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Abstract To characterise the kinetics of Ostwald ripen-
ing of quartz, we conducted four series of experiments in
systems consisting of quartz, with an initial grain size of
~1.3 to 6 um, in equilibrium with hydrous silicic liquids.
Two series were performed with a haplogranitic liquid
containing 6.5 wt% H,0 at 900 °C and 1 GPa. The third
series was made in the quartz—anorthite system at water
saturation, 900 °C, and 1 GPa. The last series was made
in the quartz—albite system at water saturation, 800 °C,
and 0.2 GPa. In all series, we observed a relatively small
but systematic increase of the mean grain size of quartz,
d, with increasing run duration, . The largest increase
was in the quartz—anorthite system: d increased by a
factor of 4.3 after 326 h; the smallest increase was mea-
sured in the quartz—albite system: d increased by a factor
of only ~1.6 after 1,173 h. The experimental data yield
very good linear fits in both In ¢ vs Ind and In ¢ vs d
diagrams. The slopes in the In ¢ vs Ind diagrams, between
1/5 and 1/7, are, however, much smaller than the value of
1/3 predicted by the Lifshitz—Slyozov—Wagner theory for
diffusion-controlled Ostwald ripening. A possible expla-
nation for this discrepancy is that the diffusion-con-
trolled regime in our experiments is only attained after a
transient regime lasting from 20 h in series III to 100 h in
series IV. A more straightforward explanation of the
experimental results is that the rate-limiting mechanism
for Ostwald ripening is quartz growth by surface nucle-
ation not diffusion in the silicic liquid. Finally, we ex-
trapolated our data to geological time scales to evaluate
the importance of Ostwald ripening in natural quartz-
bearing magmatic systems: (1) quartz cannot coarsen
measurably by Ostwald ripening over reasonable time
scales if the initial grain size is &~1 mm or more; and (2)
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Ostwald ripening may be very active at the end of
nucleation events and result in the consumption of a
significant proportion of crystalline nuclei.

Introduction

The coarsening of solid particles in a liquid phase is
known as Ostwald ripening, from the name of the
chemist W. Ostwald who first observed this process
(Ostwald 1901). The driving force for Ostwald ripening
is the minimisation of the total interfacial energy of the
system by dissolution of the smaller grains and growth
of the larger ones. It results in an increase of the mean
grain size and a decrease of the number of grains per
unit volume. Studying the kinetics of Ostwald ripening
of silicates in magmas is of major interest because the
size of crystals controls the dynamics of many magmatic
processes such as crystal settling or the segregation of
partial melts. The settling velocity of crystals in a magma
chamber or the permeability of a partially molten rock
are indeed proportional to the square of grain size (e.g.
Turcotte and Schubert 1982). Thus, Ostwald ripening
could have important implications for magmatic pro-
cesses provided its efficiency over the duration of these
processes can be proved.

Ostwald ripening involves dissolution of matter from
the small grains, transport by diffusion in the liquid
phase, and precipitation on the large grains: so the ki-
netics of Ostwald ripening can be limited either by the
diffusion rate or by the rate of interface reactions.
Theoretical studies of the kinetics of Ostwald ripening
have first been conducted for very small volume frac-
tions of the coarsening phase (Lifshitz and Slyozov 1961;
Wagner 1961). In the resulting model, called LSW, the
grains are spherical, a quasi-stationary regime is
assumed for diffusion, and the reaction kinetics at the
interface is assumed to be linearly related to the super-
saturation (continuous growth). LSW model predicts
that:
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1. The shape of the crystal size distribution, when
normalised to the mean size, becomes stationary; the
maximum grain size is 2 times the mean grain size for
interface-controlled Ostwald ripening, 1.5 times the
mean grain size for diffusion-controlled Ostwald
ripening.

2. The mean size obeys the following law:

i=a s +i)”" 1)

Tp

where d is the mean grain size (or diameter), dy is the
initial mean grain size [dy = d(t = 0)], tis time and 7, is a
time constant depending on the interfacial energy per
unit area, the initial mean grain size to the power of n,
and either the diffusion coefficient in the liquid or the
constant of reaction at the interface (for diffusion-con-
trolled and interface-controlled ripening, respectively).
The exponent n is 2 for interface-controlled Ostwald
ripening and 3 for diffusion-controlled Ostwald ripening.
Because 7, is proportional to dj, Eq. (1) may be written

d" —dj = kyt

where the ripening rate k, = c_l(’} /1, does not depend on
the initial mean grain size.

LSW theory has been extended to the case of larger
fractions of solid ¢ (Ardell 1972; Brailsford and
Wynblatt 1979; Marqusee and Ross 1984; Voorhees
1985): the value of exponent n is unchanged but 1,
decreases with increasing ¢ and the maximum norma-
lised grain size diay/d increases with increasing ¢ (but
remains lower than 2 in diffusion-controlled Ostwald
ripening). The effect of grain shape was studied by De
Hoff (1984, 1991) who showed that the value of n is not
affected if the grains are not spherical. For the diffusion-
controlled case he developed a model taking into
account the interactions between neighbouring particles
(De Hoff 1991); in this model the maximum normalised
grain size is two times the mean grain size as in the
interface-controlled model of Wagner (1961).

There is a good agreement between the experimental
data in the materials science literature and the theoret-
ical predictions (e.g. Kang and Yoon 1978; Kang and
Yoon 1982; Fang et al. 1991). In particular, an exponent
n~3 as predicted for diffusion-controlled ripening is
obtained over a wide range of liquid fractions and values
of n approaching 2 are only observed for solid fractions
¢ >95%vol (Kang and Yoon 1978).

There are many studies devoted to the grain growth
of silicates in solid rocks (e.g. Tullis and Yund 1982;
Karato 1989; Dresen et al. 1996), but comparatively very
few studies on the kinetics of Ostwald ripening in par-
tially molten rocks. Jurewicz and Watson (1985) and
Laporte (1994) made measurements of dihedral angles at
the junction of quartz or feldspars with a granitic melt
and reported the evolution of the mean grain size with
time; Park and Hanson (1999) studied the Ostwald rip-
ening rates of forsterite in a haplobasaltic melt. In all
cases it was not possible to determine accurately the kind

of kinetics involved, especially the value of n. Ikeda and
Nakashima (1999) performed coarsening experiments of
pyroxene in liquid under static and rolling conditions.
They found an exponent value of 7 for n that disagrees
with theoretical works and that they did not explain.
Because of the very few experimental data available for
magmatic systems, we started a programme aimed at
measuring the rate of Ostwald ripening for major silicate
species. In this paper, we present the results for quartz
in equilibrium with silicic melts.

Experimental and analytical techniques
Overview

We performed four series of experiments to measure the
rate of Ostwald ripening for quartz in a silicic liquid at
900 °C and 1 GPa, and 800 °C and 0.2 GPa. In series 1
(runs QGla to QG7a; Table 1) and II (runs QGlb to
QG7Db), the starting composition was a mixture of quartz
and a synthetic granitic glass containing 6.5 wt% dis-
solved water (GminH); the weight percentage of quartz
was 50 in series I and 73 in series II. The starting mixture
was loaded into platinum containers (2-mm outer diam-
eter) that were subsequently stored at 120 °C for 1 h be-
fore welding to remove the water adsorbed on the
powder. Experimental series I and II were performed in a
piston-cylinder apparatus at 900 °C and 1 GPa with du-
rations ranging from 1 to 519 h (Table 1). In series III
(runs QAn6, 7, 20, 21a, 23c, 24 and 25) and IV (runs
QADI to QADbS), the experiments were made in the sys-
tems quartz—anorthite-H,O and quartz—albite-H,O,
respectively, under water-saturated conditions. The
starting composition was 90 wt% quartz and 10 wt%
anorthite in series 111, and 72 wt% quartz, 28 wt% albite
in series IV. The starting mixture was loaded into plati-
num containers (2- and 3-mm outer diameter in series 111
and IV, respectively) along with de-ionised water; because
a large volume percentage of bubbles would have made
the textural analysis difficult, the amount of added water
was just slightly larger than the amount required to sat-
urate the system at the P-T conditions of the experiment.
The bottom half of the platinum capsules was immersed
into water during arc welding to minimise water loss.
Experiments of series III were made in a piston-cylinder
apparatus at 900 °C and 1 GPa, and lasted from 29 min to
327 h (Table 1). Experiments of series IV were conducted
in an externally-heated pressure vessel at 800 °C and
0.2 GPa with duration ranging from 57 to 1,173 h.

Starting materials

Quartz

We used coarse fragments of natural, optically-clear
quartz crystals cleaned in HNO3 and HCI, and rinsed in
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Table 1 Summary of run

information and grain size Duration Quaor tz fraction” d-p° ds_p° o/ C°
statistics. The starting materials (h) (vol%) (km) (nm)
1 0/ . 0, M
Hor glgoﬁj‘;;-aig/goflg‘g;gf;lm QGla 126.3 46 (5) 6.2 (0.4) 5.9 32 0.77
(runs QGla to QG7a), 27% QG2a 6 42 (5) 4.3 (0.3) 4.3 5.8 0.66
glass GminH + 73% quartz for QG3a 519.47 41.(4) 7.9 (0.5) 8.2 32 0.76
series 11 (runs QG1b to QG7b), QG4a 24 46 (5) 5.0 (0.3) 49 4.6 0.72
10% anorthite +90% quartz QG5a 1 47.(7) 3.1(0.3) 2.8 7.7 0.61
for series 111 (runs labelled QGoa 66 42 (%) 6.0 (0.3) 6.3 3.1 0.73
QAn), 28% albite + 72% QG7a 200 45 (5) 6.4 (0.4) 6.4 2.9 0.76
quartz for series IV (runs QAbl QGIb 126.3 71(6) 5.2(0.3) 5.2 4.0 0.72
to QAbS). Glass GminH in QG2b 6 68 (6) 3.5(0.2) 33 5.3 0.68
series I and II contains 6.5% gggg 2‘1‘ ;2 ggg ‘2‘2 gg;g ‘2‘2 2-2 83
and 1V were watersaturated. Q66D 66 65 (5) 5003 47 38 0.72
Experimental conditions are QG7b 200 65 (6) 5.7(0.3) 5.4 3.6 0.75
1 GPa, 900 °C for series I, I, Q4123 0.48 n.a. 5.6 (0.4) 5.7 na 0.61
111, and 0.2 GPa, 800 °C for ~ Q4n24 24 n.a. 7.8 (0.5) 7.9 n.a 0.75
series IV. Samples QAn20, 21a, QAn20 24 66 (4) 13.8 (0.6) 15.3 2.5 0.73
23c, 24 and 25 are taken from  QAN23¢ 153 62 (5) 182(0.9) 202 2.5 0.74
e T R
Kgl?s“gnZehizlt";‘;a‘f;z‘lj‘C‘c QAn7 200 66 (4) 179 (0.7) 18 35 0.72
QADI 165.85 51 (6) 28 (0.2) 31 4.4 0.64
QADb2 257.13 56 (6) 2.9 (0.2) 33 5.2 0.65
QAb3 1172.95 54 (7) 3.7(0.3) 41 5.4 0.64
QADb4 56.67 55 (6) 2.4 (0.1) 2.6 4.2 0.66
QADS 568.72 55 (6) 3.2 (02) 36 55 0.62

%The volume fraction of quartz is supposed to be equal to the surface fraction of quartz in plane
sections. The error (in parentheses) is equal to half the difference between a maximum estimate of
surface fraction (after one morphological dilation of the binary images) and a minimum estimate of
surface fraction (after one morphological erosion of the binary images)

bg’z,D is the measured 2-D mean grain size (the error is given in parentheses)

“d3_p is the estimated 3-D mean grain size (see the text for further explanation)

dqmax /d is the maximum 2-D grain size divided by the 2-D mean grain size

°C is the mean compactness of the population of grains measured in a sample (typical error: +0.03)

distilled water. For series I to III, the quartz was ground
in acetone, sieved with a 20-pm mesh and finally fired at
800 °C to produce a well-sorted powder of angular
fragments. From grain size analysis in the shortest ex-
periments of series I, IT and III, the mean grain size of
quartz in the starting powder was estimated to be 2.5 um
for series I and II, 5 pm for series III; despite sieving
with a 20-pm mesh, a few grains with a greatest length
of 40-50 um were still present.

Because the kinetics of Ostwald ripening was antici-
pated to be slower at 800 °C and 0.2 GPa, we used a
much finer quartz powder in series IV: a coarse powder
of quartz was ground in a micronising mill for 25 min in
ethanol. The alcoholic suspension was let 60 h to ensure
the separation of quartz from the ethanol by settling; the
quartz powder was finally dried and fired at 800 °C. The
maximum size was <10 pm and the mean grain size
estimated from extrapolation of our data for a short
time (1 h, for instance) was about 1 pm.

Plagioclases
Fine powders of synthetic anorthite (<20 um) and

Amelia albite were used in starting compositions III and
IV, respectively. The reader is referred to Laporte (1994)

for technical information on the anorthite. A fine
powder of Amelia albite with a maximum size of
<10 pm was prepared using the same procedure as for
series IV quartz.

Granitic glass

Hydrous granitic glass GminH was prepared by water
saturation of haplogranitic glass Gmin (Table 2) in an
externally-heated pressure vessel at 760 °C and 200 MPa
for 6 days. Samples of 260 mg of glass Gmin were loaded
along with 30 mg distilled water into a gold capsule. The
capsule was cooled with liquid nitrogen during arc-
welding to avoid water vaporisation. After the experi-
ment, the H,O-saturated glass was ground to less than
20 um. A loss-on-ignition test indicated a water content
of 6.5 wt% for GminH.

Apparatus

Experimental series I to III were conducted in a 3/4”
piston-cylinder apparatus using NaCl-soft glass-graph-
ite-crushable MgO assemblies. The platinum capsules
were placed vertically, by groups of three, at the hot spot
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Table 2 Average compositions of glasses in wt%. Analytical con-
ditions for electron microprobe are 15 kV, 5 nA, 10 s, and beam
size is 5x5 um. Oxide concentrations are given after normalisation
to 100 wt% of the totals of the major elements; analytical totals are

shown for information (last column). Standard deviations are given
in parentheses. The number of analyses is given in parentheses after
the run number

SlOz A1203 NaZOa Kzo CaO Total
Gmin® 76.92 13.27 4.73 5.08 - 100.00
QGla (6) 78.29 (0.26) 12.99 (0.25) 3.86 (0.11) 4.86 (0.11) - 93.86
QG2a (7) 79.14 (0.30) 12.60 (0.15) 3.41 (0.17) 4.84 (0.12) - 94.05
QG3a (5) 78.00 (0.23) 13.23 (0.14) 3.73 (0.03) 5.04 (0.13) - 93.83
QG4a (5) 78.72 (0.26) 12.82 (0.18) 3.50 (0.06) 4.95 (0.10) - 93.91
QGé6a (6) 78.43 (0.11) 12.85 (0.08) 3.83 (0.13) 4.89 (0.16) - 92.00
QG7a (6) 77.96 (0.27) 13.13 (0.13) 4.00 (0.16) 491 (0.15) - 95.08
QAn24 (5) 80.00 (0.15) 12.78 (0.24) - - 7.22 (0.15) 86.42
QA6 (6) 80.35 (0.28) 12.42 (0.27) - - 7.22 (0.17) 85.64
QAn7 (6) 79.54 (0.30) 13.00 (0.22) - - 7.46 (0.19) 88.69
QADI® (5) 83.72 (0.58) 10.88 (0.54) 4.99 (0.10) 0.29 (0.11) 0.12 (0.08) 91.14
QAbX (5) 83.68 (0.35) 11.14 (0.21) 4.52 (0.20) 0.50 (0.29) 0.16 (0.04) 90.33
QAb3® (6) 83.38 (0.17) 11.10 (0.12) 5.15 (0.16) 0.23 (0.08) 0.14 (0.03) 90.11
QAbBA (4) 84.75 (0.87) 9.97 (0.72) 4.55 (0.24) 0.53 (0.13) 0.20 (0.07) 91.36
QADS (4) 83.90 (0.25) 11.00 (0.21) 4.62 (0.20) 0.36 (0.17) 0.12 (0.03) 91.17

#Sodium loss is estimated to =~15% relative
®Calculated from weights of oxides and carbonates (Laporte 1994)

“Glasses in series IV contain in addition ~0.2wt% FeO and ~0.2 wt% MgO

of the graphite furnace. The techniques used to heat and
to pressurise the assemblies and to monitor the
temperature were similar to those described in Laporte
(1994). Series IV was performed in an externally-heated
pressure vessel made of a nickel-based superalloy
(Nimonic 105). The platinum capsules were first pres-
surised (using nitrogen) and then heated to 800 °C in
about 60 to 90 min. Temperature was controlled with a
Pt100/Pt90Rh10 thermocouple calibrated against the
melting point of NaCl. Pressure was measured by a
pressure transducer precise to <1 MPa. The experi-
ments were quenched by lifting the furnace and cooling
the pressure vessel with compressed air; the resulting
quench rate was 3—4 °C/s.

Analytical techniques

After an experiment, the platinum capsules were opened
and some fragments of the samples were mounted in
epoxy, ground and polished with 1.0 and 0.3 pm alu-
mina grit. Compositions of experimental glasses were
determined with a Cameca SX100 electron microprobe,
at 15 kV, 5 nA and with counting times of 10 s. We used
a beam size of 5x5 pum. For hydrous granitic glasses, this
beam size is not large enough to reduce sodium loss to a
negligible level (Laporte 1994): sodium loss is ~15%
relative for a 5x5 um beam size. The compositions of
experimental glasses are given in Table 2.

For textural analysis, the polished samples were
observed with a Cambridge Stereoscan S360 scanning
electron microscope (SEM). For each sample, four to six
back-scattered electron images were stored with a reso-
lution of 768x574 pixels; magnifications ranging from
650 to 2,000 were used depending on grain size, so that
the total number of quartz grains available for shape
and size analysis was larger than 500 in each sample.

Stereology

Binary images were generated from the back-scattered
electron images using the image analysis software Mi-
cromorph (Centre de morphologie mathématique, Ecole
des Mines de Paris 1996). The size (diameter of the disc
with the same area) and the Ferret diameters (length of
the orthogonal projections of the grain on the edges of
the image) were measured for each grain. To obtain 2-D
crystal size distributions, we corrected for the edge
effect, following a method from Lantuéjoul (1980):
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where f5p(i) is the frequency of grain sections whose size
is included into [d;, d;+ ;], d(j) is the size of the jth grain
section, /(j) and w(j) are the Ferret diameters of the jth
grain section, L and W are the image length and width.
The number per unit area of grain sections whose size is
within [d;, d;+ ], n,(i), is related to f>p(i) as follows:

. . 1
i) = Fool0) TG0 W)

We used a method from Saltikov (1967) to estimate
the number of grains per unit volume and the mean 3-D
diameters. Because the quartz grains have equant shapes
in our experiments (Fig. 1), we assumed a spherical
shape for the grains. If the d; are geometrically spaced
(di+ ;=a d;), and if there are N bins of increasing sizes
(a>1), the following expressions give the number of
grains per unit volume, n,, in each 3-D size bin:

_ ny(N)

ma(N) = Hy Py




Fig. 1a—e Back-scattered
electron images of experi-
mental samples from series
I(a 1h,b24h,c519h)
and from series IV (d 57 h,
e 1,173 h)
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where H; is the mean projected height defined as the
distance between tangent planes averaged over all
orientations of the particle (for a sphere, H; is equal to
the diameter of the spheres in the ith bin); P; is the
probability for a sphere in the jth bin to have a
section in the (j—i)th bin: it does not depend on j
because the bins are geometrically spaced and
P=V1—-a2V-it) /1 —q-20=), The mean 3-D
diameter is then easily computed from the n, Al-
though most of the corrected results are satisfying, this
method leads sometimes to overcorrected values
(n,<0) for the small size bins, and increases the dis-
persion data. Thus our raw, model-independent 2-D
data are also presented.

Texture characterisation

To quantify the shape of the grains we measured the
compactness of the grains defined as follows:

47S
C=—-
P’

where S is the area of the section of the grain and p its
perimeter. C ranges from 0 to 1 and is maximum for a
disc. C has been computed for each particle (except the
smallest ones, see below) and the average value C is
reported in Table 1; the standard error is o¢/+/N,, where
oc is the standard deviation of the compactness and N,,
is the number of grains measured. Because of the ab-
sence of an univocal definition of the perimeter of a
particle in discrete geometry, C can significantly depend
on the definition chosen to estimate p, especially for
small particles. Therefore, the shape parameter was
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computed only for particles with more than 100 pixels.
Yet, Cis still slightly affected by the size of the particles.
To minimise this artefact, we controlled that the mean
number of pixels for the diameter of a grain is approxi-
mately the same for all the images we analysed.

Experimental results
Petrology
Paragenesis

In series I and II, the synthetic glass GminH is near
chemical equilibrium with quartz at the P-T conditions
of the experiments: at 900 °C and 1 GPa, glass GminH
only dissolved ~5 wt% of quartz and precipitates trace
amounts of a K,O-rich alkali feldspar (Laporte 1994).
For series III and IV, a melting reaction involving
H,O0, quartz, and anorthite (III) or albite (IV) occurred at
the beginning of the experiments. The reaction proceeded
until anorthite or albite was exhausted, the other reagents
being in excess. The final paragenesis was therefore
quartz, a water-saturated liquid and a free fluid phase in
both cases. For series IV, some orthopyroxenes were also
observed. The trace amounts of MgO and FeO in Amelia
Albite are presumably responsible for that feature. We
emphasise that the time scale of the melting reactions in
series III and IV was very short compared with the run
duration: we did not observe any residual albite or
anorthite even in the shortest experiments (29 min in
series III, run QAn25; 57 h in series IV, run QAb4).

Chemical evolution

To check that precipitation of quartz did not occur to a
significant level in our experiments and that grain
coarsening was only controlled by Ostwald ripening, we
plotted the SiO, concentrations in liquid and the surface
fraction of quartz as a function of run duration (Fig. 2a,
b). The variations of SiO, concentrations with time are
very small and hardly exceed the analytical error
(£0.6 wt%). Quartz precipitation or dissolution would
have given rise to a negative correlation between SiO,
concentration in liquid and surface fraction of quartz.
The analytical error on the surface fraction of quartz is
large (typically +5 vol%, Table 1). The absence of
correlation between the surface fraction of quartz and
SiO, concentration in liquid suggests, however, that
no significant precipitation or dissolution of quartz
occurred in our experiments.

Textures
Grain shape

The evolution of grain shape with time is qualitatively
shown on BSE images for series I (Fig. la, ¢) and IV
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Fig. 2 a SiO, concentration (wt%) as a function of run duration
in series I, III, and IV. b SiO, concentration as a function of
the surface fraction of quartz in series I. Analytical error for
the concentration of SiO, is £0.6 wt%

(Fig. 1d, e). For series I a spectacular change is visible
from 1 to 24 h: the grain shape evolves from angular
shards to smooth and rounded grains. Changes in grain
shape are less obvious from 24 to 519 h, but the devel-
opment of facets is noticeable. For series IV there is
almost no evolution of grain shape. This can be ex-
plained by the smaller initial grain size and the long
duration of all the experiments: a near equilibrium shape
is probably reached even in the shortest experiment,
QADb4 (57 h; Table 1).

The evolution of the mean compactness is reported
for each series in Fig. 3. For series IV, a slight decrease
of C is observed with increasing run duration. For series
I to III, C increases from ~0.61 to =~0.75 especially
within the first 2 h (series III) to 24 h (series I, II). The
faster increase in series I1I is presumably caused by the
larger water content in the melt (=12 wt%). The evo-
lution of C in series I to I1I becomes sluggish at long run
durations and it reaches a plateau, corresponding on the
BSE images to near equilibrium grain shapes (Fig. 1c).
The value of C in the long duration experiments is
clearly much larger in series I to III (=0.75) than in
series IV (=0.64). The quartz grains in series IV are in-
deed faceted and show sharp edges (Fig. le), whereas
they are more rounded in series I, IT and IIT (Fig. lc).
The plateau values of C are indicated by the two shaded
zones in Fig. 3. It is interesting to compare the measured
values with the values of C computed for a suspension of
hexagonal bipyramids with more or less rounded grain
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Fig. 3 Evolution with time of the mean compactness C (the error is
+0.03). With time, grains approach an equilibrium shape and C
reaches a plateau value (shaded areas) of ~0.64 for series IV and
~0.75 for series I-1I1

edges (a hexagonal bipyramid with rounded edges is the
equilibrium shape of quartz in our experimental condi-
tions; Laporte and Provost 1994). We first generated a
2-D texture by random sectioning of bipyramids with
sharp edges. The polygonal sections were then rounded
by a morphological opening by an isotropic structuring
element of size 11 pixels (to simulate the more rounded
grain shapes observed in series I, II, III) or of size 3
pixels (to simulate the grain shapes with sharp edges
observed in series 1V). The values of C computed for
openings of size 3 and 11 are 0.63 and 0.75, respectively.
Therefore, the measured values of C (x0.64 in series IV;
~(0.75 in series | to III) are in good agreement with the
values expected for a population of hexagonal bipyra-
mids with random orientation. In addition, the equilib-
rium crystal shape of quartz appears to be much more
rounded at 900 °C and 1 GPa (series I to III; Fig. 1c)
than at 800 °C and 0.2 GPa (series 1V, Fig. le).

Crystal size distributions

The effect of Ostwald ripening on the CSD is illustrated
in Fig. 4a for three experiments of series I: 1, 24 and
519 h. With time, the frequencies (expressed as the
number of grains in a histogram class divided by the
total number of grains measured) of small-grain classes
decrease and the frequencies of larger-grain classes in-
crease. As a result, the CSD becomes wider, the mode is
shifted towards larger grain sizes, and the maximum
frequency decreases. LSW theory (Lifshitz and Slyozov
1961; Wagner 1961) predicts that, after normalisation to
the mean grain size, the CSD should reach a steady-state
profile with time. Successive normalised CSDs do not
superimpose well for series I, II and III, as shown in
Fig. 4b for series I. A possible explanation for this dis-
crepancy may be that even in the longest experiments,
the final CSD kept a memory of the initial CSD. The
starting powders used in series I to III contained indeed
low frequencies of relatively large grains (up to 40 or
50 pm long). Accordingly, a significant proportion of the
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larger grains in the final CSDs may be inherited from the
starting powder. In Fig. 4c, in which the CSDs are
corrected into 3-D CSDs, the number of grains per unit
volume for the largest size bin does not increase from 1
to 24 h, as expected if these grains were predominantly
inherited from the starting powder.

Contrary to series I to III, series IV shows steady-
state normalised CSDs (Fig. 4d). In this series, the initial
CSD was presumably rapidly erased owing to the much
finer starting powder. The procedure used to prepare
this powder ensured indeed that no quartz grain larger
than 10 pm was present. We stress, however, that the
shape of the normalised CSDs in series IV is quite dif-
ferent from the steady-state profile calculated in theo-
retical works: the peak region is more or less symmetric
whereas it should be negatively skewed; the maximum
normalised size (=5, Table 1) is much larger than the
predicted values of 2 (interface-controlled kinetics) or
1.5 (diffusion-controlled kinetics). Thus the normalised
CSD reaches a steady-state profile, which is not the one
proposed in LSW theories.

Mean grain size

The mean grain size increased significantly in the four
experimental series (Table 1): from 2.8 um (1 h) to 8.2 um
(519 h) in series I; from 2.4 um (1 h) to 5.4 um (200 h) in
series II; from 5.7 pm (29 min) to 24.3 pm (327 h)
in series I1I; and from 2.6 pum (57 h) to 4.1 um (1,173 h)
in series IV. Very contrasted kinetics of Ostwald ripen-
ing are observed in the four series (Fig. 5). The series run
at 900 °C and 1 GPa and water saturation (series I1I)
shows the fastest kinetics. By comparison, the kinetics of
Ostwald ripening in series I and II run at the same P-T
conditions but with a lower water content in the liquid
(6.5 versus =12 wt% in series I1I) is much slower. The
slowest kinetics is observed in series IV that was run at
water saturation but at lower P and T conditions
(6.5 wt% water, 0.2 GPa and 800 °C). In Fig. 5, we
plotted the data from Jurewicz and Watson (1985) for
Ostwald ripening of quartz in a H,O-poor granitic liquid
(0.2 wt%) at 1 GPa, 1,000 °C. Despite the higher tem-
perature, Ostwald ripening under these conditions was
slower than in our series IV, which was run at a lower
temperature (800 °C) but with a larger water content in
the liquid (6.5 wt%).

Assuming that the mean grain size obeys equation 1
with #>> 1,,, each experimental slope should form a line in

>

Fig. Sa—d Evolution with time of the mean grain size (a-b 2-D
mean grain size; c—d 3-D mean grain size). Full diamonds: series I,
empty diamonds: series 11; shaded squares: series 111; crosses: series
1V. The triangles (a-b) are data from Jurewicz and Watson (1985;
1 GPa, 1,000 °C, 0.2 wt% water in the liquid). The data are plotted
in a In/ln diagram, and fitted by power laws (a—c), or plotted in a
half-In diagram, and fitted by logarithmic laws (b—d). Error bars, if
not visible, are within the symbols

a Ind versus In ¢ diagram with a slope equal to 1/n. As a
matter of fact, a very good linear correlation between In d
and In ¢ i1s obtained for the four series (Fig. 5a, ¢). The
lines for all the series are roughly parallel and correspond
to values of n ranging from 5.1 to 7.2 for 2-D values, 4.7
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to 6.6 for 3-D values. These values of n are much larger
than those predicted by LSW theory: 2 for interface-
controlled kinetics, 3 for diffusion-controlled kinetics.

The very small values of the slope 1/n in the In ¢ vs
Ind diagram suggest that our experimental data may as
well be fitted by a logarithmic law:

51:210+k11n<1+1i> (3)
1

where k; 1; are constants, with the dimensions of a
length and a time, respectively. We made the assump-
tions that k; and 1, do not depend on dy. Good linear
correlations between d and In ¢ are obtained for series I
to IV (Fig. 5b, d).

In parallel to the increase of the mean grain size, the
number of grains per unit volume, N,, decreased during
Ostwald ripening. N, was computed using the Saltikov
method (see section Stereology); it decreased much in
the beginning of coarsening: in series I and II for
instance, it is divided by ~3.7 during the first 24 h. The
evolution of N, with time is well fitted by a power law
(Fig. 6): N, is linearly related to the inverse of time at the
power o, where o ranges from 0.41 to 0.51.

Discussion
Interpretation of experimental data

The very good linear correlations observed between In ¢
and Ind correspond to values for the exponent » much
larger than the values predicted by LSW theory: n~5-7
instead of n=2 for interface-controlled kinetics, or n=3
for diffusion-controlled kinetics. Similarly, Jurewicz and
Watson’s (1985) data for quartz in a dry granitic melt
show a good linear correlation in a Ind versus In ¢ plot,
but with a slope of a1/5 instead of 1/2 or 1/3 as pre-
dicted by LSW theory (Fig. 5a). Our data and those

N \\

Number of grains per mm?3

10 100 1000 10000 100000

Time (min)

Fig. 6 Evolution of the number of grains per mm?. Full diamonds:
series I; empty diamonds: series 11; shaded squares: series 111; crosses:
series IV

369

from Jurewicz and Watson (1985) are equally well fitted
by a logarithmic law (Fig. 5b).

Two fundamentally different ways to interpret the
discrepancy between our experimental results and LSW
theory are discussed in the following sections.

The concept of a transient regime

For the four experimental series, reasonably good linear
correlations are obtained between d> and ¢ if the shorter
experiments are not taken into account. This point is
illustrated in Fig. 7 in which the data for series I are
plotted in a d* vs ¢ diagram. From this figure, we could
conclude that, after a transient regime lasting about 50 h,
a permanent regime is established, in which the kinetics
of Ostwald ripening kinetics is controlled by diffusion in
the liquid (d® 7).

Plots of d* vs t for series II to IV can also be in-
terpreted in terms of a transient regime lasting =20
(series III) to ~100 h (series 1V) followed by a per-
manent, diffusion-controlled regime (Table 3). Using
LSW equations, diffusion coefficients can be estimated
from the slope of the linear part of the experimental
trends in the @® vs t diagram. These estimates range
from 107'* m?/s in series IV to 10™"' m?/s in series III
and are in reasonable agreement with the diffusion
coefficient for Si in a hydrous granitic liquid at
800-900 °C: ~10'* m?/s as extrapolated from Baker’s
(1991) data.

Ostwald ripening controlled by surface nucleation

The exponent n=2 predicted by LSW theory for inter-
face-controlled ripening corresponds to the case where
the rate-limiting mechanism is continuous growth. For
continuous growth, the growth/dissolution rate at the
crystal-liquid interface is proportional to supersatura-

700 -
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400

300 1

200 -

Cube of mean grain size (m?)

0 100 200 300 400 500 600
Time (hrs)

Fig. 7 Evolution of the cube of the mean grain size for series I (2-D
data). The longer experiments (full circles) are fitted by a linear law.
Short duration experiments are plotted as empty circles
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Table 3 Parameters used to fit the experimental 3-D data using a
cube root law in time following a transient regime. The time 0 (h) is
the estimated duration of the transient regime (Fig. 7); a (um*/h) is
the slope of the linear part of the experimental trend in a d> vs ¢
plot, and D is the diffusion coefficient computed from a using the
LSW equations; y, (um?) is the intersection of this line with the d°
axis at r=0. Parameter r is the correlation coefficient of Pearson
between ¢ and d° in this plot and for the linear part of the experi-
mental trend

0 a D Yo r
I 50 0.78 3x10713 141.5 0.965
11 20 0.51 210713 63.3 0.959
111 20 33.4 1071 2146 0.912
v 100 0.04 1074 23.9 0.993

tion/undersaturation (Wagner 1961), and the crystals
are expected to be more or less rounded with micro-
scopically rough interfaces (Dowty 1980; Baronnet
1984). By comparison, the quartz crystals in our exper-
iments have macroscopically flat, crystallographically
controlled rational faces and show only a limited
rounding of their edges, especially in series IV (Fig. lc,
e). Accordingly, these crystals may have grown by a
layer growth mechanism (Dowty 1980): spiral growth in
the presence of screw dislocations or surface nucleation
in which each layer is initiated by a two-dimensional
nucleus. Solomatov and Stevenson (1993) theoretically
studied the kinetics of interface-controlled Ostwald rip-
ening in the case of layer growth. They found that the
mean grain size was proportional to ¢'? for spiral
growth and to In ¢ for growth by surface nucleation. To
our knowledge, there is no layer growth mechanism
yielding a power law relationship d ¢!/ with n in the
range of 5-7.

Accordingly, a model of interface-controlled Ostwald
ripening in which the rate-limiting mechanism is quartz
growth by surface nucleation may explain both the
faceted habit of quartz and the very good linear fits in
the d vs In ¢ diagrams (r~0.98, Table 4). In this model, a
corollary of our experimental study is that the growth
mechanism of quartz in hydrous silicic liquids at 800—
900 °C, 0.2-1 GPa, and for small supersaturations is
surface nucleation.

Arguments against diffusion-controlled Ostwald ripening

Although we lack definitive evidence, we believe that the
rate-limiting process for Ostwald ripening in our ex-
periments is quartz growth by surface nucleation, not
diffusion in the liquid. The two main arguments against
the diffusive model are the following:

1. The good linear correlations observed between d° and
¢ in the long duration experiments may be fortuitous.
Indeed for any kinetic law in In 7 or in ¢!/" with n large
(5-7 in our data), it is always possible to find a
restricted range of ¢ over which the data can be fitted
by a '3 law. In fact, we could as well fit our data with

Table 4 Equations used to fit the experimental data using a log-
arithmic law [see Eq. (3)]. Both 2-D mean grain sizes and 3-D mean
grain sizes were fitted. Values of k; and of dy — k;Int; were esti-
mated assuming £>7; units for length and time are pm and s.
Parameter r is the correlation coefficient of Pearson between In ¢
and d

kl 6_10 - k] ln T/ r
1 2-D 0.7 -2.8 0.983
3-D 0.8 -3.6 0.966
II 2-D 0.6 23 0.997
3-D 0.6 2.4 0.997
111 2-D 2.1 -10.5 0.994
3-D 2.6 -14.8 0.968
v 2-D 0.4 -29 0.978
3-D 0.5 -3.5 0.989

a 1'% law (the transient regime would be just longer
than in Fig. 7). The only element in keeping with
diffusion-controlled Ostwald ripening is that the
diffusion coefficients computed from the slope of the
linear part of the d* vs ¢ diagrams are in reasonable
agreement with the diffusion coefficient of Si in a
silicic liquid at 800-900 °C.

2. The second argument against a diffusion-controlled
model is based on the observation that the average
distances between neighbouring grains in our systems
are very small: only a few microns (Fig. 1). To
compute these distances, we assumed that a sphere of
volume N, ! was associated to each of the N, grains
of quartz per unit volume (each sphere contains one
grain surrounded by a shell of liquid). Then the
average distance between the surfaces of two neigh-
bouring grains may be approximated by the differ-
ence 2R — d, where R is the radius of a sphere of
volume N, '. Using this formula, we computed
average distances between 2 and 5 pm in series I-111
and between | and 2 pm in series I'V. In all series, the
average distance increased with increasing run dura-
tion (because of the decrease of N,), but the increase
was less than by a factor two.

Finally, numerical computations in progress
(Cabane, unpublished data) confirm that our experi-
mental data are best simulated by a model in which the
kinetics of Ostwald ripening is controlled by quartz
growth by surface nucleation.

Geological implications

To estimate the effect of Ostwald ripening on the grain
size of quartz in magmatic systems, we extrapolated our
experimental data to geological time scales using both the
cube root law and the logarithmic law in time. The ex-
trapolated 3-D mean diameters (d3_p) in Tables 5 and 6
were computed using the relationships in Tables 3 and 4.
The ds_p extrapolated to 10,000 a or 1 Ma are very
strongly dependent on which of the two kinetic laws is



Table 5 Three-dimensional mean grain sizes (um) extrapolated
from our experimental data to long times, assuming a cube root law
in time (Table 3). The error as a result of extrapolation is given in
parentheses

1 11 IIT I\Y
do? ~2.5 ~2.1 ~5 ~1
la 19 (1) 17 2) 67 (6) 7(1)
100 a 88 (6) 77 (6) 308 (28) 33 (1)
10,0002 408 (28) 355 (26) 1,430 (132) 152 (5)
| Ma 1,894 (130) 1,650 (125) 6,636 (611) 704 (20)

“Estimated initial 3-D mean grain sizes

considered: the mean grain sizes at t =1 Ma, for instance,
are ~two orders of magnitude larger in the case of a cube
root law in time than in the case of the logarithmic law.
For the latter case, the mean grain size at =1 Ma ranges
from 12 to 20 um only for series I, II, IV (with ~6.5 wt%
H,O in the liquid; Table 6); the kinetics is slightly faster in
series 111 because of the larger water content in the liquid
(=12 wt%; Table 2), but still d3_p is only ~70 pum at
t=1 Ma. For comparison, the ds_p extrapolated to 1 Ma
using the 7'/* law are 0.7 mm in series IV, ~2 mm in series
I and II, and up to =7 mm in series I1I (Table 5).

Implications for the grain size of quartz in granites
and migmatites

Ostwald ripening of quartz could possibly operate in
crustal protoliths during regional scale anatexis and in
large granite bodies crystallising slowly in depth because
of the long time scale characteristic of these contexts
(typically >10° years for crustal melting at the regional
scale; Brown et al. 1995). If, over the corresponding time
scales, a significant increase of the mean grain size oc-
curs by Ostwald ripening, then the dynamics of melt
segregation or of crystal settling could be greatly accel-
erated, as mentioned in the introduction. Granites that
crystallised slowly are coarse-grained, with a grain size
of the order of 1 cm. The grain size in migmatites and in
high-grade metamorphic rocks is variable, but com-
monly in the range 0.1 mm to a few millimetres.

Series IV provides the best basis to discuss the effect of
Ostwald ripening on the grain size of quartz because the
experimental conditions (800 °C, 0.2 GPa, ~6.5 wt%

Table 6 Three-dimensional mean grain sizes (um) extrapolated
from our experimental data to long times, assuming a logarithmic
law in time (Table 4). The error as a result of extrapolation is given
in parentheses

1 11 111 v
dy? ~2.5 ~2.1 ~5 ~1
la 9.7 (0.7) 7.6 (0.1) 30.3 (2.6) 5.1(0.2)
100 a 133(1.1)  102(02) 423 (3.7) 7.3 (0.4)
10,0002 168 (1.5)  12.9(03) 543 (4.9) 9.6 (0.5)
1 Ma 204 (19) 156 (04)  663(62)  11.9(0.7)

“Estimated initial 3-D mean grain sizes
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water in the liquid) were the closest to the conditions in
crystallising granite bodies and in migmatites during
partial melting. From the extrapolations in Tables 5 and
6, we first draw the general conclusion that Ostwald
ripening cannot have any significant effect in systems in
which the mean grain size of quartz is in the range
1-10 mm as in many granites and migmatites (we em-
phasise that we are only discussing the effects of Ostwald
ripening and that we do not consider independent effects
such as the feeding of pre-existing quartz grains because
of cooling or of the advection of a quartz-supersaturated
liquid): quartz grain sizes in the range 1-10 mm can
neither result from Ostwald ripening nor be significantly
affected by Ostwald ripening, even over time scales of
10°-107 years. Accordingly, Ostwald ripening of quartz
should not result in an increased permeability of partially
molten crustal protoliths or in an increased settling ve-
locity of quartz in partially crystallised granitic magmas.

The effect of Ostwald ripening on the nucleation
densities of crystals in magmas

Finally, we want to point to a situation where the role of
Ostwald ripening could be more important, namely
during the nucleation of quartz in a magma chamber.
An important aspect of Ostwald ripening is that an in-
crease in d by a factor f'is associated with a decrease in
the number density of grains, N,, by a factor of the order
of 13. For simplicity, we assume that the grains have all
the same shape and the same size d. The volume fraction
of solid grains is equal to N,gd°, where g is a numerical
factor depending on the shape of the grains. If the vol-
ume fraction of grains remains constant during coars-
ening, then N, is proportional to d>. Swanson (1977)
made crystallization experiments with a granitic liquid
(3.5 wt% H,0) and a granodioritic liquid (6.5 wt%
H,0); he obtained large number densities, up to 10% cm >,
of minute grains of quartz (1-10 pm in diameter ac-
cording to his Fig. 4). For such a fine grain size, Ostwald
ripening can result in a relatively rapid increase of the
mean grain size as observed in our experiments (Fig. 6).
Considering the extrapolations in Table 6 for series IV, d
changes by a factor 5 in only one year: in terms of the
number density of grains, this increase corresponds to a
decrease of N, by more than two orders of magnitude!
Because of fine grain size of crystalline nuclei, we suggest
that Ostwald ripening may be very active during or at
the end of nucleation events in magmas and result in the
consumption of a significant proportion of the newly
formed crystals.

Ostwald ripening in the field

It would be interesting to compare the experimental
results with natural examples of partial melting. It is not
possible, however, to know precisely the initial grain size
of quartz in the case of large-scale crustal anatexis such
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as in migmatitic terranes. Partial melting at a smaller
scale around intrusions of basic to intermediate magmas
is potentially more appropriate to quantify the impor-
tance of Ostwald ripening: the duration of the melting
event is shorter, but the initial grain size of quartz may
be measured with some confidence outside the contact
metamorphism aureole. For instance, Platten (1982)
described the case of feldspathic quartzites that were
partially melted around shallow diorite and monzonite
intrusions in Appin, Scotland. Partial melting of the
quartz—feldspar assemblage formed a quartz-saturated
eutectic liquid that crystallised with a granophyric tex-
ture on cooling. The granophyric matrix contained
equant grains of quartz that were similar in size to the
recrystallised grains in the quartzite (=0.1 mm; Platten
1982), but that developed a bipyramidal habit charac-
teristic of quartz phenocrysts in rhyolites. According to
Platten, the crystal faces formed on cooling by deposi-
tion of quartz from the melt as rim overgrowths on the
residual quartz grains. The development of rim over-
growths on residual grains of quartz was also observed
in a granite partially melted around a small diorite plug
(Didier et al. 1987). There are two lessons to draw from
these studies:

1. In the feldspathic quartzites, partial melting does not
seem to result in a noticeable grain coarsening of
quartz. Platten (1982) estimated the minimum con-
tact temperatures as 780 °C and the confining pres-
sure as 50 MPa, but he did not provide an estimation
of the duration of the melting event. In their simu-
lations of crustal anatexis, Raia and Spera (1997)
computed anatexic time scales in the range 10° to
10° years for anatexic length scales of order 10° to
10* m. In Appin, the thickness of the partially molten
zone is only of a few metres. By extrapolating Raia
and Spera’s results to length scales of 1-10 m, we
obtain time scales of 0.1 to 10 years. The absence of
grain coarsening of quartz in the feldspathic quartz-
ites of Appin is in good qualitative agreement with
our experimental results at 800 °C and 0.2 GPa.

2. In natural settings, mechanisms other than Ostwald
ripening presumably control the evolution of grain
size with time. In a textural study of migmatitic pe-
litic schists, Dougan (1983) observed that the number
of grains of quartz and muscovite per unit volume
decreased during partial melting because some grains
were entirely consumed in the melt-generating reac-
tion. From Platten’s (1982) and Dougan’s (1983)
studies, we anticipate that the textural evolution of
quartz during partial melting is strongly influenced
by the complete dissolution of the smaller grains of
quartz on heating and the precipitation of quartz on
residual grains on cooling. As in the case of Ostwald
ripening, these two processes must result in a smaller
number of grains per unit volume and a larger mean
grain size, but the driving force is not the minimi-
sation of the total interfacial energy. Accordingly,
field examples of partial melting may not be appro-

priate to estimate the kinetics of Ostwald ripening
even when the initial grain size of quartz can be
measured.

Conclusions

We showed that Ostwald ripening of quartz in a hydrous
silicic melt is very sluggish and that, in general, it should
not affect the dynamics of magmatic processes. A very
interesting result is that the mean grain size of quartz in
our experiments is proportional to In 7 (or /" with
n=>5-7) whereas LSW theory predicts a kinetic law in
t1/2 or 1'/3. We emphasise, however, that Ostwald rip-
ening may follow different kinetics for other mineral
species: for instance, Higgins (1998) studied the Lac-St-
Jean anorthosite complex, Canada and concluded that
Ostwald ripening is efficient for plagioclase and olivine;
Waters and Boudreau (1996) also found that crystal size
distributions of chromite grains from the Stillwater
complex were significantly affected by crystal ageing.
Therefore, in the future, it will be necessary to better
characterise the behaviour of major silicate species (oli-
vine, plagioclase, pyroxene, etc.) and to identify the
systems in which Ostwald ripening may be important.
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