussed above.

A second factor controlling the rate of garnet
growth is the interfacial process whereby a gar'
net crystal is formed from the intergranular
medium. The significant influence of interfacial
processes on the growth of metamorphic crystals
is evident from the presense of crystal faces,
which imply anisotropic growth. The morpho-
logy of a crystal whose growth is controlled
solely by diffusion will depend on the source of
its constituent components and rejection of
others, whereas interface processes allow the
internal structure of the crystal to control mor-
phology. Anisotropic interface kinetics can in-
crease the stability of crystal faces against the
tendency for instabilities to form in response to
external thermal or compositional gradients.
Kirkpatrick (L975) has reviewed the various
types of interface-controlled mechanisms of
growth.

A third factor that could control the rate of
garnet growth is the process of dissolution of
reactant minerals. The rate of dissolution can
be controlled by diffusion within dissolving
crystals or by interface kinetics. From a number
of detailed studies of disequilibrium rcactions in
high-grade metamorphic rocks, I have concluded
that dissolution of kyanite or sillimanite and
intragranular diffusion within reactant garnet
are far more effective at limiting rate of re-
action than intergranular diffusion (Loomis
1976, 1977, 1979). Both aluminum silicate min-
erals develop euhedral forms by anisotropic
growth, suggesting that interfacial processes are
significant factors in their reactron. In the
present example of garnet and water forming
from chlorite, kyanite and quartz, the dissolu-
tion rate of kyanite could be expected to be
the process-limiting rate of reaction.

I believe that there is ample evidence of the
significant control of interfacial processes on the
growth of garnet reported in the literature.
Prograde garnet crystals are commonly euhedral,
indicating that the interfacial processes respon-
sible for anisotropic growth must have some
rate-limiting effect. Kretz (1973) compared zon-
ing profiles in several garnet crystals of varying
sizes to correlate growth rate with an extensive
property of the crystals. His data (Kretz 1973,
Fig.4) indicate that the rate of change of garnet
growth falls slightly below that expected if
growth rate were controlled by surface area, but
far above that expected if growth were con-
trolled by diffusion in the matrix. Growth rate
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propoftional to surface area would be expected
if only interface nucleation processes controlled
growth, because the probability of nucleating a
new crystal layer would be proportional to the
surface area. Kretz (1966) suggested that the
activation energy for interface growth is not
greatly different than that for nucleation based
on the relationship of grain-size distribution to
median grain-size. This result is reasonable if
garnet grows by a surface-nucleation mechanism.
In 

-addition, 
there is enough evidence of the

recalcitrant dissolution of aluminum silicates
cited previously and of their metastability (e.9.,
in rock samples cited here and by Hollister
1969b) to propose that dissolution of kyanite
and sillimanite may delay nucleation and limit
the rate of growth of garnet.

Rerus on Cnysrer, Gnowtn rN Conrecr
METAMoRPHISM

The comparison of garnet-growth simulations
with natural profiles and partitioning data
suggests that garnet grains found in rocks above
the garnet isograd may have nucleated with
significant overstepping. The equilibrium-
growth simulations described in the preceding
paper (I-oomis & Nimick 1982) and a simple
thermal model of contact metamorphism can
be used to gain some idea of the relative
growth-rates of crystals that must be achieved
to maintain equilibrium in various parts of a
metamorphic terrane.

Figures 4 and 5 of the preceding work (Loomis
& Nimick 1982) show the volume of garnet
growth by the equilibrium model as a function
of temperature. They demonstrate that increas-
ing Mn in the bulk composition should cause
the appearance of garnet at an increasingly
lower temperature, but that the volume of
garnet grown is small until almandine-rich com-
positions become stable. The profiles in Figure
I (this paper) exaggerate the apparent volume
of Mn-rich garnet owing to the spherical geo-
metry of the crystal.

Figure 2 shows the computed thermal history
that would be experienced by rocks at four
distances from a hypothetical intrusion em-
placed at 1000'C in rocks with a regional tem-
perature of 300'C. The intrusive body meas-
ures 5 x 5 km in horizontal cross section
and extends above and below the sample plane
a large distance (20 km). The metamorphic
samples are located 10, 30, 100, and 3@ m
from the edge of the body. The model neglects
possible complications of convective motions
of water and magma, and the effect of meta-
morphic reaction on heat flow.
The thermal model of Figure 2 can be com-

bined with our equilibrium-growth qimulations
to compute the growth rate of garnet at each
point. These computations are presented in
Figure 3 in terms of the radial velocity of
growth of garnet spheres as a function of the
amount of growth for each of the four hypo-
thetical samples. I have neglected any differ-
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ence in nucleation rate. The information in
Figures 2 and 3 is useful to critically evaluate
the various models of garnet growth. The
figures show that the growth rate of a crystal
must vary almost tlree, orders of magnitude
over a distance of 290 m in this hypothetical
aureole to maintain equilibrium. Rocks just
beyond the garnet isograd in temperature would
develop garnet at rates orders of magnitude
slower yet. Whereas the equilibrium-growth
model demands these large variations in growth
rate, there is not a compensating variation of
mobility of components. The rate of surface
reactions, the mobility of components along
grain boundaries and the rate of diffusion of
components tlrough crystals should be similar
in all samples during the simulated growth-
event, because the temperature at each stage
of growth is identical in all samples at equilib-
rium. If there is any tendency toward disequi-
librium during growth in contact-metamorphic
rocks, it is apparent that kinetic constraints
on growth will be greatly exaggerated during
development of high-grade rocks.

Another observation from Figure 3 is that
the greatest growth-velocity of a garnet crystal-
lizing at equilibrium occurs early in its growth
history, and that the slowest velocity probably
occurs near the termination of growth. This
trend of growth rate will probably be en-
hanced under disequilibrium as the matrix is
fractionated. If we accept radial growth-velo-
city at equilibrium to be a rough guide to the
rate at which equilibration processes (diffusion
and interface reactions) must occur in the
matrix, then the greatest opportunity for dis-
equilibrium obtains early in the growth history
and the least near the end of growth. Maximum
disequilibrium at the beginning of growth may
explain the large variations of Kr for garnet
cores measured in natural samples.

A final observation of possible kinetic signifi-
cance in Figure 2 is that each sample in the
hypothetical aureole experiences prolonged resi'
dence at its maximum temperature after passing
through the equilibrium-growth interval of gar-
net. Consequently, we should be careful to dis-
tinguish between the rapidly changing condi-
tions at which garnet might have grown and
the stable conditions at the "isograd" tempera-
ture where the matrix phases (and possibly
garnet) had a long time to reach equilibrium.
The long period of annealing at higb tem-
perature and slow growth-rate at the end of
garnet growth could explain why equilibrium
partitioning of components is so common be-
tween garnet rims and matrix phases, but that

Ks for garnet cores, and core composition,
zoning morphology and inclusion compositions
show significant dispersion.

CoNcl-ustoNs

The computer simulations of garnet growth
compared here provide a basis for estimating
the effects of equilibrium and disequilibrium
processes on garnet growth in chlorite- and
biotite-bearing assemblages. Both the equilib'
rium-growth and the reaction-controlled-growth
models predict Tening morphologies consistent
with those observed in garnet- and staurolite-
zone rocks. Although both models differ from
the Rayleigh fractionation model applied by
Hollister (1966), their success in predicting
observed profiles confirms the basic assumP-
tions of the Rayleigh model, namely: (1) equi-
libration within garnet is limited during growth,
and (2) the chemical potentials of Mg, Fe and
Mn components remain nearly uniform in the
matrix.

The equilibrium growth, reaction-controlled
growth, and Rayleigh fractionation models dif-
fer substantially in their predictions of effects of
temperature of growth and bulk composition on
partitioning of elements between garnet and
the matrix. The disequilibrium partitioning law
used here suggests that partitioning can be
used as a measure of overstepping, where over-
stepping is a function of temperature, bulk
composition and extent of reaction. In con-
trast, the equilibrium growth and the Rayleigh
fractionatron models are distinguished by the
insensitivity of partitioning to bulk composition
and extent of reaction. The trends of partition-
ing of Mn, Fe and Mg as a function of grade,
bulk composition and extent of crystallization
reported by Hollister (L966, 7969a) and Ather-
ton (1968) are consistent only with the reaction-
controlled-growth model and the inference that
the extent of overstepping during nucleation of
garnet increased in direct relation to the ulti-
mate grade of the sample. If garnet does grow
according to the disequilibrium-partitioning law
developed here and at progressively greater
overstepping with grade, the amount of diffu-
sion that has been inferred to occur from the
derease of gradients in zoning profiles with
grade (e.g., Woodswgrth 1977, Yardley t977)
is overestimated because growth profiles similar
to those of lower-grade samples were never
created.

Sufficient data do not exist to determine
whether the diffusion-controlled-growth model,
in which only the diffusivity of Mg, Fe and Mn
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control the growth raten san explain the ob-
served zoning profiles and effects of bulk com-
position and grade on Kr. However. it seems
unlikely that the relative rate of intergranular
diffusion of Mn and Fe will be found to vary
with temperature and composition in exactly
the correct way to produce the observed effects.
Moleover, the studies of garnet nucleation and
growth rate discussed in the preceding section
do not support models of diffusion-controlled
growth.

Kinetic processes at the garnet surface and
possibly the interfacial processes that control
the dissolution rate of aluminum silicate min-
erals are probably the most important reaction
steps that limit the nucleation and growth rate
of garnet. The existence of an interface control
of reaction rate does not require that textures
controlled by Al-Si diffusion cannot be formed.
Dissolution, diffusion and interface-controlled
growth act in series and may all exert a limit-
ing effect on growth rate. The effect of dis-
continuities in chemical potentials at crystal
interfaces seryes to reduce the gradient of these
chemical potentials in the matrix, the amount
of reduction being proportional to the extent
of interface control. But diffusion gradients
will still exist and influence mineralogy through
their control of bulk composition. Thus, the
existence of diffusion-controlled structures
does not prove that reaction rate is nol domi-
nantly controlled by interface kinetics, as I have
emphasized before (Loomis 1976). It does
mean, though, that the mobility of components
estimated from such structures will be under-
estimated because the actual gradient of a
chemical potential is less than it is estimated
to be if the rate of reaction is assumed to be
controlled solely by diffusion. The explanation
of the creation of obvious diffusion-structures
in an initially homogeneous rock is basically a
problem in nucleation.

The model of garnet formation adopted here
was essentially established by the work of
Kretz (L966, 1973) and Hollister (1966,
1969a\. The model assumes that garnet nu-
cleates slowly with increasing overstepping, so
that most crystals nucleate at significant over-
stepping. The model is based on the concept
that nucleation of garnet, interface-controlled
growth of garnet and diffusion within garnet
are processes with high activation-energies rela-
tive to intergranular diffusion. The same model
can probably be applied to kyanite and silli-
manite (Loomis 1972), and probably to several
other minerals.

Comparisons of the predictions of the dis-

equilibrium-partitioning model and observed
trends of Kr with grade and butk composition
suggest that in codtact-metamorlihosed rocks,
(1) overstepping insreases with the ultimate
grade of the sample, and (2) the temperature
at which most garnet grains nucleate may be
similar in an outcrop and does not depend on
bulk composition. These conclusions indicate
that garnet development is controlled princi-
pally by thermal history. The observations are
readily explained by Figure 2 if we assume that
the sluggish nucleation of garnet delays the
development of most crystals long enough that
"platgau" temperatures are reached.
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