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ABSTRACT

Recently published numerical models of Ostwald ripening greatly overestimate rates of coarsening for garnet porphyroblasts,
because of inappropriate choices for values of the input parameters that control diffusional fluxes of Al. More appropriate values
compel the conclusion that diffusional fluxes are much too small for this process to modify garnet size-distributions appreciably,
because driving forces are negligible for crystals larger than a fraction of a micrometer. Measured crystal-size distributions for
garnet porphyroblasts differ in important details from those predicted for Ostwald ripening, but match those predicted by models
of thermally activated primary nucleation and growth. Self-similar pseudonormal porphyroblast size-distributions that coarsen
with metamorphic grade, previously offered as the principal evidence in favor of Ostwald ripening, are instead the combined
consequence of nucleation rates dependent upon the amount of thermal overstepping of reaction and growth rates that are expo-
nential functions of absolute temperature.
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SOMMAIRE

Les modeles numériques récemment publiés pour décrire le mirissement d’Ostwald ménent & une surestimation des taux
d’augmentation de la granulométrie des porphyroblastes de grenat, & cause d’un choix inapproprié des valeurs des parametres
introduits pour décrire les flux de I’aluminium par diffusion. Des valeurs plus appropriées menent 2 la conclusion que les flux
seraient beaucoup trop faibles pour que ce processus soit capable de modifier de fagon appréciable la distribution de la taille des
cristaux de grenat, compte tenu de la force motrice de cette recristallisation ol la taille des cristaux dépasse une fraction d’un
micrometre. Les distributions mesurées de la taille des porphyroblastes de grenat different de fagon importante dans les détails de
celles prédites selon un mérissement d’Ostwald, mais elles sont tout-a-fait comparables a celles prévues selon la nucléation
primaire et la croissance de cristaux par activation thermique. Les distributions de taille de porphyroblastes pseudonormales et
auto-semblables, qui deviennent de plus en plus grossieres avec Iintensité de la recristallisation métamorphique, qu’on proposait
par le passé comme argument en faveur d’un mirissement d’Ostwald, semblent plutdt maintenant la conséquence combinée des
taux de nucléation selon le degré de dépassement du seuil thermique d’une réaction métamorphique et des taux de croissance
variant exponentiellement avec la température absolue.

(Traduit par la Rédaction)

Mots-clés: mirrissement d’Ostwald, cristallisation, porphyroblaste, cinétique.

INTRODUCTION

The pioneering studies of Ralph Kretz (1966, 1969,
1973, 1974) made it evident that metamorphic processes
at subcrystalline length scales can be revealed by mea-
surement and analysis of macroscopic textural features
of metamorphic rocks. In particular, Kretz showed that
crystal size distributions (CSDs) of porphyroblasts, to
the extent that they are not modified by later processes,
contain detailed information on the mechanisms and
relative rates of nucleation and growth of crystals. This
contribution to the volume in Kretz’s honor considers
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whether coarsening following primary nucleation and
growth has an appreciable effect on the size distribu-
tions of porphyroblasts in metamorphic rocks, and con-
cludes that it does not.

BACKGROUND

The CSDs that are initially established by any nucle-
ation and growth process can, at least in principle, be
coarsened by recrystallization driven by a reduction in
interfacial free energy. Joesten (1991) provided a com-
prehensive review of the kinetics of such grain growth.
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For present purposes, it is important to discriminate be-
tween two types of grain coarsening that may occur in
geological systems, because each has distinctly differ-
ent mechanisms and kinetics.

In single-phase systems, grain coarsening driven by
reduction in interfacial free energy is widely acknowl-
edged to operate in a variety of metals and mono-
mineralic aggregates. Geological examples include
monomineralic aggregates of quartz, calcite, or wollas-
tonite (Joesten 1991) and of clays (e.g., Eberl et al.
1990). Even though driving forces are small, coarsen-
ing occurs rapidly in single-phase systems, because
material residing in a smaller grain needs only to move
across a grain boundary into a neighboring larger grain
in order to reduce the total interfacial free energy. Thus
the required distances of transport are on the order of
the width of a single grain boundary, probably only a
tiny fraction of a micrometer.

In polyphase systems, coarsening of particles of one
phase disseminated throughout a matrix of one or more
different phases will also reduce the total interfacial free
energy; the term “Ostwald ripening” is commonly used
to describe such an increase in grain size of a precipi-
tate phase in metallurgical or ceramic systems. This pro-
cess, however, must proceed by mechanisms distinctly
different from those that produce grain growth in single-
phase systems. Coarsening of a dispersed phase requires
diffusional transport of material along grain boundaries
or grain edges from small crystals to large, over dis-
tances on the order of the mean separation between
grains of the dispersed phase. In metamorphic rocks, the
most rapid form of such transport would involve, in
most circumstances, dissolution of components of
smaller crystals into an intergranular fluid occupying an
interconnected network of grain edges, transport
through the network to the surface of a larger grain, and
reprecipitation on the larger crystal.

Controversy exists in the recent literature over the
relative importance of Ostwald ripening as a factor in
determining the CSDs of garnet porphyroblasts in meta-
morphic rocks. Whereas Cashman & Ferry (1988) and
Miyazaki (1991, 1996) have concluded that garnet
CSDs are strongly modified or even largely governed
by such processes, my coworkers and I have contended
that garnet CSDs in typical metamorphic rocks record,
with little or no modification by annealing, the original
ranges in size resulting from processes of primary nucle-
ation and growth (Carlson 1989, Carlson et al. 1995,
Denison & Carlson 1997). In this article, the controversy
is re-examined in the light of recently published and new
numerical simulations of metamorphic crystallization.
The implications of Miyazaki’s (1996) elegant numeri-
cal models of Ostwald ripening are evaluated after care-
ful scrutiny of the values chosen for the input
parameters, leading to the conclusion that Ostwald rip-
ening of garnet proceeds far too slowly in metamorphic
rocks to materially affect CSDs. The observations that
underlie arguments in favor of Ostwald ripening for
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metamorphic garnet are then assessed, and alternative
explanations are offered for them in terms of thermally
accelerated, diffusion-controlled nucleation and growth.

RaTES OF OSTWALD RIPENING OF GARNET
DURING METAMORPHISM

Analytical descriptions of the process of Ostwald
ripening were first presented by Lifshitz & Slyozov
(1961) and by Wagner (1961), and the set of equations
governing the time evolution of grain-size distributions
driven by reduction in interfacial free energy has thus
become known as the LSW (Lifshitz — Slyozov —
Wagner) theory. The LSW theory postulates that be-
cause of the Gibbs — Thompson effect, the equilibrium
concentration of a component at the surface of a crystal
is an inverse function of that crystal’s radius. As a re-
sult, gradients in concentration exist between the sur-
faces of small crystals and the surfaces of larger crystals,
which drive diffusion through the intergranular medium.
Diffusion transfers material from small grains to large,
thereby producing an overall coarsening of the dispersed
particles with a concomitant reduction in their number
as the smallest crystals dissolve. An important feature
of the LSW theory is its prediction that there exists a
single steady-state size distribution (when normalized
to mean crystal size and maximum frequency), toward
which all initial distributions evolve with time. Once this
steady state is achieved, coarsening continues without
change in the shape of the normalized size-distribution.

Miyazaki (1996) incorporated the precepts of the
LSW theory into numerical simulations of Ostwald rip-
ening, in order to extend the theory to the case of an
inhomogeneous initial distribution of crystals, for which
the LSW theory provides no analytical solution. As a
test of the model, he compared its predictions for a ho-
mogeneous case with those of the LSW theory. Because
the agreement is good, it is likely that the model cor-
rectly captures the qualitative aspects of the behavior of
these systems during annealing.

The absolute rates of grain coarsening predicted by
Miyazaki’s model, however, depend very strongly upon
the values chosen for the model’s input parameters. The
most critical parameters are those that control the mate-
rial fluxes of dissolved components during annealing,
in particular the effective diffusion coefficient through
the intergranular medium (D), and the effective bulk
equilibrium concentration of the dissolved components
(Cefr). [The value of Cegr is given by the mathematical
product of the concentration of dissolved components
in equilibrium with an imaginary crystal of infinite ra-
dius in a connected intergranular fluid network (Ceger)
and the volume fraction occupied by that fluid (b¢).] The
discussion that follows indicates that even if the most
favorable possible choices are made for these param-
eters, as was done in Miyazaki (1996), rates of coarsen-
ing are able to account for porphyroblast sizes only in
very fine-grained metamorphic rocks. If more conser-
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vative choices for values of the input parameters are
made, rates of coarsening by Ostwald ripening turn out
to be many orders of magnitude too slow to have appre-
ciable effects on size distributions of metamorphic gar-
net.

Annealing rates from Miyazaki (1996)

The most generous assessment of rates of Ostwald
ripening would use the set of input parameters employed
by Miyazaki (1996) to generate his Figure 1, which is
reproduced in Figure 1 here. The diagram is a log-log
plot that shows the modeled evolution of the mean grain-
size of a population undergoing Ostwald ripening as a
function of annealing time at a temperature of 500°C.
Curves 1, 4, 5, 6, and 7 all use the same input values for
the parameters that control the rates of material trans-
fer; they differ only in the initial sizes and number den-
sities of crystals used in the model. All of these curves
converge to a single line after different time-intervals,
from which it is possible to estimate the time required
to reach a given mean size of crystals by Ostwald ripen-
ing of a finer-grained population at 500°C. As an ex-
ample, the calculations indicate that a mean radius of
100 wm would be reached after ~250,000 years, but that
amean radius of 1 mm would not be achieved until ~250
m.y. had elapsed at 500°C. Curves 2 and 3 each reduce,
by a factor of ten, one of the input parameters control-
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ling transport rates (Degr or Cefr). These curves are su-
perimposed on one another in a parallel line below the
first line; along this lower line, the times required to
reach any chosen mean grain-size are a factor of ten
larger than along the upper line. Thus ~2500 m.y. would
be required to reach a mean crystal radius of 1 mm at
500°C using these parameters.

So even if one accepts at face value the input param-
eters of Miyazaki (1996) that produce the most rapid
coarsening (curves 1, 4, 5, 6, and 7), one must conclude
that Ostwald ripening in annealing events lasting a few
million years at 500°C would appreciably affect only
those populations of garnet crystals whose radii before
annealing were smaller than about 100-300 wm. Popu-
lations of garnet crystals with mean radii larger than
about 300-500 pm, which are common in amphibolite-
facies regional metamorphic terranes, almost surely did
not originate by coarsening of a population of finer-
grained precursor crystals.

It should also be kept in mind, however, that rates of
coarsening are proportional to rates of intergranular dif-
fusion, which vary exponentially with temperature. If
one assumes an activation energy of 140 kJemol™!
[based on the activation energy determined for inter-
granular diffusion of Si by Farver & Yund (1998)], rates
of coarsening at 300°C would be nearly 2000 times
slower, and those at 700°C would be about 100 times
faster. Miyazaki’s model therefore predicts that anneal-
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Fig. 1. Relation at 500°C between mean radius (rpean) of garnet crystals and time, as

predicted by the LSW theory for Ostwald ripening, redrawn from Miyazaki (1996).
Curves 1, 4, 5, 6, and 7 use identical values for all parameters except for initial mean
crystal-radius and initial number density. Curves 2 and 3 (superimposed) use the same
parameters as curve 1, except that each decreases one of the parameters governing
diffusional fluxes by a factor of ten, producing a tenfold increase in the time required to
achieve a given mean crystal radius. The analysis of these calculations made in the text
argues that the rates of coarsening shown here are overestimated by at least 11 orders of

magnitude.
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ing at 300°C for a few million years will have appre-
ciable effects only on porphyroblasts with radii smaller
than about 10-20 um, whereas annealing at 700°C for a
few million years might produce coarsening of popula-
tions with mean radii up to perhaps 1-2 mm.

Overall, the calculations of Miyazaki (1996) indicate
that Ostwald ripening could be a viable explanation for
garnet CSDs only for populations of very fine-grained
porphyroblasts, or perhaps for populations annealed for
long times at high temperatures. The calculations reveal
a strong dependence of inferred rates of coarsening upon
the choices made for values of Deg and Cegrw. Decreas-
ing either of these parameters by a factor of ten increases
the time required for annealing by a factor of ten, sharply
reducing the range of possible geological environments
in which annealing of dispersed phases can have an
appreciable effect. So before accepting a significant role
for Ostwald ripening even in those cases for which it
appears marginally viable, it would be prudent to ex-
amine carefully the values used for the parameters that
determine rates of transport.

Values for parameters affecting rates of annealing

Because the mechanism envisioned for Ostwald rip-
ening requires diffusional transport of dissolved species
through the rock matrix along an interconnected net-
work of grain edges, rates of coarsening depend directly
upon: (1) the effective concentration of the dissolved
species in the bulk matrix (Cefs), which is the math-
ematical product of the equilibrium solubility, for a hy-
pothetical crystal of infinite radius, of the components
in the connected intergranular fluid network (Ceger) and
the volume fraction occupied by that fluid (¢y), and (2)
the effective bulk diffusion coefficient of the compo-
nents through the rock matrix (Deg). Miyazaki (1996),
in concert with others (e.g., Carlson et al. 1995), re-
garded the solubility and transport of Al dissolved in an
intergranular fluid to be rate-limiting for the growth and
dissolution of garnet. Thus to evaluate the required pa-
rameters, one needs information on the solubility of Al
in the metamorphic fluid during metamorphism, on the
volume fraction of fluid occupying the interconnected
network of grain edges, and on the effective rate of dif-
fusion of dissolved aluminous species in the intergranu-
lar fluid.

Effective concentration of Al. Miyazaki (1996, p.
280) employed a value of 1.7 X 1077 molesmm™ for the
solubility of Al in his model. This is the value deter-
mined by C.W. Burnham (in Clark 1966) for Al in an
H5O-rich fluid in a natural granitic pegmatite at 9.6 kbar
and 600°C. However, Miyazaki also made reference (p.
289) to three experimental determinations of Al solu-
bility in fluids equilibrated with metamorphic assem-
blages, all of which produced values of 10~ molesmm™,
more than two orders of magnitude smaller: paragonite
+ albite + quartz at 2 kbar and 400-500°C (Woodland
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& Walther 1987), quartz + andalusite + muscovite at 2
kbar and 500-600°C (Pascal & Anderson 1989), and
microcline + muscovite + quartz at 2 kbar and 400—
500°C (Walther & Woodland 1993). No reason was
given by Miyazaki for selecting the higher solubility in
preference to the lower value arising in common among
all three experimental determinations, all of which seem
to have the advantage of matching the simulated tem-
perature (and assemblage?) more closely than does the
determination that was chosen. Clearly an argument can
be made that the effective concentration of Al should
be two orders of magnitude smaller than the value
employed in the published simulations appearing in
Figure 1.

Volume fraction of fluid network. Miyazaki (1996,
p. 280) used a value of 102 for the volume fraction of
the fluid network, citing observed porosities of 1% in
experimentally equilibrated aggregates of quartz (Farver
& Yund 1992), and a computed volume-fraction of
about 1% for trapped fluid inclusions in some metamor-
phic rocks (Nakashima et al. 1995). Only a small frac-
tion of the total porosity, however, is likely to represent
interconnected diffusional pathways. Farver & Yund
(1992, p. 14,026) actually calculated a lower limit of
1.5-2.9 X 107 for the fraction of the sample volume
that is occupied by interconnected pores, and com-
mented that “...the measured [bulk diffusion coefficient]
requires that <1% of the porosity was interconnected at
any given time.” Thus for a total porosity of 1072, the
effective interconnected pore-volume must be less than
107%; the calculated lower limit would suggest that it
could be as low as 107

Moreover, porosities far lower than 102 are usually
encountered in models of metamorphic fluid flow con-
strained by petrological and isotopic data. Ferry &
Dipple (1991), for example, estimated porosity contrib-
uting to flow through metacarbonates at the Beaver
Brook (New Hampshire) locality to have been between
2 X 1073 and 5 X 10™*; Bickle & Baker (1990) esti-
mated that interconnected porosity along grain edges
in marble bands on Naxos, Greece was on the order of
1075, If one considers that decarbonation reactions in
these metacarbonate lithologies produce large reduc-
tions in solid volumes, leading to transient reaction-en-
hanced porosity, it seems likely that interconnected
porosities in pelitic and mafic units crystallizing garnet
are even lower than these estimates for metacarbonates.
In any case, both experimental and petrological evidence
suggests that the porosity values appropriate to anneal-
ing by Ostwald ripening should be smaller than those
employed in Miyazaki’s model, by at least two orders
of magnitude, and perhaps four.

Effective diffusion coefficient. Of all choices made
by Miyazaki (1966) for model parameters, the one that
is most discrepant with other values in the literature, and
that seems most difficult to defend, is the value of the
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effective diffusion coefficient for Al in the intergranu-
lar medium. Miyazaki (1996, p. 280) asserted that the
effective diffusivity of cations in metamorphic fluid is
similar to that of oxygen, and employed an experimen-
tally determined diffusion coefficient for 0 in a wet-
ted fine-grained quartz aggregate at 450-800°C from
Farver & Yund (1992) as a surrogate for Al diffusion.
But this value for oxygen diffusion (10°1® m2es) is
many orders of magnitude larger than existing estimates
for the effective diffusion coefficient for dissolved Al

Estimates for the effective diffusion coefficient of
Al along interconnected grain-edge networks are de-
rived from numerical models of reaction textures in
natural metamorphic rocks by both Ashworth (1993)
and Carlson er al. (1995). Miyazaki (1996, p. 280) dis-
missed Ashworth’s estimate of 1072*2 m2es~! (at 550—
600°C) because it was determined from relatively “dry”
coronal textures, in which fluid components were likely
present but not abundant. According to Ashworth (1993,
p- 331): “Itis very unlikely that a fluid phase penetrated
all the grain boundaries within the corona... yet the com-
ponent H,O was pervasively available for hydration re-
actions at internal contacts between layers.” The
inference is that the grain-edge network contained high
concentrations of H,O, but at levels insufficient to seg-
regate a ubiquitous fluid phase. It therefore seems rea-
sonable to consider this estimate as a lower bound,
representing fluid-undersaturated conditions, for the
effective diffusion coefficient for Al during metamor-
phic reactions at amphibolite-facies temperatures.

Higher estimates are obtained in circumstances
where prograde dehydration reactions are believed to
have produced networks.of fluid-saturated grain-edges.
Carlson et al. (1995) modeled garnet crystallization at
~435-625°C in four regional metamorphic rocks and
obtained estimates for the effective diffusion coefficient
of Al at 500°C of 0.7-5.1 X 1072! m?es™!. This result,
compared to Ashworth’s value (adjusted to 500°C as-
suming an activation energy of 140 kJemol™!) of 1.5 X
1072%*2 m2es1 implies that effective diffusion coeffi-
cients for Al are roughly four orders of magnitude
greater along fluid-saturated grain edges than along
fluid-absent H,O-bearing grain edges.

Despite their origins in two completely independent
approaches, these values appear to be in excellent agree-
ment: the difference between them is consonant with
the difference in distance scales over which diffusion
was operative in the two cases examined. Whereas the
“dry” coronas studied by Ashworth (1993) exhibited
diffusive effects over length scales of ~0.1 mm, the dif-
fusional domains in the examples of fluid-saturated gar-
net crystallization modeled by Carlson ez al. (1995) are
computed to extend over distances of ~10 mm. Because
length scales of diffusion are proportional to the square
root of the diffusion coefficients, the difference of two
orders of magnitude in observed diffusional scales
matches well the difference of four orders of magnitude
in computed diffusion coefficients.
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If one selects the largest value above for the effec-
tive diffusion coefficient for Al along interconnected
grain edges during garnet growth at 500°C (i.e., 5.1 X
102! m?es~! from Carlson et al. 1995) in preference to
the value for 80 diffusion in experimental quartz ag-
gregates (i.e., 10712 m?es1), then one must conclude that
the values used by Miyazaki (1996) overestimate Al
diffusion rates during Ostwald ripening by at least seven
orders of magnitude.

Net effect on coarsening rates. As curves 1,2, and 3
of Figure 1 show, the rate at which Ostwald ripening
can act to modify the CSDs of dispersed phases by
coarsening and loss of small crystals is directly propor-
tional to the values of Cetfo (= Ceqeor ® df) and of Degr.
The arguments above lead to the conclusion that in com-
parison to the values used by Miyazaki, Ceqer should be
smaller by at least two orders of magnitude, ¢¢ should
be smaller by at least two orders of magnitude, and Des
should be smaller by at least seven orders of magnitude.
In combination, these inferences imply that Miyazaki’s
calculations overestimate rates of garnet annealing by
at least 11 orders of magnitude. Because the original
model is only marginally able to account for the size
distributions of porphyroblasts, even with the most
generous possible values for the input parameters, sub-
stitution of these more conservative estimates of con-
centration and rates of transport eliminates Ostwald
ripening as a viable mechanism for generating the CSDs
of garnet in metamorphic rocks. Partial modification of
CSDs by dissolution of the smallest size-fraction is also
likely to be negligible, because only crystals with radii
of 0.01 to 0.1 pm would be affected at million-year
time-scales. For porphyroblasts of typical size, at any
reasonable geological time-scale, diffusional fluxes are
simply too small for Ostwald ripening to have an appre-
ciable effect.

Driving forces for intergranular diffusion

Is there a contradiction between the above inference
that diffusional fluxes during Ostwald ripening are too
small to be effective in modifying the size of garnet
porphyroblasts, and the prior inference (e.g., Carlson
1989, Carlson & Denison 1992, Denison ef al. 1997)
that intergranular diffusion is the principal process of
transport governing garnet crystallization in many meta-
morphic environments? There is not, for the reason that
the driving forces involved differ by many orders of
magnitude.

The driving force for Ostwald ripening is a reduc-
tion in interfacial free energy upon coarsening. In a
steady-state LSW size distribution for Ostwald ripen-
ing controlled by matrix grain-boundary diffusion,
nearly all crystals (96.7%) are at least half the size of
the largest crystal in the distribution [cf. Fig. 6 of Joesten
(1991), and Fig. 3 below], so for all but a few pairs of
crystals, no possible driving force for diffusion would
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be greater than that produced by a concentration gradi-
ent between a crystal and a neighbor twice its size. Ap-
plication of the Gibbs — Thompson equation (cf. Joesten
1991, p. 511) yields a simple expression for the differ-
ence in chemical potential (Ap.) of a component 7 at the
surfaces of two spherical crystals, one with radius » and
the other with radius 2r: Ap. = (y V)/r, where vy is the
interfacial free energy and V is the molar volume. If one
assumes spherical geometry and a value for the interfa-
cial free energy ygrqw of 8.17 X 1078 kJecm™2
(Miyazaki 1996, p. 280), this equation gives the straight
line in Figure 2, depicting the magnitude of the driving
force for Ostwald ripening as a function of grain size.
The driving force for garnet growth governed by
intergranular diffusion is the spatial gradient in the
chemical affinity for the garnet-forming reaction, which
varies over time (cf. Carlson 1989, p. 1-3). The chemi-
cal affinity ranges spatially from nearly zero at the crys-
tal surface to a maximum at large distances from the
crystal, that is, distances beyond the range over which
chemical diffusion has been effective, which is on the
order of (Deget)”. In regions unaffected by diffusion,
the maximum chemical affinity will increase with time
as the equilibrium temperature for the garnet-forming
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Fic. 2. Comparison of magnitudes of driving forces for dif-
fusion (differences in chemical potential) produced by re-
duction in interfacial free energy and by chemical affinity
due to thermal overstepping of prograde reaction. Note
logarithmic scale for difference in chemical potential. Dif-
ferences in chemical potential between neighboring crys-
tals in populations with mean radii of 0.1 to 1 mm are on
the order of 0.01 to 0.1 Jemol™!; chemical potential differ-
ences between reactants and products for overstepping in the
range 5-50°C are on the order of 1,000 to 10,000 Jemol .
This immense difference in the magnitude of the driving
force accounts for the effectiveness of intergranular diffu-
sion as a mechanism of prograde reaction despite its inef-
fectiveness in achieving reductions in interfacial free energy
by Ostwald ripening.
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reaction is progressively overstepped in a prograde
event. The value for the critical thermal overstepping
(T — Teq) needed to initiate reaction is likely on the or-
der of a few degrees, and nucleation and growth of gar-
net commonly span several tens of degrees. The upper
curve in Figure 2 plots the chemical affinity [the differ-
ence in free energy between reactants and products,
computed from the data of Holland & Powell (1998)]
as a function of thermal overstepping at 5 kbar for a
model reaction of chlorite [ideal solution between
chamosite (their “daphnite”) and Fe-substituted amesite
(their “Fe-amesite”)] and quartz to yield one mole of
almandine (T.q = 490°C):

2/3 Fe4_5A13Si2_501()(OH)8 + 4/3 Si0;
= Fe3Al,Si301; + 8/, H,0.

If one takes note in Figure 2 of the logarithmic ver-
tical scale and the logarithmic horizontal scale for crys-
tal size, it is apparent why intergranular diffusion is
effective during garnet crystallization, but not during
Ostwald ripening: diffusional fluxes are proportional to
driving forces, which are orders of magnitude larger
for prograde chemical reactions than for reduction of
interfacial energy at any geologically relevant scale of
crystal size.
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Fic. 3. Comparison of natural, modeled, and theoretical

CSDs. Gray histogram: CSD for natural population of gar-
net crystals in amphibolite from Llano Uplift, Texas (sam-
ple WR2). White histogram: CSD generated by numerical
model of diffusion-controlled nucleation and growth. Black
line: CSD predicted by LSW theory for Ostwald ripening
controlled by grain-boundary diffusion. Data for histo-
grams from Carlson et al. (1995).
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ALTERNATIVE ORIGIN FOR SELF-SIMILAR,
PSEUDONORMAL CSDs THAT COARSEN WITH GRADE

The notion that size distributions of garnet porphy-
roblasts were either generated by Ostwald ripening
(Miyazaki 1991) or strongly modified by it (Cashman
& Ferry 1988) is based principally on (1) a presumed
similarity in shape between the measured CSDs of
porphyroblasts and the CSD predicted by the LSW
theory, or (2) the observation that with increasing grade,
mean grain-size increases without much change of shape
of the normalized CSD, while the number density of
crystals decreases. If Ostwald ripening does not appre-
ciably affect porphyroblast sizes, one is forced to re-
consider the degree of similarity of measured and
theoretical CSDs, and to seek an alternative origin for
self-similar, pseudonormal CSDs that coarsen with
grade. As shown below, measured size-distributions for
porphyroblasts actually depart significantly from the
predictions of the LSW theory, whereas pseudonormal
size-distributions (which maich measured CSDs and
which coarsen with increasing metamorphic grade yet
remain self-similar) arise naturally from the kinetics of
crystallization governed by thermally activated nucle-
ation and growth.

Comparison of natural CSDs to predictions
of LSW theory

Important but underappreciated differences exist
between natural CSDs for porphyroblasts and CSDs
predicted by the LSW theory. As illustrated in Figure 3,
measured and theoretical distributions differ markedly
in skewness, maximum crystal size, and degree of dis-
persion about their mean values. The consistency and
the magnitude of these differences suggest that Ostwald
ripening is not a principal determinant of porphyroblast
size.

The first vital difference is that natural CSDs com-
monly, though not invariably, display positive skewness
(e.g., Kretz 1966, Figs. 1, 3, 5, and 8, Cashman & Ferry
1988, Fig. 2, Denison & Carlson 1997, Figs. 2 and 3),
whereas the CSDs predicted by LSW theory are nega-
tively skewed (e.g., Joesten 1991, Fig. 6; Miyazaki
1996, Fig. 5). A second, particularly striking difference
is that the LSW theory predicts vanishingly small per-
centages of crystals with radii greater than about 1.5
times the mean radius, contradicting the observation that
crystals with radii greater than this limit are abundant in
natural distributions. For instance, numerous large crys-
tals (ranging in radius up to three times the mean) are
evident in Figure 10 of Cashman & Ferry (1988); crys-
tals larger than the LSW limit are also numerous in all
of the natural CSDs cited above. A third conspicuous
difference is that most natural CSDs exhibit consider-
ably greater dispersion about their mean than is permit-
ted under LSW theory. The LSW theory predicts that
94% of the crystals should fall in the range 0.75 <

409

/rmean < 1.25. In the specimens examined by Denison
& Carlson (1997), however, only 37-68% (typically
~50%) of the crystals fall into that range. Although a
large volume-fraction of crystals will broaden the LSW
distribution, this effect is too small to account for the
observed dispersion except at volume fractions ap-
proaching unity; moreover, this broadening has a negli-
gible effect on the number of large crystals (#/rmean >
1.5) and does not alter the distribution’s negative skew-
ness (Joesten 1991, p. 524). Miyazaki (1996, p. 125)
explained this discrepancy as the result of heterogene-
ity in the spatial distribution of garnet, causing local
fluctuations in mean concentration, but even the narrow
CSDs in his Figure 3 are all (except perhaps one)
broader than the LSW prediction; in addition, the
broader CSDs in Denison & Carlson (1997) are found
in all specimens, regardless of the degree of spatial het-
erogeneity in crystal locations.

Given these striking and widespread discrepancies,
the claim that size distributions of natural porphy-
roblasts correspond to the predictions of the LSW theory
is tenuous, and probably an overgeneralization that can-
not be substantiated in detail. As shown below, other
mechanisms of crystallization produce CSDs that match
natural distributions more closely.

Comparison of natural CSDs to predictions
of models for diffusion-controlled crystallization

Recent work has shown that processes of garnet
nucleation and growth governed by rates of intergranu-
lar diffusion are commonplace in regional metamorphic
rocks across a range of bulk compositions and regional
metamorphic environments (e.g., Carlson 1989,
Denison & Carlson 1997). The defining characteristic
of diffusion-controlled crystallization is the presence of
local gradients in the chemical affinity for the garnet-
forming reaction within the intergranular medium
around growing crystals. During growth, a diffusionally
depleted zone develops around each crystal, within
which nucleation is suppressed by the low chemical af-
finity for reaction. These depleted zones increase in size
as the crystals within them grow, gradually reducing the
fraction of the rock within which nucleation is possible.
As the depleted zones enlarge, they eventually impinge
and coalesce, but even where local coalescence is com-
plete, residual gradients in chemical affinity for reac-
tion still persist; further diffusion of nutrients in
response to these residual gradients generates an incre-
ment of growth even after nucleation has essentially
ceased. For a more complete description of this entire
process, see Carlson (1989, p. 1-3.)

Numerical simulations of this process closely repli-
cate the CSDs and many other textural features mea-
sured in natural samples (Carlson ez al. 1995, their Fig.
5). The general form of the CSD that arises from this
process is a positively skewed, pseudonormal frequency
distribution, the precise shape of which reflects the
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interplay of several factors. Nucleation during a pro-
grade crystallization event takes place in undepleted
portions of the rock at a rate that increases exponen-
tially with the extent of thermal overstepping of the
equilibrium curve for the reaction. Thus in the early
stages of reaction, when most of the rock volume is
undepleted, nucleation rates rise steadily, because the
undepleted portions of the rock are increasingly out of
internal equilibrium from the time that a discontinuous
reaction boundary is first crossed or a multivariant re-
action band for a continuous reaction is first entered.
This thermal increase in net rate of nucleation is pro-
gressively counterbalanced by the gradual elimination
of undepleted regions in the rock, as the diffusionally
depleted zones enlarge with time; thus the net rate of
nucleation reaches a maximum, then declines rapidly to
zero as the undepleted volume-fraction shrinks. The
early steady rise in nucleation rate combines with a rapid
cessation of nucleation when depleted zones coalesce
to produce a positively skewed CSD. The precise tem-
perature—time history determines the degree of skew-
ness (cf. Carlson et al. 1995, Fig. 7). Growth driven by
residual chemical-affinity gradients after nucleation
ceases accounts for the fact that the minimum crystal-
size for the population is not vanishingly small.

Figure 3 offers a visual comparison between a typical
natural CSD, the model CSD produced by numerical
simulation of thermally accelerated, diffusion-controlled
nucleation and growth, and the predictions of the LSW
theory for Ostwald ripening controlled by matrix grain-
boundary diffusion. It illustrates that observed porphy-
roblast size-distributions can be explained by the
operation of primary nucleation and growth processes
without Ostwald ripening, and that numerical models
of such processes generate CSDs that match those mea-
sured in many natural occurrences more closely than
does the LSW distribution.

Changes in CSDs with increasing metamorphic grade

One feature of garnet size-distributions that makes
Ostwald ripening seem attractive is the common obser-
vation that mean sizes of crystals may increase with
grade while crystal number densities decrease, as docu-
mented, for example, by Cashman & Ferry (1988). An-
nealing subsequent to primary crystallization might be
thought to produce more pronounced coarsening and
more substantial reduction in numbers of crystals in
higher-grade rocks, because “high-grade portions of
metamorphic terranes are hotter and cool over longer
periods than low-grade portions” (Cashman & Ferry
1988, p. 411).

But an increase in grain size with grade is a predict-
able consequence of primary nucleation and growth tak-
ing place over a range of temperatures. The explanation
for an increase in porphyroblast sizes with grade may
lie in the fact that nucleation rates increase exponen-
tially with the degree of thermal overstepping of the
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Fic. 4. (a) Schematic P-T diagram illustrating general in-

crease for a prograde sequence of P—T paths of the equilib-
rium temperature for a typical garnet-in reaction (Teq) and
the critical temperature of overstepping required to initiate
nucleation (7¢). Because the driving force for nucleation is
a function of the thermal overstepping (7' — T¢g), rates of
nucleation are nearly equivalent for a given amount of over-
stepping along low-grade and high-grade paths. In contrast,
rates of growth depend exponentially upon absolute tem-
perature, such that crystal growth is much faster for a given
amount of overstepping along high-grade paths. Thus re-
duction of reaction affinity along low-grade P-T paths is
accomplished by a prolonged interval of nucleation that
yields large numbers of slow-growing crystals, whereas
reduction of reaction affinity along high-grade P-T paths
can be accommodated by rapid growth on crystals that nu-
cleate soon after 7, is reached. (b) Diagram illustrating that
similar variations in the temperature at the onset of garnet
crystallization may arise from the effects of bulk composi-
tion, leading to variations in mean grain-size for rocks that
reach equivalent peak conditions.
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reaction, whereas diffusion rates (which control crystal
growth) increase exponentially with absolute tempera-
ture. As a result, overstepping a reaction by 10°C at
400°C will produce the same rate of nucleation as would
overstepping a reaction by 10°C at 550°C, but diffusion
rates at 400°C will be roughly 100 times slower than
those at 550°C (assuming an activation energy of
140 kJemol ). Consequently, growth of existing crys-
tals is a far less efficient means of restoring equilibrium
at 400°C than at 550°C. Many crystals growing slowly
at low temperature are needed to produce the same total
reduction in reaction affinity as a few crystals growing
rapidly at high temperature. Thus the kinetics at high
temperature favor rapid growth on existing nuclei,
whereas the kinetics at low temperature favor nucleation
of new, slowly growing crystals. The end result is to
produce fewer, larger crystals at higher grade.

As shown schematically in Figure 4a, the onset of
garnet crystallization may tend to occur at higher tem-
peratures in higher-grade rocks, because normal clock-
wise P-T trajectories encounter a typical garnet-in
reaction at different pressures and temperatures along
its positive slope. Of course, porphyroblasts in high-
grade rocks are not observed universally to be coarser
than those in low-grade rocks; any effect of grade on
grain size can be masked or mimicked by differences in
the relative abundance of favorable sites of nucleation,
for example, as well as by effects of bulk composition.
As shown schematically in Figure 4b, differences in
bulk composition may produce differences in the tem-
perature of onset of garnet crystallization that could lead
to different CSDs in rocks that traverse the same P-T
path, for reasons identical to those above.

Here I consider the prediction that, with all other
factors being equal, primary nucleation and growth of
porphyroblasts over a range of temperatures will lead to
an increase in grain size with grade. This prediction has
been tested by simulating diffusion-controlled nucle-
ation and growth using the time-explicit numerical
model described in Carlson et al. (1995). All simula-
tions used identical input parameters, except for the

Fic. 5. Comparison of frequency distributions of crystal size
produced by primary nucleation and growth processes ini-
tiated at different temperatures (7¢), as computed by the
numerical model of Carlson ef al. (1995). Vertical axes are
normalized to maximum frequency, and horizontal axes are
normalized to mean crystal radius. If plotted in this way,
the CSDs are seen to be self-similar across arange of grade,
while clearly increasing in mean radius (rmean) and decreas-
ing in crystal number density (Nv). Except for the value of
T, all simulations used identical input parameters: initial
rate of nucleation [dN/df]— = 1 X 10~ s~lscm™; thermal
dependence factor for nucleation k = 0.07 K effective
diffusion coefficient at infinite temperature D = 1 X 1077
cm?ss!; activation energy for diffusion Qp = 140 kJemol™;
heating rate d7/dt = 10 KeMa™!; volume fraction of garnet
=10%.
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value of the temperature at which crystallization began.
These simulations were designed to reproduce the gen-
eral character of the prograde sequence of samples stud-
ied by Cashman & Ferry (1988), so they correspond
broadly to the range of temperatures and grain sizes re-
ported there. The CSDs generated by the model are
shown, plotted on normalized axes, in Figure 5. All of
them are slightly positively skewed pseudonormal dis-
tributions; when plotted on normalized axes, they are
nearly identical to one another, demonstrating self-simi-
larity across a range of grade. The mean grain-size in-
creases steadily with increasing grade, whereas the
crystal number density decreases, in a manner closely
analogous to that reported by Cashman & Ferry (1988).
The temperature intervals over which nucleation and
growth were found to take place (T, — Tos, as defined in
Carlson et al. 1995), for a constant heating rate of 10°C/
m.y., were 400-482°C, 450-512°C, 500-542°C, and
550-581°C; thus crystallization beginning at 400°C re-
quired 8.2 m.y. to complete, while the same amount of
crystallization beginning at 550°C required 3.1 m.y. to
complete.

These simulations confirm the prediction that lower
temperatures require a more prolonged interval of
growth on smaller but more numerous crystals, all other
factors being equal. Together, they demonstrate that
processes of thermally accelerated diffusion-controlled
nucleation and growth can produce self-similar CSDs
that coarsen with grade, an observation formerly attrib-
uted to Ostwald ripening.

Finally, it is worth noting that any growth mecha-
nism for which the kinetics increase exponentially with
absolute temperature will produce this coarsening with
grade, given nucleation rates that increase with thermal
overstepping. In particular, an interface-controlled
mechanism of growth [see examples in Daniel & Spear
(1997) and Spear & Daniel (1997)], if it obeys a ther-
mally activated (Arrhenius-type) rate law, will generate
the same contrast between rapid growth of existing crys-
tals at high temperatures and nucleation of new, slowly
growing crystals at low temperatures.

CONCLUSION

Re-evaluations of published models of Ostwald rip-
ening using more appropriate estimates for parameters
governing the diffusional flux of Al, coupled with as-
sessment of the magnitude of the relevant driving forces,
require the conclusion that coarsening of garnet
porphyroblasts driven by reduction in interfacial free
energy cannot have an appreciable effect on porphy-
roblast sizes. Instead, observations of self-similar
pseudonormal CSDs that coarsen with metamorphic
grade are explained by thermally dependent mecha-
nisms of primary nucleation and growth: an exponen-
tial increase in rates of growth with increasing
temperature, combined with rates of nucleation that are
functions of reaction overstepping rather than absolute
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temperature, produce less numerous but larger crystals
at higher grade.
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