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Abstract The formation of metamorphic garnet during
isobaric heating is simulated on the basis of the classical
nucleation and reaction rate theories and Gibbs free energy
dissipation in a multi-component model system. The rela-
tive influences are studied of interfacial energy, chemical
mobility at the surface of garnet clusters, heating rate and
pressure on interface-controlled garnet nucleation and
growth kinetics. It is found that the interfacial energy
controls the departure from equilibrium required to nucle-
ate garnet if attachment and detachment processes at the
surface of garnet limit the overall crystallization rate. The
interfacial energy for nucleation of garnet in a metapelite
of the aureole of the Nelson Batholith, BC, is estimated to
range between 0.03 and 0.3 J/m® at a pressure of ca.
3,500 bar. This corresponds to a thermal overstep of the
garnet-forming reaction of ca. 30°C. The influence of the
heating rate on thermal overstepping is negligible. A sig-
nificant feedback is predicted between chemical fraction-
ation associated with garnet formation and the kinetics of
nucleation and crystal growth of garnet giving rise to its
lognormal—shaped crystal size distribution.
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Introduction

It is generally assumed that the product of a chemical
reaction in a rock forms if the formation of that phase
lowers the Gibbs free energy of the effective chemical
system. However, even when that phase is part of the
thermodynamically stable phase assemblage, it may not
necessarily nucleate. A departure from equilibrium is
required to gain energy for the formation of the interface
between reactants and products. This energy is referred to
as interfacial energy (e.g., Gibbs 1928; Kaischew and
Stranski 1934; Volmer and Weber 1926). It is a function of
the structural differences between reactants and products
and considered exceedingly small compared to the energies
that are released during mineral reactions. In addition to
this energy that has to be provided to start mineral reactions
in a rock, element transport between the sites of reactant
dissolution and product nucleation as well as attachment
and detachment processes at the surfaces of the new par-
ticles have to be efficient for a mineral reaction to proceed.
If the surface processes are sluggish compared to the rates
of element transport, gradients in chemical potentials
across the interface may form controlling the overall
reaction rate (e.g., Kretz 1974; Lasaga 1998). Such a sce-
nario is referred to as interface-controlled and may be
envisaged for rocks where element transport rates are
assumed to be comparatively fast through the bulk system.
If, however, attachment and detachment processes at the
interface are faster than element transport rates, gradients
in the respective chemical potentials may evolve through
the bulk of the system driving crystallization (Carlson
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1989). As pointed out by Kelton (2000), a transport-con-
trolled reaction mechanism may not only form depletion
zones surrounding product crystals (e.g., Carlson 1991;
Carlson et al. 1995; Spear and Daniel 1998) but may also
enhance the concentration of product-forming elements in
the vicinity of product clusters smaller than nuclei.

In this contribution, we use a simple numerical model-
ing approach that drops the assumption of chemical equi-
librium during crystallization. Instead, it accounts for the
departure from equilibrium required for interface-con-
trolled nucleation and growth. We simulate interface
processes during isobaric metamorphic mineral reactions
by which nuclei and crystals of garnet form on a molecular
level based on classical nucleation and reaction rate theory
(Becker and Doring 1935; Turnbull and Fisher 1949;
Kelton et al. 1983; Lasaga 1998) and Gibbs free energy
dissipation in a multi-component system (Hillert 2008;
Thompson and Spaepen 1983). Metapelitic garnet is cho-
sen in our study (1) because of its outstanding importance
for the determination of metamorphic pressure (P)—tem-
perature (T)—time () trajectories (e.g., Spear 1993) and (2)
since its specific attenuation properties allow it to be easily
detected in metapelites through X-ray computed tomogra-
phy (Denison et al. 1997). The latter is required in order to
study the three-dimensional spatial, size, and abundance
distribution of garnet that may provide insights into its
crystallization kinetics (e.g., Cashman and Ferry 1988;
Kretz 1993; Denison and Carlson 1997).

The crystallization model presented in this paper is
based on the inherently interface-controlled classical
nucleation theory (CNT) (e.g., Christian 1975; Gibbs 1928;
Turnbull 1950; Turnbull and Fisher 1949; Volmer and
Weber 1926). Despite its success to describe nucleation in
liquids and glasses (e.g., Kelton 1991; Vehkaméki 2006),
limitations of CNT can be expected when applied to solid-
state crystallization in multi-component systems where
elastic strain energy and long-range element transport may
influence reaction kinetics. Additional simplifications
include a simple nucleus geometry, an isotropic interfacial
energy, a well-defined matrix-product interface, and
nucleation from a homogenous matrix. In spite of the
intrinsic simplifications of CNT, the implementation of this
model allows to explore the interplay of several key
parameters that impact on crystallization kinetics during
petrogenesis. We use our model as a first step toward a
more realistic treatment of metamorphic nucleation and
growth and discuss the relative influences of interfacial
energy and interface mobility on mineral chemistry, min-
eralogy, and rock texture for different rates of P — T
changes during crystallization. We compare the predictions
of our numerical experiments to analytical data obtained
through X-ray computed tomography and electron-probe
micro-analysis and derive relations that may help
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predicting the departure from equilibrium required for
crystallization during geological processes.

The rock sample

The rock sample investigated in this study (sample 93CW4
of Pattison and Tinkham 2009) is a metapelite from the
contact aureole of the Nelson Batholith, British Columbia
(Pattison and Vogl 2005). Fine-grained biotite, muscovite,
and ilmenite form the main foliation of the rock and along
with quartz, plagioclase, and idioblastic garnet are the most
abundant minerals of the rock. Aligned ilmenite inclusions
in the garnet porphyroblasts are interpreted as a former
foliation rotated against the foliation of the rock matrix.
Rock sample 93CW4 is assumed to have been experienced
metamorphic peak conditions of ca. 3.5 kbar and 560°C
(Pattison and Tinkham 2009) during contact metamor-
phism associated with the emplacement of the 159-173 Ma
Nelson batholith (e.g., Sevigny and Parrish 1993; Ghosh
1995; Tomkins and Pattison 2007). The apparently random
spatial distribution and concentric chemical zoning of the
idioblastic garnet crystals in 93CW4 (Figs. 1, 2, 3 of this
study and Fig. 5 of Pattison and Tinkham (2009)) may
indicate an interface-controlled crystallization mechanism.
However, it is important to note that a detailed statistical
analysis of the spatial disposition of garnet is required to
estimate its crystallization mechanism (e.g., Carlson 2011).
On the basis of the sequence and spacing of mineral
isograds in the aureole, mineral textures and chemical
compositions as well as phase equilibria and thermal
modeling, Pattison and Tinkham (2009) suggest an over-
stepping of up to 30°C for the onset of garnet crystalliza-
tion in the Nelson aureole. Even though 93CW4 is from the
staurolite zone of the contact aureole, it does not contain
staurolite as chlorite needed for staurolite growth is
assumed to have been used up for garnet formation. For
detailed information on the geographical and geological
setting, the reader is referred to Pattison and Vogl (2005)
and Pattison and Tinkham (2009).

Analytical techniques
WDXRFA

The bulk chemical composition of 93CW4 was obtained
through wavelength-dispersive X-ray fluorescence analysis
(WDXRFA) on a glass disc using a Philips PW 2400
instrument at the University of Lausanne, Switzerland.
About 1 kg of the rock sample, devoid of macroscopically
detectable chemical inhomogeneity, was crushed and
ground to prepare the rock powder for the fused pellet.
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Fig. 1 Size, abundance and spatial distribution of garnet in a cylinder
(18 mm x 68 mm) of sample 93CW4 (Pattison and Tinkham 2009)
obtained through XR-u-CT. Garnet crystal shapes are approximated
by spheres. The relative size differences between the spheres
correspond to the observed garnet crystal size relations. a Arrows

refer to the five biggest crystals of the evenly distributed garnet
population (ca. 0.4 mm in radius). The % marks the garnet crystal
analysed by EPMA (Figs.2 and 3). b Crystal size frequency
distribution (CSD) of garnet in the rock cylinder

Fig. 2 X-ray maps for Mn, Fe, Mg, Ca, Y and back-scattered electron (BSE) image of the biggest garnet crystal in the cylinder of 93CW4

(marked with a % in Fig. 1a). Profile A-B of Fig. 3 is indicated
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Fig. 3 Compositional profile A-B (see Fig. 2) through the geometric
core of the biggest garnet crystal of the cylinder of 93CW4 (marked
with a % in Fig. la)

Table 1 compares the bulk rock composition of 93CW4 to
the average Nelson whole-rock composition of Pattison and
Vogl (2005) used by Pattison and Tinkham (2009) for
phase diagram modeling. The chemical composition of
93CW4 has a lower Mg/(Mg+Fe) ratio (0.38 vs. 0.42) and
higher Mn content (0.14 vs. 0.08 wt-%), respectively,
compared to the average Nelson bulk composition. The
bulk composition of 93CW4 is used in this study to predict
the initial equilibrium phase relations and chemical driving
forces for garnet nucleation. To model subsequent stages of
garnet crystallization, the bulk rock composition was
modified numerically to account for element transport
across the garnet-matrix interface and fractionation asso-
ciated with garnet growth (Sect. “Simulations of nucleation
and growth of metamorphic garnet™).

XR-p-CT

The size, abundance, and spatial distribution of garnet
crystals in 93CW4 (Fig. 1) were studied by X-ray micro-
computed tomography (XR-y-CT). A cylinder with a
diameter of 18 mm and a length of 68 mm was cored from
the sample and analysed with a SkyScan 1072 tomography
scanner at the University of Lausanne, Switzerland. The CT
scan was carried out using a 80 kV/ 124 nA X-ray source
and a 1-mm-thick Al filter. The cylinder was rotated in the
beam over 360° in 0.225° steps. Two-dimensional (2D)
attenuation data (slices) were collected and rendered into a
three-dimensional (3D) image using SkyScan software
(cone-beam reconstruction, version 2.5). The thickness of

each slice was 17.81 pm defining a spatial resolution of the
3D image of 17.81 um per voxel. The digital image
processing software Blob3D (Ketcham 2005) was used to
quantify the size, abundance, and spatial distribution of
garnet. The 3D image was also used to locate the geomet-
rically central cut through the biggest crystal of the rock
cylinder (garnet crystal marked with a % in Fig. 1a). This
central cut was investigated by EPMA (see Figs. 2 and 3).

EPMA

Electron probe micro-analysis was performed on a section
through the geometric core of the garnet crystal marked
with a % in Fig. la. Compositional maps with respect to
Fe, Mg, Mn, Ca, and Y (Fig. 2) were obtained on the JEOL
JXA-8200 electron microprobe at the University of Calgary
with the following setting: focused beam, 15 kV, 500 nA,
100 ms dwell time, and 2-pm pixel size. Quantitative
compositional profiles were obtained on the Cameca
Camebax MBC at Carleton University by wavelength-
dispersive X-ray analysis (WDX). Operating conditions
were 15 kV accelerating potential and a beam current of
25 nA. Peak counting times for analysed elements were
either 30 s or 60,000 accumulated counts. Yttrium was
counted for 40 s. Background measurements were made at
50% peak counting time on each side of the analysed peak.
Raw X-ray data were converted to elemental weight % by
the Cameca PAP matrix correction program. A represen-
tative compositional profile is shown in Fig. 3.

Numerical simulation of nucleation and crystal growth

The classical nucleation theory (CNT) is inherently an
interface-limited model (Kelton 1991) and can only be
applied to systems where nucleation and crystal growth are
controlled by interfacial growth-dissolution mechanisms.
We apply CNT in our simulations and approximate crys-
tallization during prograde contact metamorphism by the
integration of a series of isothermal nucleation and crystal
growth events, which are explained in Sects. “Isothermal
nucleation of garnet” and “Isothermal crystal growth of
garnet”, respectively. In each case, it is assumed that there
are no 7T gradients across the volume of the model system.
Section “The chemical driving force for nucleation, and
the chemical composition of a nucleus” describes an

Table 1 The average composition of metapelites from the Nelson aureole according to Pattison and Vogl (2005) (“Avg.N*“) and the bulk rock

composition of 93CW4 (wt%)

5102 T102 Ale'; F6203 MnO MgO CaO Na20 KQO P205 LOI Z
Avg N 60.41 0.93 20.10 6.32 0.08 2.30 1.06 1.53 4.17 0.15 3.09 100.14
93CW4 58.91 1.00 20.77 6.36 0.14 1.98 0.43 0.80 5.21 0.12 3.48 99.19
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approach to quantify the chemical driving force for
nucleation of garnet, and Sect. “Nucleation and growth
during P — T — x — ¢ variations” focuses on simulations
of nucleation and growth of garnet along a metamorphic
P — T — x — t trajectory.

Isothermal nucleation of garnet

Following CNT, the total Gibbs free energy of formation of
a spherical garnet cluster'of n molecules, AG,, is given by
(e.g., Kelton 1991; Porter and Easterling 1992)

AG, = nAGy + (367)" () (1)

where AGy is the chemical driving force for nucleation of
garnet per garnet molecule (see Sect. “The chemical
driving force for nucleation and the chemical composition
of a nucleus™), o is the isotropic interfacial free energy per
unit of interfacial area, and v is the volume of a garnet
molecule (Fig. 4). v and the chemical composition of a
garnet molecule are calculated in our simulations as a
function of pressure (P), temperature (7), and effective
bulk chemical composition (x) using the thermodynamic
data of Holland and Powell (1998) and the Gibbs free
energy minimization algorithm of de Capitani and Brown
(1987). Molecules of garnet from which clusters form in
our simulations are formula units with the general
proportions X3A1,Si1301,.

According to CNT, clusters with a size that maximizes
AG,, are referred to as nuclei (or critical clusters), and their
formation is called nucleation. Since they are associated
with a maximum in AG,, garnet nuclei are in unstable
equilibrium with the rock matrix (Fig. 4). The number of
molecules of a nucleus, n*
of (1) and is given by

x  —32mo’
3(AGy)*

, can be found by differentiation

(2)

and for a spherical geometry, the radius of a nucleus r* is

equal to

* _ —2vo
AGy -

(3)

The critical energy barrier which has to be overcome to
form a nucleus is

x  lom?a? @)
3(AGy)*

Metamorphic  nucleation most likely occurs on

heterogeneities such as grain boundaries, dislocations,

and cracks that catalyse nucleation by reducing AG*. For

! In our simulations, garnet clusters are assumed to be spherical.

* (36m)'*(Vn)*’c

AG

AG

up

AG,
nAG

Fig. 4 The Gibbs free energy of cluster formation, AG,, as a function
of cluster size, n, incorporating the contributions of the interfacial
energy, o, and the chemical driving force for nucleation, AGy. AG*
is the critical energy barrier to nucleation, n* refers to the number of
molecules of a nucleus, and n,, is the smallest cluster size considered
as crystals in our simulations

up

nucleation on a planar substrate, the nucleus has the shape
of a spherical cap the size of which is determined by the
contact angle ¢ between garnet and the rock matrix. In this
case, the critical energy barrier is given by (Christian 1975)

AGH — 477263 (2 + cos ¢) (1 — cos ) .
het 3(AGy)?

(5)

Since both ¢ and ¢ are unconstrained with respect to
metamorphic garnet nucleation, we use (4) in our
simulations and refer to ¢’ as the apparent interfacial
energy. The symbol ¢’ is used in order to address any
reductions in AG* that may occur during heterogeneous
nucleation. ¢’ is smaller than ¢ by a factor

76 = {32 + cosg)(1 — coss ©

Garnet clusters that are smaller than n* shrink in order
to lower AG,, and they can only form through random
thermal fluctuations. Clusters with n > »n*, however,
preferably grow because their formation reduces AG,.
CNT predicts that once AGy is negative, a finite number of
garnet clusters of various sizes is present, and that smaller
ones are more abundant than larger ones (e.g., Christian
1975; Kelton 2006). Clusters of n molecules, E,, are
assumed to shrink or grow by loss or addition of a single
molecule, E|, through a series of bimolecular reactions

ki
Enfl + El k_<_’> En
- (7)
En + El/:—) En+l

n+l1

where k! is the rate with which a molecule is attached to
the surface of a cluster of size n, and k,, is the rate of
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detachment of molecules from E,. Based on reaction rate
theory (Turnbull and Fisher 1949) and for a spherical
cluster geometry, molecular attachment and detachment
rates are approximated in our simulations by

_5gn
ki = 4n*3yexp <2kBT>

5 n
k= 4n*3yexp (—;k gT)
B

(8)

where 0g, = AG,.; — AG,, and kp is Boltzmann’s
constant. y is the molecular jump rate into and out of the
garnet cluster surface

6D
7
with the jump distance, 1 = y/ 3, and D, the molecular
mobility at the garnet-matrix interface.
Similar to Kubena et al. (2007), we derive the garnet
cluster size frequency distribution N,(f) by solving a

modified system of Becker-Doring equations (Becker and
Doéring 1935; Kelton 1991)

dN v—1 Y v+1
Ttl ==Y KN+ Y (K + kN =D ki N;
i=1 i=2 i=3

Y= 9)

dn;
dr

= k" \Nioy — (k7 + k7 )N; + ki Nipy for 1<i<v
(10)

where v 4 1 is the upper limit of the range of cluster sizes
that are considered in our calculations. The numerical
value of v depends on AGy, ¢/, and v and is chosen to
represent a cluster size that is bigger than n,,, the upper
root of the AG(n) function (see expression (1) and Fig. 4).
Following Kelton et al. (1983), N,, -~ ,(¢) is taken to be zero
to ensure that there is no backward flux of molecules from
stable clusters.

Due to the formation of stable garnet clusters, the
number of clusters with single molecules N,(f) available
for garnet nucleation decreases with time. The modified
system of Becker-Doring equations (10) accounts for the
decrease in N,(7). It represents a numerically stiff set of
ordinary differential equations that is solved using the
MATLAB solver odel5s (Shampine and Reichelt 1997;
Shampine et al. 1999) with the initial conditions (Kelton
2003; Kubena et al. 2007)

N1(0) Ned exp[_kA?V}
N>(0) '

N,(0) = : = : (11)
N,(0) 0

where N°/ is the number of garnet molecules predicted to
form at given P — T — x conditions during thermodynamic
equilibrium according to Gibbs free energy minimization
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(de Capitani and Brown 1987). During each simulation, the
number of garnet nuclei N, (f) is monitored and events
such as the onset and end of nucleation and crystal growth,
respectively, are registered.

Isothermal crystal growth of garnet

Since garnet nuclei are in unstable equilibrium with the
rock matrix, they either shrink in our model, if they become
subcritical (n<n*) or grow, if they become supercritical
(n > n*). In our simulations, the supercritical clusters that
correspond to the upper root of the AG(n) function (1),
E,,(t), are considered the smallest crystals (see Fig. 4).
Upon their formation, the overall net change in Gibbs free
energy, AG, is negative compared to the precursor system.

In principle, if crystal growth is continuous and inter-
face-controlled, the bimolecular rate theory applied in (10)
may also be valid for the growth of large clusters E,s.,,,(?).
However, due to finite computer resources, the formation
of such clusters is not simulated directly. The biggest
garnet crystals that can be considered in our calculations by
integration of (10) consist of approximately 2 x 10° mol-
ecules, which corresponds to a diameter of ca. 90 nm. The
growth rate of bigger crystals is determined analytically
through (Kelton and Weinberg 1994)

dr  (39\'*16D .  [AGy r*

—=|(-—] ——sinh 1——|. 12
d (4n> 2o [ZkBT ( r )} (12)
This growth law allows growth of supercritical clusters as

well as resorption of subcritical clusters, and thus naturally
encompasses so-called coarsening or “Ostwald ripening”.

For r>> r*, radial crystal growth becomes size indepen-
dent and is only a function of the molecular mobility at the
garnet-matrix interface. It is important to note that the
volumetric growth rate is size dependent and scales with
the surface of garnet for any given crystal size.

The chemical driving force for nucleation
and the chemical composition of a nucleus

The chemical driving force for nucleation is given by the
maximum volumetric Gibbs free energy difference AGy
between reactant and product. In our simulations, the rock
matrix is considered to be thermodynamically homogenous
with equilibrium properties, and reactions among matrix
phases are assumed to take place at equilibrium. The
matrix reacts to form garnet clusters once garnet is part of
the thermodynamically stable phase assemblage but a
certain departure from equilibrium is required for garnet
nucleation. Motivated by the approach presented by
Thompson and Spaepen (1983) (see also Hillert 1999;
Hillert and Rettenmayr 2003; Hillert 2008), but extended to
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the multi-component model system MnO-Na,0O-CaO-
K;0-FeO-MgO-Al1,03-Si0,-H,0-TiO, (MnNCKF-
MASHT), the chemical composition of a garnet nucleus,
Xgr» 18 assumed to be the one that maximizes AGy. Xg,
differs from the equilibrium composition of garnet, xg7, at
given P — T — x conditions, the difference being dependent
on the G-x functions of the garnet solid solution and the
phases that form the rock matrix (Fig. 5). Whether garnet
eventually approaches xgf, following nucleation is con-
trolled by the efficiency of chemical diffusion through its
volume and across its interface with the rock matrix. Fig-
ure 5 illustrates that the differences in chemical potentials
of garnet-forming components between the matrix of the
rock and the garnet nucleus (Ay* and Ap? in Fig. 5) are
zero. This configuration is required to maximize the Gibbs
free energy that dissipates during nucleation, AGy, and is
calculated in our simulations based on a modification of the
THERIAK algorithm (de Capitani and Brown 1987). A
similar approach is used by Pattison et al. (in print) to
construct maximum affinity maps for the formation of
garnet, staurolite, andalusite, and cordierite relative to a
matrix where these phases are absent.

Nucleation and growth during
P — T — x — t variations

In this study, we have chosen an isobaric heating scenario
in order to model nucleation and growth of garnet during
contact metamorphism in the Nelson aureole (Pattison and
Vogl 2005; Pattison and Tinkham 2009). Garnet cluster

Fig. 5 Series of schematic G-x GT
diagrams illustrating the
relationships between AGy and

Xgr; for various degrees of
thermal overstepping

(a) T<T

U

grt-in

evolution is simulated through a succession of isothermal
steps the duration of which is given by a constant heating
rate and a temperature step size of 0.1 K. After each iso-
thermal step, the growth law (12) is applied to all new
clusters E,, and to the garnet crystals previously formed. If
garnet does not nucleate but AGy <0, older crystals may
grow or shrink dependent on their sizes relative to r*. An
energy barrier to crystal growth and dissolution is not
considered in such a case. As r* changes during P — T —

x — t evolution, preexisting garnet clusters formerly grown
to crystals may become subcritical and subject to resorp-
tion. Preexising supercritical clusters will be overgrown by
garnet with the composition xg,,. Once chemical zoning
developed across the volume of a garnet crystal, chemical
diffusion within garnet is simulated following the finite
differences approach presented by Gaidies et al. (2008)
using the kinetic data of Chakraborty and Ganguly (1992).
The number of garnet molecules used for crystal growth is
subtracted from the bulk system, and the effective bulk
composition for the next step is adjusted accordingly in
order to account for the effect on AGy of chemical frac-
tionation during garnet growth.

Results
The chemical driving force for garnet nucleation, AGy

Figure 6b illustrates AGy as a function of P and T and on
the basis of the bulk rock composition given in Table 1.

(b) T=T

grt-in
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Fig. 6 Relationship between the chemical composition of a garnet
nucleus, xg,;, and the chemical driving force for its formation, AGy,
as a function of P and T calculated for rock sample 93CW4. a
Equilibrium phase relations for the bulk chemical system given in
Table 1 calculated with DOMINO (de Capitani and Petrakakis 2010)
using the thermodynamic data of Holland and Powell (1998); all
assemblages contain quartz and H,O; assemblages with staurolite are
marked with darker color. For the calculations of (b—f), the P — T

space was scanned along a grid with AT = 1°C and AP = 50bar.

@ Springer

5I25 Temperature [C] 5I75

AGy and xg,; were calculated using the “tangent method* outlined in
Sect. “The chemical driving force for nucleation and the chemical
composition of a nucleus”. b The driving force for garnet nucleation
reaches maxima at stability limits of matrix phase assemblages with
staurolite (marked with stippled line). c—f The difference between x,;
(color-coded) and xg,‘{, (contours) increases with departure from the
limits of garnet stability. The difference is greater for xg,; and xu,
than for x,,,, and X,
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Only those parts of the diagram are color-coded where
AGy is negative. Positive areas are omitted because in our
model nucleation of garnet at the corresponding P — T
conditions is impossible as it would increase the energy
state of the system. In general, the chemical driving force
increases (AGy becomes more negative) with thermal
overstep of the low-T7 conditions of the garnet stability field
and decreases (AGy becomes less negative) toward its
high-T' limit. It is important to notice the influence of
staurolite and andalusite on AGy : The lower T - limits at
which staurolite and andalusite enter the equilibrium
assemblage are characterized by a “channel” in AGy—P —
T space and, thus, mark the P — T conditions with highest
garnet nucleation probability (stippled line in Fig. 6b). This
indicates that, for a constant o and during isobaric heating,
nucleation of garnet is unlikely once staurolite or andalu-
site formed.

Similar to the chemical driving force for garnet nucle-
ation, the differences between xy,; and xgl, increase with
departure from the stability limits of equilibrium phase
assemblages that contain garnet. The differences between

nuc

Xgr and xgl, are minute with respect to the pyrope and
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Fig. 7 Relationship between a the chemical driving force for garnet
nucleation AGy, and b the chemical composition of a garnet nucleus,
Xy (unbroken lines), and the equilibrium composition of garnet, xg?;
(dashed lines; calculated with THERIAK (de Capitani and Brown
1987)), for isobaric heating of 93CW4 between 520 and 600°C at
3,500 bar. Calculations are based on the bulk rock composition given

in Table 1

grossular contents but significant for spessartine and
almandine (Fig. 6¢c, d, e, f). The relationships between
AGy, xpy, and xgi, for isobaric heating at 3,500 bar are
illustrated in Fig. 7. They show that the largest differences
between xg,, and xgZ correlate with maxima in the chem-
ical driving force for garnet nucleation. It is important to
note that for the calculations of Figs. 6 and 7, it is assumed
that the chemical composition of the thermodynamically
effective system does not change during garnet crystalli-
zation. In other words, the P — T — t—path—dependent
influence of chemical fractionation on AGy is not consid-
ered. This factor is considered, however, in the simulations

outlined below.

Simulations of nucleation and growth of metamorphic
garnet

Figure 8a and b illustrate the CSD of garnet and the
compositional profile of the largest garnet crystal that we
predict to evolve in the cylinder of 93CW4 after isobaric
heating at 3,350 bar between 500 and 600°C using a
heating rate of 1,000°C/Ma and an apparent interfacial
energy, ¢, of 0.016 J/m”. P and heating rate correspond,
within error, to the estimates obtained by Pattison and
Tinkham (2009). Subject to the simplified treatment of our
model, a value of 0.016 J/m*> for ¢ yields the best fit
between observed and predicted maximum crystal sizes.
Using this set of parameters, garnet is predicted to crys-
tallize between 530.3 and 544.5°C (Fig. 8c, d, e). These
simulations imply that a thermal overstep of ca. 10°C is
required to nucleate garnet above its predicted entry at ca.
520°C. For this setting, the radius of a nucleus, r*, at the
onset of garnet crystallization is predicted to be ca. 2.9 nm.
Chemical fractionation associated with garnet growth shifts
the lower limit of garnet stability up-7 and -P (lines labeled
(1), (2) and (3) in Fig. 8c), thus modifying the departure
from equilibrium and the chemical driving force for garnet
nucleation. The garnet growth rate, dr/dr, decreases
slightly before nucleation stops at 531.3°C (Fig. 8e) when
the driving force becomes too small to overcome AG*. At
T > 531.3°C, the garnet population changes solely through
crystal growth, and the differences between xg, and xgl
get smaller (Fig. 8d). At ca. 532.5°C, chemical fraction-
ation decreased the driving force such that differences
between xg; and xg, become insignificant, and dr/dr is
decreased by an order of magnitude. Subsequent growth at
low rates up to ca. 544.5°C is responsible for the compo-
sitional gradients characteristic for the outermost 0.2-mm-
thick garnet rim (Fig. 8b). At ca. 544.5°C, staurolite enters
the thermodynamically stable equilibrium assemblage that
forms the rock matrix, and AGy becomes positive making
further garnet growth impossible (Fig. 8).
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Fig. 8 Predicted garnet CSD
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Since Ca is the slowest diffusing major component in
metapelitic garnet, its mobility at the garnet-matrix inter-
face may limit garnet cluster formation rates. In our sim-
ulations, the molecular mobility at the garnet-matrix
interface, D, is monitored relative to the tracer diffusion
coefficient of Ca in garnet, D¥,. Following the approach of
Loomis et al. (1985) and Florence and Spear (1991), Dé‘a
may be approximated by D}, = 1/2D},. The way D is
calculated in our simulations is as follows:

—Ef* — (P —1)AV)e

D = kD}, = kD{* exp RT

(13)
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with the proportionality factor k, and the pre-exponential
constant D§°, the activation energy E.¢ and the activation
volume AV’ taken from Chakraborty and Ganguly (1992).
For the calculations illustrated in Fig. 8, k = 0.85 x 10 so
that D ranges between 5.2 x 107** and 1.3 x 10 *m?%/s
during garnet crystallization corresponding to a jump
frequency, A, of ca. 9.2 x 107 to 2.3 x 1074571,
respectively.

In the following, we will illustrate the sensitivity of the
CSD and chemical composition of garnet to changes in
o', D, P, and heating rate, HR. A discussion of the results
follows in Sect. “Discussion”.
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The apparent interfacial energy, o'

Compared to the overstep of 10°C for ¢’ = 0.016 J/m?, an
overstep of ca. 17°C is required to nucleate garnet if
¢ = 0.023 J/m* (Fig. 9c). The chemical composition of
the biggest garnet crystal is similar to the case where
¢ = 0.016 J/m* (Figs. 8b, 9b). However, the slightly
bigger ¢’ alters the garnet CSD notably. The radii of the
largest crystals are bigger by a factor of two, a pattern
mimicked by the size range of the entire population. This
coincides with a decrease in the number of garnet crystals
per rock cylinder (compare Figs. 8a and 9a). Similar to the
case where ¢ = 0.016 J/m> garnet nucleates over a

L L L e e e i e B
535 536 537 538 539 540 541 542 543 T (°C)

T-range of ca. 1 to 1.5°C. Changes in phase relations that
are associated with chemical fractionation during this
T-interval are minor. This is the reason why the core
compositions of all garnet crystals are predicted to be
similar. As they start to crystallize at negligibly different
T conditions but different times along the heating path and
stop growing simultaneously at ca. 544 to 545°C their final
sizes are different.

At the onset of crystallization, the larger AGy needed to
nucleate garnet if ¢’ = 0.023 J/m? results in smaller nuclei
compared to the case where ¢’ = 0.016 J/m? (¥ _oo16 =
294nm at T =530.3°C, rX_yp; =248 nm at T=
537°C). However, the larger AGy also speeds up crystal
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growth (12) increasing supercritical cluster sizes and
shifting the lower limit of garnet stability up-7 and P
through enhanced chemical fractionation. The resulting
decrease in garnet stability decelerates garnet nucleation
during subsequent crystallization stages and reduces the
maximum number of crystals present in the cylinder by an
order of magnitude. It is interesting to note that for
¢’ = 0.023 J/m* nucleation and growth do not start
simultaneously. Only a few hundred years after nucleation
started and at a slightly higher T, the cluster population
begins to contain crystals E,, (Fig. 9d).

The thermal overstep for ¢’ = 0.01 J/m” is ca. 5.6°C
(Fig. 10c). The relatively small AGy prevents fast growth

fractionation into nucleation kinetics. The corresponding
garnet CSD is shown in Fig. 10a. It suggests that for the
same heating and element transport rates smaller interfacial
energies increase crystal frequencies and reduce crystal
sizes and population size ranges. It is important to note that
as the chemical driving force goes through a maximum
during crystallization and eventually approaches zero to
stop growth, the radial garnet growth rate, dr/dt, goes
through a maximum, too. The decrease in dr/dr after the
maximum is accelerated as ¢’ decreases (compare dr/df in
Figs. 8e, 9e, 10e). The maximum radial growth rate is
relatively small for ¢’ = 0.01 J/m? (Fig. 10e) and almost
immediately approaches zero once nucleation stops. The

reducing the aforementioned feedback of chemical periods at ca. T > 535°C where AGy oscillates about zero
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Fig. 11 Distribution of X,,, from core to rim of the biggest garnet
crystal predicted for different values of ¢’ (in J/m?)

are artifacts of the model that disappear if the isothermal
step size is minimized.

Irrespective of its strong influence on garnet CSD, the
impact of chemical fractionation during nucleation on
equilibrium phase relations is minute. For the three cases
explained above (¢’ = 0.016, 0.023, 0.01 J/mz), the
respective shifts of the garnet-in curve up P and T associ-
ated with chemical fractionation are similar (line (2)
reflects the garnet-in curve after nucleation finished and (3)
corresponds to the garnet-in curve once growth stopped, in
Figs. 8c, 9c and 10c, respectively). In all cases, garnet
crystallization stops at conditions at which staurolite enters
the equilibrium matrix assemblage.

Figures 8a, 9a, and 10a illustrate that higher apparent
interfacial energies result in larger crystal sizes and popu-
lation size ranges and smaller crystal frequencies. Using
the sps-content of the biggest garnet crystal, Fig. 11 shows
that ¢’ also affects the compositional gradients of garnet.
Whereas the decrease in sps-content is restricted to the
outermost rim portion of garnet that originates from
¢ = 0.01 J/m? larger values of ¢’ result in bigger volumes
of garnet being chemically zoned. In order to investigate
the fact that ¢/ may not be constant but increases as the
number of preferred low-energy nucleation sites decreases
during crystallization, in the calculations illustrated in
Fig. 12, ¢’ was related to the maximum number of crystals
previously formed

/ _ up,t : max max
011 = 0;€Xp cNmaX it Nyt > Nttt (14)
up,i—1

N,y is the maximum number of crystals E,, formed
during the isothermal step i. ¢’ is considered constant

once nucleation rates decrease. For the calculations

presented in Fig. 12, ¢’; = 0.016 J/m?, and a value of 500
is assigned to the factor ¢ in order to fit our observations
best. The change of ¢’ with T is shown in Fig. 12e. ¢’
ranges between 0.016 and ca. 0.0164 J/m? that results in
larger crystal sizes and population size ranges and smaller
crystal frequencies compared to the case where
¢’ = 0.016 J/m* was considered constant during crystal-
lization (Figs. 8a and 12a).

Besides its influence on garnet CSD and chemical
composition, perhaps the most dominant influence of ¢’ is
on the departure from equilibrium required to nucleate
garnet. There is a linear relationship between AGy and
thermal overstep at conditions at which the composition of
the equilibrium matrix assemblage does not change
(Fig. 7a). However, the relationship between ¢’ and ther-
mal overstep is rather quadratic (Fig. 13a) following
expression (4). It is important to note that the energy
barrier to nucleation, AG*, is not constant but increases
with ¢’ (Fig. 13b). The reason that garnet nucleates despite
a slightly increased barrier to nucleation are faster diffusion
processes at the interface between the matrix and subcrit-
ical garnet clusters as T rises. The dashed line in Fig. 13a
extends the relationship between thermal overstep and ¢’
by extrapolation to degrees of disequilibrium not possible
in our simulations. It may be used to predict the order of
magnitude of apparent interfacial energies during garnet
nucleation if mineral reactions in the rock matrix, such as
staurolite formation, are kinetically hindered as well. In our
simulations, garnet can only nucleate at 3,350 bar if
¢ < 0.03 J/m? since higher apparent interfacial energies
cannot be counterbalanced by AGy. For any T below the
staurolite-in reaction, and for ¢ > 0.03 J/m2, changes to
D (see Sect. “The molecular mobility at the garnet-matrix
interface, D) or HR (Sect. “The influence of the heating
rate, HR, on crystallization kinetics”) do not result in the
formation of the, respectively, bigger garnet nuclei.

The molecular mobility at the garnet-matrix interface, D

In our simulations, D largely influences crystal sizes and
frequencies (Fig. 14) but its impact on overstepping is
negligible. Similar to Fig. 13, ¢'/overstep relationships
were calculated for a series of proportionality factors,
k (see expression (13)), that differ by several orders of
magnitude. They are identical to the relations illustrated in
Fig. 13 and, therefore, are not explicitly shown. These
calculations imply that the influence of D on the departure
from equilibrium required to nucleate garnet is insignifi-
cant compared to the influence of ¢’. It also suggests that
garnet would not nucleate in 93CW4 if ¢’ > 0.03 J/m? for
any value of D at a pressure of 3,350 bar and below the
equilibrium temperature of staurolite formation.
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The influence of the heating rate, HR, on crystallization
kinetics

Similar to D, HR largely impacts on growth and nucle-
ation rates (Fig. 15). Its influence on the departure from
equilibrium required to nucleate garnet is insignificant.
Figure 15 illustrates that crystals get smaller and crystal
frequencies increase as HR increases. It is interesting to
note that the T range over which nucleation occurs also
depends on HR. As the time available for crystal growth
decreases with increasing heating rates, the impact of
chemical fractionation on garnet stability drops, extending
the rates and T ranges of nucleation. Our model predicts
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that there are more variations in the core compositions of a
garnet population that crystallizes during fast heating
compared to nucleation and growth in the course of slow
heating. In general, the impact of chemical fractionation on
AGy is primarily dependent on the efficiency of chemical
diffusion in garnet relative to the rate with which 7 changes
during crystallization. In our simulations, diffusion of Fe,
Mn, Ca, and Mg in garnet was insignificant for
HR > 500°C/Ma and, thus, did not result in what Spear
(1988) refers to as internal metasomatism. Based on
models of heat conduction and the occurrence of isograds
in the Nelson aureole, values for HR that range between
750 and 1,200°C/Ma were estimated.
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Fig. 13 Relationship between the apparent interfacial energy, ¢/, and
the corresponding departure from equilibrium required to nucleate
garnet in 93CW4 at 3,350 bar. Unbroken curves reflect quadratic fits
to simulation data marked with circles. Dashed curves are extrapo-
lations to higher degrees of overstep. Dotted lines mark the T at which
equilibrium phase relations change in the rock matrix. ®, @ and @

correspond to the cases illustrated in Figs. 8, 9, and 10, respectively.
The influence of changes in HR and k on the calculation results are
insignificant (see Sects. “The molecular mobility at the garnet-matrix
interface, D” and “The influence of the heating rate, HR, on
crystallization kinetics”)
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The results presented so far were obtained for P = 3,350
bar (Figs. 8, 9, 10, 11, 12, 13, 14, 15). Even though phase
assemblages with garnet may be thermodynamically sta-
ble down to P~ 2,000 bar (Fig. 6), the probability that
garnet nucleates significantly decreases as P drops. The
lower limits of staurolite and andalusite stability, which
mark the “channel” in AGy — P — T space (Fig. 6), shift
to lower T as P decreases so that the T range of garnet
nucleation shrinks. In addition, the maximum Gibbs free
energy that can be dissipated during garnet nucleation
decreases (AGy gets more positive) as P decreases. This
is the reason why garnet does not nucleate at P = 2,350
bar if ¢ > 0.015 J/mz, whereas it does nucleate at
P = 4,350 bar unless ¢’ > 0.042 J/m>. The upper limit of
¢’ above which nucleation of garnet is predicted not to
happen in 93CW4, ¢’,,.,, is illustrated in Fig. 16 relative
to P.

Our simulations suggest that crystal sizes and abundances
that result from interface-controlled crystallization are very
sensitive to variations in ¢’, D, HR, and P. The deter-
mination of any of these variables from the characteristics
of a CSD is ambiguous if the others are unknown. Based on
phase equilibria and thermal modeling and detailed
petrography of metapelites from the Nelson aureole,
Pattison and Tinkham (2009) derived a P of ca. 3,500 bar
during contact metamorphism. As the garnet and staurolite
isograds are almost coincident in the Nelson aureole (Fig.
15a of Pattison and Tinkham 2009), and considering the
simplifications of the model presented in this study, a P of
3,500 bar may correspond to a maximum value of
¢ = 0.03 J/m* (Fig. 16). Even if a large departure from
equilibrium was required to nucleate staurolite, values for
¢ > 0.045 are unlikely considering the quadratic rela-
tionship between ¢’ and T - overstep shown in Fig. 13a.
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Fig. 16 Relationship between P and ¢, the maximum apparent
interfacial energy above which nucleation of garnet does not happen
in 93CW4

Figure 17 illustrates the relationship between ¢ and the
contact angle, ¢, for ¢ = 0.03 and 0.045 J/m? assuming
garnet nucleation on a planar matrix substrate (see
expression (6)). If ¢ = 180°, o equals ¢’ as this corre-
sponds to homogeneous nucleation. For ¢ < 180°, the
contribution of ¢ to the energy barrier that has to be
overcome in order to nucleate garnet decreases due to the
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Fig. 17 Relationship between the interfacial energy during hetero-
geneous nucleation, ¢, and the contact angle for nucleation on a
planar substrate, ¢, based on the apparent interfacial energies
@ = 0.03 and 0.045 J/m*

presence of heterogeneities. Since ¢ is unconstrained with
respect to metamorphic garnet nucleation, our simulations
cannot yield a specific value but rather an upper limit for ¢
that ranges between 0.03 and 0.3 J/m>.

Garnet isopleth geothermobarometry (e.g., Vance and
Mahar 1998; Evans 2004; Gaidies et al. 2006) applied to
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the core of the biggest garnet in the cylinder of 93CW4
(sps-alm-prp-grs:  31.4-56.0-6.7-5.9 mol-%, respectively)
yields an area of isopleth intersection at 7 conditions below
the lower limit of garnet stability. This apparent discrep-
ancy may be due to (1) uncertainties of the thermodynamic
data, (2) an effective bulk rock composition that does not
correspond to the bulk composition of 93CW4, or (3)
subsequent alteration of the primary garnet core composi-
tion. However, it is important to note that a solution phase
that crystallizes far from equilibrium most likely has a
chemical composition that cannot be predicted by equi-
librium principles. Our model takes into account the
departure from equilibrium required for crystallization. It
predicts the observed core composition only if garnet
nucleates and coexists with plagioclase, ilmenite, biotite,
white mica, quartz, and andalusite at ca. 2,500 bar and
525°C after a thermal overstep of ca. 15°C (Fig. 6).
Nucleation of garnet with the observed core composition
may only be possible during isobaric heating if o’
decreased from ¢’ > 0.018 J/m? at T below the andalusite-
into ¢’ < 0.011 J/m? at the onset of garnet nucleation. If ¢’
would have been constant or even increased with T before
crystallization, garnet nucleation, if at all, would have
occurred prior to andalusite formation. Such a garnet would
have been lower in spessartine and higher in almandine
content compared to the observed crystal. A possible
decrease in ¢’ with T is compatible with results obtained by
Gutzow et al. (1985). However, a P of 2,500 bar during
garnet crystallization is unlikely as this is not consistent
with the absence of cordierite and the presence of staurolite
in the Nelson aureole (Pattison and Tinkham 2009).

Limitations of the nucleation and growth model

The comparatively simple CNT was chosen in this study as
the foundation of the crystallization model for the reason
that quantitative models of nucleation during metamorphic
petrogenesis are generally lacking. Despite its inherent
simplicity, our model may provide a useful understanding
of some fundamental physical properties and mechanism
that govern interface-controlled nucleation during meta-
morphism. However, as CNT was developed for crystals
nucleating from a melt or aqueous solution, numerous
limitations can be expected when applied to nucleation in
metamorphic rocks. This section focuses on some of the
major limitations of CNT applied to metamorphic
nucleation.

Since CNT is an interface-controlled theory, its appli-
cation to rocks with relatively slow element transport rates
and local variations in AGy is limited. In order to over-
come these limitations, alternative quantitative models are
required that take into account the influence of long-range
diffusion on nucleation kinetics. Whereas such models

were successfully developed to predict, for example, the
kinetics of oxygen precipitation in Czochralski-grown
silicon (Kelton 2003; Wei et al. 2000), they are currently
not available to study diffusion-controlled nucleation dur-
ing petrogenesis.

It can be expected that garnet nuclei are characterized by
different volumes and shapes than the rock matrix phases
they replace during metamorphism. This is the reason why
elastic strain energy may significantly impact on the
kinetics of garnet nucleation. In addition, it may be specu-
lated that Gibbs free energy stored in the rock matrix in the
form of strained crystals may be released during thermal
overstepping and, thus, reduce the amount of AGy required
to counterbalance ¢’. Such a scenario could not be consid-
ered in our simulations of contact metamorphism due to the
intrinsic limitations of CNT. However, it can be expected
that the release of strain energy is key to the kinetics of
garnet nucleation during regional metamorphism.

Besides its interface control and the exclusion of elastic
strain energy, the major limitation of CNT is the “capil-
larity approximation”: AGy and ¢’ are assumed to have
macroscopic values independent of cluster size. In our
simulations, more than 100 molecules were calculated to
be contained in the smallest nuclei. This demonstrates that
macroscopic properties were not assigned to embryo sizes
and that the clusters are distinguishable from the equilib-
rium solution (Kelton et al. 1983). According to CNT, in
our simulations, molecules of garnet are assumed to be
present in the matrix once AGy <0, and it is further
assumed that these molecules eventually form nuclei with a
well-defined volume and surface area. However, it seems
more likely that metamorphic nucleation takes place along
grain boundaries, dislocations, and cracks so that nuclei
geometries are rather irregular.

In our model, AGy is not only the chemical driving
force for nucleation but it is also used as the driving force
for crystal growth (see expression (12)). However, chem-
ical potential differences at the garnet-matrix interface are
required for trans-interface interdiffusion driving crystal
growth (Hillert 1999; Hillert and Rettenmayr 2003) (i.e.,
Ap® must be different from Ag® in Fig. 5). This is not
considered in our simulations due to the lack of detailed
information on interface kinetics during metamorphism. It
is also important to note that our model considers an energy
barrier to nucleation but does not account for an energy
barrier to crystal growth. As a consequence, preexisting
clusters with r > r* grow if AGy <0 independent of AG*.
Both a too large driving force for crystal growth and the
omission of an energy barrier to crystal growth result in the
overestimation of chemical fractionation and its impeding
impact on nucleation. This is the reason for the small
T - ranges over which nucleation took place in our simu-
lations and explains the similarities in the core compositions
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of all the crystals of a garnet population predicted by our
model. It is important to note that this prediction is incon-
sistent with the garnet cores observed in 93CW4 which
decrease with decreased size in X, and X, and increase in
Xre and X, respectively (see Fig. 5 of Pattison and Tink-
ham 2009). This also implies that the shapes of the CSDs and
the relative crystal sizes and frequencies predicted by our
model are more relevant for the interpretation of nucleation
and crystal growth kinetics than absolute numerical values.

Conclusions

The model presented in this study reproduces the charac-
teristic lognormal shape of the observed garnet CSD. Since
this type is among the most common types of CSDs
observed in igneous, sedimentary and metamorphic rocks
(Eberl et al. 1998), the model may reflect some course
realism despite its intrinsic simplicity. The model results
imply that there is a positive relationship between thermal
overstep and ¢ for isobaric garnet nucleation. If the cor-
responding P is known, ¢ may be approximated. For garnet
nucleation on a planar matrix substrate in the Nelson
aureole at 3,500 bar and contact angles between 20 and
180°, ¢ may range from 0.03 to 0.3 J/m”. It may be pos-
tulated that thermal overstepping of the garnet-forming
reaction is larger during fast low—P contact metamor-
phism than in regional metamorphic settings with slow
heating rates. Our simulations suggest that such a phe-
nomenon may be due to relatively small chemical driving
forces for garnet nucleation at low P and a limited input of
strain energy released during precursor dissolution rather
than fast heating as this has a negligible effect on
overstepping.

The model presented in this study is the first quantitative
attempt at ab initio modeling of metamorphic reaction
kinetics and may provide grounds for a more complete
treatment. Quantitative models that link attachment and
detachment processes at the surfaces of product clusters
with long-range element transport and strain evolution
during crystallization are required to develop a general
picture of the kinetics of metamorphic nucleation and
crystal growth. Even though the interfacial energy is small
compared to the volumetric Gibbs free energy that is
released during mineral reactions, this study has clearly
shown that knowledge of its magnitude is essential for a
better understanding of rock texture formation.
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