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Kinetics of the coesite to quartz transformation
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Abstract

Ž .The survival of coesite in ultrahigh-pressure UHP rocks has important implications for the exhumation of subducted
crustal rocks. We have conducted experiments to study the mechanism and rate of the coesite™quartz transformation using
polycrystalline coesite aggregates, fabricated by devitrifying silica glass cylinders containing 2850 Hr106 Si at 10008C and
3.6 GPa for 24 h. Conditions were adjusted following synthesis to transform the samples at 700–10008C at pressures
190–410 MPa below the quartz–coesite equilibrium boundary. Reaction proceeds via grain-boundary nucleation and
interface-controlled growth, with characteristic reaction textures remarkably similar to those seen in natural UHP rocks. We
infer that the experimental reaction mechanism is identical to that in nature, a prerequisite for reliable extrapolation of the
rate data. Growth rates obtained by direct measurement differ by up to two orders of magnitude from those estimated by
fitting a rate equation to the transformation–time data. Fitting the rates to Turnbull’s equation for growth therefore yields

Ž .two distinct sets of parameters with similar activation energies 242 or 269 kJrmol but significantly different pre-exponen-
tial constants. Extrapolation based on either set of growth rates suggests that coesite should not be preserved on geologic
time scales if it reaches the quartz stability field at temperatures above 375–4008C. The survival of coesite has previously
been linked to its inclusion in strong phases, such as garnet, that can sustain a high internal pressure during decompression.
Other factors that may play a crucial role in preservation are low fluid availability — possibly even less than that of our
nominally ‘‘dry’’ experiments — and the development of transformation stress, which inhibits nucleation and growth. These
issues are discussed in the context of our experiments as well as recent observations from natural rocks. q 1997 Elsevier
Science B.V.
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1. Introduction

Findings of coesite and diamond included in other
phases in regionally metamorphosed rocks have
demonstrated that significant portions of continental

Žcrust have been subducted to extreme depths G100
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. w xkm and returned to the surface 1 . Tantalizing
w xevidence from the Alpe Arami massif 2 now sug-

gests that some continental crust may have been
subducted to and exhumed from even greater depths
Ž .G300 km . These discoveries have important impli-
cations for orogeny and plate tectonics. Despite a
wealth of research, however, the tectonic processes
responsible for exhumation of these deep-seated rocks
are still incompletely understood, and several com-

w xpeting tectonic models remain extant 3–5 .

0012-821Xr97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
Ž .PII S0012-821X 97 00159-3



Models for exhumation must account for the par-
tial preservation of coesite. The most commonly
cited explanation for preservation is that the includ-
ing phase acts as a ‘‘pressure vessel’’, inhibiting
transformation to quartz by maintaining a higher
internal pressure on the inclusion, until fracture of
the host phase at low temperature allows reaction
w x6,7 . The host phase might equally well prevent the
ingress of fluids to flux the transformation, but the
relative importance of these two processes has not
been ascertained. In order to address this question,
data on the kinetics of the reaction are needed.
Accordingly, we have conducted systematic experi-
ments to determine the rate and mechanism of the
transformation as a function of pressure, tempera-
ture, and time, at a fixed grain size and fluid content.
Ultimately, kinetic data can be used to constrain the
range of P–T–t paths that allow the preservation of
coesite, providing a complementary approach to con-
ventional methods of studying the timing and nature
of exhumation, such as thermobarometry, radiomet-

w xric dating, and structural geology 8,9 .

2. Experimental and analytical methods

2.1. Starting material

The starting material for each experiment was a
polycrystalline coesite aggregate, fabricated by devit-
rifying a cylinder of Corning grade G silica glass
Ž .5.4 mm in diameter by 3 mm long at 3.6 GPa and

w x10008C for 24 h in a piston–cylinder apparatus 10 .
This method for synthesizing ‘‘rocks’’ leads to low
porosity and moderate defect density, characteristics
that are essential if the results are to be applied to

w xmodel the transformation as it occurs in nature 11 .
According to the manufacturer’s specifications, the
glass contains -150 ppb of any contaminant with
the exception of hydroxyl, with an average total
impurity content of ;250 ppb. Water contents of
the glass and the synthetic coesite were measured by
FTIR using a Nicolet 550 Magna-IR spectrometer
with IR microscope. The OH content of the starting

Ž 6 .glass 2850"40 Hr10 Si was obtained from the
height of the 3670 cmy1 peak, using an absorption

w xcoefficient of 181 lrmol 12 . The accuracy of this
w xmeasurement is "4% 12 . Spectra for coesite were

dominated by a broad band centered around 3400
cmy1, indicating that most of the hydrogen was
incorporated in fluid inclusions. A total of 13 mea-
surements on coesite yielded an average fluid con-
tent of 294"111 Hr106 Si, calculated using the cal-

w xibration of Paterson 13 . Comparison of this concen-
tration with that of the starting glass suggests that a
large percentage of the initial fluid was present along
grain boundaries andror escaped from the sample.
At present we have no definitive way of determining
how much H O escaped from the capsule. Indirect2

evidence for a grain boundary fluid phase is pro-
vided by SEM textural observations of quartzites,
synthesized using a similar method, which show pore
morphologies indicative of a H O-rich fluid phase2
w x10 .

The aggregates consisted of tabular coesite crys-
Ž .tals 100–200 mm long by 20–80 mm wide Fig. 1 ,

with an average mean linear intercept of 43"6 mm.
For the purpose of analyzing the rate data, we con-
verted the intercept to an average grain size using a
geometric factor of 1.5, suitable for a hexagonal

w xprismatic crystal shape 14 . Optical and transmission
Ž .electron microscopy TEM showed no evidence for

residual glass. A moderate density of dislocations,
stacking faults and twins were observed with TEM;
grain boundaries were generally straight or slightly
curved. Repeated syntheses as well as experiments
with only small amounts of transformation con-
firmed that there was no significant variation in grain
size or texture in different experiments.

Fig. 1. Coesite starting material, crystallized from silica glass
cylinder at 10008C, 3.6 GPa, for 24h. Scale bar s100 mm.
Crossed polarized light.



2.2. Experimental procedure

The glass cylinders were encapsulated in graphite
and placed into 1.91 cm NaCl furnace assemblies
Ž .Fig. 2 , which were then vacuum dried at 1808C for
at least 24 h in order to remove adsorbed water. The
assemblies were coated with dry MoS and wrapped2

in lead foil to reduce friction. Standard ‘‘hot piston-
w xin’’ technique 15 was used to achieve initial P–T

conditions. Temperature was measured with Pt –100

Pt Rh thermocouples, precise to "58C. No cor-90 10

rection was made for the effect of pressure and
temperature gradients on EMF. The temperature gra-
dient, calibrated with double thermocouple experi-
ments, was ;108Crmm near the hot spot of the
furnace. As a result of thermal expansion of the

Ž .bottom NaCl piece Fig. 2 , the sample may have
migrated up to 2 mm from the hot spot during some
experiments. We estimate a maximum temperature
gradient of 508C across the sample.

After synthesis, P–T conditions were changed to
those of the stability field of quartz to induce trans-

Ž .formation Fig. 3 . Temperature was lowered at
58Crmin, followed by decompression at 10–20
MParmin. This approach to the final conditions
resulted in a ‘‘piston-out’’ condition. The slow cool-
ing and decompression procedure was optimized to

w xminimize cracking of the samples 16 while prevent-
ing transformation during the adjustment stage.
Cracking was also reduced by the use of graphite
capsules, which absorb a large component of the

Fig. 2. Schematic view of pressure cell, similar to those used in
w x15,19 . No hydrous parts are used in the assembly.

Ž .Fig. 3. Experimental P – T conditions squares and representa-
tive P –T – t path illustrating experimental methodology. Num-

Ž .bers refer to the following steps: piston-in approach 1 to synthe-
Ž . Ž .sis 2 at 10008C, 3.6 GPa, for 24h; temperature decrease 3 at

Ž .58Crmin followed by decompression 4 under ‘‘piston-out’’
Ž .conditions at 10–20 MParmin to the transformation condition 5 .

Calibration of the coesite|quartz equilibrium boundary for the
w xpress used 19 is shown by black and white circles. Also shown

Ž .are the fit to the reversal data solid line and the calibration of
w x Ž .Bohlen and Boettcher 41 dashed line for reference.

stress caused by decompression because of the
anomalously high rate of strain recovery of graphite
w x w x17,18 . Tingle 18 used graphite to recover olivine
single crystals intact from high-pressure experiments.
We have also retrieved polycrystalline quartz and
coesite samples without visible fractures, although
some opening along grain boundaries may have oc-
curred. Minimization of cracking is important be-
cause cracks can dictate reaction rate and mechanism
by providing high-energy sites for nucleation and
growth and faster pathways for diffusion.

Ž .Experiments Table 1 were conducted for periods
up to 360 h at 700–10008C and pressures 190–410
MPa below the equilibrium value, which was cali-
brated directly for the single press used for the study
Ž w x.Fig. 3; 19 . Uncertainty in the location of the

w xquartz–coesite equilibrium 19,20 does not present a
significant problem for this study because the main
parameter of interest is not the actual pressure but
D PDV, which largely determines DG . However, arxn

potentially serious uncertainty results from the two-
stage experimental procedure employed in this study,
because pressure hysteresis induced by friction in the



Table 1
Experimental conditions and results

a aNo. T P P Duration Decompression rate %j Growth distance Growth rateund
y1Ž . Ž . Ž . Ž . Ž . Ž . Ž .8C GPa GPa h MParmin mm m s

y1 2434 700 2.48 0.20 288 18.1 10.0 4.5 4.34=10
y12362 700 2.48 0.20 360 11.0 18.3 12.5 9.65=10
y12387 700 2.28 0.40 240 15.6 29.9 6.25 7.23=10
y11365 750 2.53 0.21 149 12.6 26.7 16.3 3.03=10
y11425 800 2.59 0.20 96 17.2 25.5 14.5 4.20=10
y11433 800 2.59 0.20 120 16.0 27.3 12.0 2.78=10
y11293 800 2.59 0.20 144 13.9 30.6 15.0 2.89=10
y11310 800 2.59 0.20 192 10.4 45.8 27.5 3.98=10

313 800 2.59 0.20 240 10.5 78.5 n.d. n.d.
y1 0371 800 2.38 0.41 21.5 13.9 36.5 15.0 1.94=10
y11376 800 2.38 0.41 72 16.4 49.4 18.8 7.23=10
y11369 800 2.38 0.41 96 16.8 62.3 15.0 4.34=10
y11379 800 2.38 0.41 120 20.7 64.5 17.5 4.05=10

395 800 2.38 0.41 336 18.8 81 n.d. n.d.
355 850 2.63 0.21 24 10.3 23.7 8.75 1.01=10y10

y10363 850 2.63 0.21 36 10.7 42.4 18.8 1.45=10
y11348 850 2.63 0.21 48 16.3 52.8 13.8 7.96=10
y10352 850 2.63 0.21 72 13.1 52.4 26.3 1.01=10
y10361 850 2.63 0.21 82 11.8 57.1 30.0 1.02=10
y11357 850 2.63 0.21 96 12.8 64.5 26.3 7.60=10
y11364 850 2.63 0.21 120 10.5 64.5 25.0 5.79=10
y11401 850 2.43 0.41 72 16.3 64.7 17.5 6.75=10

382 850 2.43 0.41 144 15.6 82.2 n.d. n.d.
408 850 2.43 0.41 168 15.3 80.6 n.d. n.d.

y9422 900 2.67 0.22 2 14.0 26.4 12.0 1.67=10
y10428 900 2.67 0.22 6 15.6 52.3 19.0 8.80=10

431 900 2.67 0.22 12 14.2 69.9 n.d. n.d.
334 900 2.67 0.22 24 11.6 74.2 n.d. n.d.
294 900 2.67 0.22 43 15.6 75.2 n.d. n.d.
319 900 2.67 0.22 48 11.9 82.2 n.d. n.d.
289 900 2.67 0.22 72 11.6 68.2 n.d. n.d.
296 900 2.67 0.22 120 10.9 87.8 n.d. n.d.
302 900 2.67 0.22 144 12.4 100 n.d. n.d.
291 900 2.57 0.32 72 11.6 99.2 n.d. n.d.
420 950 2.73 0.21 12 16.8 76.2 n.d. n.d.
359 950 2.73 0.21 24 12.5 88.7 n.d. n.d.

y8346 1000 2.81 0.19 0.5 13.5 29.9 25.0 1.39=10
y10342 1000 2.81 0.19 4 13.9 55.6 13.8 9.55=10

321 1000 2.81 0.19 6 14.8 72.7 n.d. n.d.
340 1000 2.81 0.19 9 12.0 96.2 n.d. n.d.
298 1000 2.81 0.19 20 10.8 100 n.d. n.d.

n.d.snot determined.
a Ž .Pressures reported as nominal gauge value; P is understep from equilibrium value calibrated for the press.und

apparatus is significantly greater during ‘‘piston-out’’
w xexperiments 20,21 . The effect of this hysteresis in

our apparatus has not been calibrated, and non-sys-
tematic errors could conceivably be introduced by
small differences in the rate of decompression, trace

w xconcentrations of H O in the pressure medium 22 ,2

w xor the condition of the cylinder bore 21 . As a result
of these combined uncertainties, we estimate the
accuracy in pressure relatiÕe to the equilibrium
boundary to be "0.05 GPa.

At the end of each experiment, temperature was
quenched rapidly by cutting power to the furnace,



and a thin section was made of the sample for
examination by optical microscopy and measurement

Ž .of reaction progress j and growth rate.

2.3. Analysis of transformed samples

Optical microscopy was used to examine reaction
textures and measure growth rates. Reaction progress

Ž .was measured by using back-scattered electron BSE
imaging to determine the modal proportions of quartz

Ž .and coesite Table 1 . The density contrast between
the two phases results in a small but detectable
difference in the BSE coefficient, providing suffi-

Ž .cient contrast for quantitative analysis Fig. 4 . Im-
ages were acquired by averaging 15 scans per pixel
on a JEOL-JXA-733 Superprobe with a solid-state
BSE detector and high-gain amplifier. The gain of
the detector was maximized with beam voltage and
current set at 15 keV and ;23 nA, respectively. For
each experiment, 10–12 images were acquired in a
line across the width of the sample, beginning ;300
mm from the top and side edges at the end closest to
the thermocouple. This procedure was employed in
order to avoid edge effects and the effect of the
temperature gradient. Using the public-domain pro-
gram NIH Image, the images were filtered to reduce

random and periodic noise and then subjected to
particle analysis after setting an appropriate thresh-
old value according to the pixel intensities of quartz
and coesite, taking into account the percentage of
cracks in the sample. The precision of the imaging

Ž .technique "5 percentage points was assessed by
repeat processing, varying the threshold pixel inten-
sity for phase identification.

BSE imaging overcomes several disadvantages of
Ž .X-ray diffraction XRD and optical point counting,

methods more commonly used to measure j . For
example, powdering of samples for XRD precludes
the detection of spatial variations that commonly
occur as a result of temperature gradients or en-
hanced reaction at the capsule edge. Optical point
counting may suffer from significant errors due to
human bias, incorrect phase assignment due to
through-focusing, and sampling errors, particularly
when the grain size is small relative to the thickness

Žof the thin section. The high spatial resolution ;1
. Ž .mm but restricted depth resolution ;2 mm of the

imaging technique eliminates these problems. Thus,
while the precision of the technique is comparable to
other methods, the accuracy is probably significantly
better.

Ž .Fig. 4. a. Optical microphotograph plane polarized light showing cracks in coesite and interfaces between coesite and quartz. The
scalloped, irregular shape of the interfaces suggests that nucleation was incoherent or semi-coherent.

Ž .b. BSE image of same area. Note distinction between cracks formed during decompression andror sample preparation black and fractures
Ž .in coesite filled with quartz dark gray , which are inferred to have formed at high pressure. Some coesite does not appear in the BSE image

because it does not intersect the surface of the thin section, even though it appears in focus optically. Scale barss50 mm.





3. Transformation textures and reaction mecha-
nism

The evolution of reaction textures was observed
by examining experiments of different durations as
well as the variation of texture across the tempera-
ture gradient in individual samples. In the first stage
of transformation, quartz nucleates and grows on
coesite grain boundaries. After ;30–40% transfor-
mation, cracks commonly develop in the coesite
crystals, providing new sites for nucleation and

Ž .growth of quartz Fig. 4 . The existence of quartz in
the cracks and the lack of cracks in untransformed
samples strongly suggest that these features form at
high pressure rather than during decompression. This
is surprising because it is commonly considered im-
possible for fractures to be held open at such high
pressures under nominally dry conditions. One possi-

Ž .bility is that they are shear mode II cracks with no
w xopen volume 23 . Similar quartz-filled cracks are

very commonly found in natural coesite inclusions,
although they probably form at much lower pres-
sures coincident with fracturing of the host phase
Ž .see below, Section 5.1 .

In early to intermediate stages of transformation,
the quartz crystals are typically elongate, with their
long axes perpendicular to the host coesite grain

Ž .boundary Fig. 5a . This growth pattern is virtually
identical to the ‘‘palisade’’ texture common in natu-
ral coesite pseudomorphs, where coesite grain mar-
gins have transformed to a radially disposed aggre-
gate of quartz crystals grown perpendicular to the

Ž .interface with the host phase Fig. 5b and c . More
rarely, palisade quartz is preserved outside of inclu-

sions in the groundmass of rocks; the best examples
w xare from Dora Maira pyrope quartzites 24 . Univer-

w xsal-stage measurements 4 and electron diffraction
w x6 have revealed no systematic crystallographic rela-

Ž .tionship epitaxy between the palisades and their
substrate in natural rocks; similar textures in our
experiments also suggest lack of epitaxy, but we
have not yet demonstrated this conclusively.

With increasing duration of the experiments, the
palisades are replaced by a ‘‘mosaic’’ texture com-
posed of quartz grains sutured by highly dentate,

Ž .high-angle boundaries Fig. 5d . Each grain contains
tens to hundreds of subgrains of similar orientation.
This texture has also been seen in inclusions of
partially transformed coesite and coesite pseudo-

w xmorphs in natural rocks 25–27 and in a grospydite
Žxenolith from the Roberts Victor Mine Fig. 5c;

w x.28 . Furthermore, we have identified a very similar
texture in the groundmass of a coesite-bearing,

Ž .quartz-rich eclogite from the Dabie Shan Fig. 5e .
Recrystallization of the mosaic texture leads pro-

Ž .gressively to a polygonal texture Fig. 5f . We inter-
pret the textural changes as evidence of progressive
recovery and recrystallization driven by the transfor-
mation stress and resulting strain induced by the
large volume change of the reaction. The observed
textures, particularly the transition from mosaic to
polygonal microstructure, indicate both subgrain ro-

w xtation and grain boundary migration 29,30 , but we
have not assessed the relative importance of these
two recrystallization mechanisms. We suggest that
the observed microstructures are roughly analogous
to those of the ‘‘regime 3’’ recrystallization regime

w xdelineated by Hirth and Tullis 30 on the basis of

Fig. 5. Comparison of synthetic and natural reaction textures. All microphotographs taken in cross-polarized light, scale barss100 mm.
Ž . Ž .a. Palisade quartz arrow in sample transformed at 8508C, 200 MPa understep, for 120 h a364 .

b. Palisade quartz pseudomorph of coesite inclusion in garnet in pyrope quartzite from the Dora Maira massif.
w xc. Palisades in a coesite pseudomorph in a grospydite xenolith from the Roberts Victor Mine 28 . Part of the pseudomorph exhibits a

Ž . Ž . Ž .mosaic texture Qz-mos similar to textures shown in d and e .
d. Synthetic mosaic structure, showing high-angle, serrated grain boundaries between quartz grains containing several subgrains. Similar
boundaries are found in earlier stages of transformation where opposing sets of palisade crystals have converged. Sample transformed at

Ž .8008C, 400 MPa understep, for 96 h a369 .
Ž .e. Mosaic texture in quartz groundmass in a quartz-rich eclogite from the Dabie Shan a62B . Note high-angle grain boundary similar to

Ž .those in d . The same thin section contains coesite inclusions exhibiting a similar texture in garnet, kyanite and omphacite. This suggests
that the texture is related to the transformation, although we cannot preclude the possibility that it is instead related to deformation not
associated with the transformation.

Ž . Ž .f. Polygonal texture achieved after 144 h at 9008C, 200 MPa understep a302 . The large grain size of this sample compared to that in d is
a result of grain growth in addition to subgrain rotation.



deformation experiments on quartzite. However, the
experimental samples are distinguished by the lack
of a ‘‘core and mantle’’ microstructure, typical of
their regime 3.

The transformation stress causes brittle failure of
coesite at conditions under which quartz deforms

w xplastically 30 , supporting previous suggestions that
w xcoesite is stronger than quartz 6 . A similar contrast

in response to transformation stress has been ob-
served for the aragonite|calcite transformations
w x14,31,32 , although the experiments in these studies
were unconfined. The clear evidence for transforma-
tion strain and subsequent stress relaxation has im-
portant implications for the kinetics of the transfor-
mation, as discussed below.

4. Kinetic data

4.1. Growth rates

Growth rates were determined by measuring the
length of the longest palisade quartz crystal in thin
section, and dividing that number by two and the
duration of the experiment. Use of this technique

Ž .relies on the following assumptions: 1 nucleation
Ž .was instantaneous; 2 the longest crystal represents
Ž .the first nucleated; 3 no impingement by other

Ž .quartz grains has occurred; 4 the shape of the
original quartz crystals has not been modified by

Ž .subsequent recrystallization; 5 the quartz grew
Ž .equally fast in two directions; and 6 the growth rate

was constant.
The assumption of instantaneous nucleation ap-

pears to be reasonable, at least for the higher-temper-
ature experiments, because the shape of the j–t

Ž .curves see below does not give any indication of an
incubation period for the transformation. The second
consideration above is the best assumption that can
be made when nucleation and growth have not been
observed in situ, but may lead to an uncertainty due

Ž .to geometrical sampling error. Assumptions 3 and
Ž .4 can also be justified for growth rates that were
measured in samples exhibiting early stages of trans-
formation, for which textural observations indicate
that no impingement or recrystallization has oc-
curred. The last two assumptions, however, are the
most difficult to assess and could lead to significant

error in determination of the activation energy for
Ž .growth. Assumption 5 may be a reasonable approx-

imation if the interfaces with the host coesite on
either side of the growing crystal were similar, yield-
ing the same resistance to growth. This would not be
the case if the quartz shared a less mobile, coherent

w xinterface with one of the host coesite crystals 33 .
However, as discussed above, existing textural ob-
servations lend no support for an epitaxial relation-
ship between the two phases.

Ž .The common assumption 6 of constant growth
rate during polymorphic phase transformations has
been questioned by two recent studies, in which
growth slowed drastically or stopped completely af-
ter an initial period of linear growth. In the first
study, the growth of calcite crystals in single-crystal
aragonite slowed after the aragonite fractured, and
stopped completely after the calcite crystals reached

w xa critical size 14 . Cessation of growth was also
reported for b and g phases of Mg Fe SiO1.8 0.2 4

Fig. 6. Arrhenius diagram showing the temperature dependence of
Ž .measured and extrapolated growth rates x , normalized to ac-˙

Ž . w xcount for the magnitude of reaction free energy DG 11 .rxn

Circles are growth rates extrapolated by fitting the Cahn equation
Ž .see text ; squares are directly measured growth rates. Open
symbols: 190–220 MPa understep; closed symbols: 400–410 MPa
understep. Uncertainties for measured growth rates represent 30%
uncertainty in length measurement and "208C in temperature.
Uncertainties in the growth rates determined by fitting the Cahn
equation were assessed by taking the uncertainties in DG and jrxn

into account. Weighted least-squares fits to the data give the
activation energies shown.



growing into single crystals of San Carlos olivine
from the grain boundary with a polycrystalline olivine

w xmatrix 34 .
w xLiu and Yund 14 proposed loss of coherency

between the two phases, following fracturing of the
aragonite, as a cause for the decrease in growth rate.
The development of transformation stress may be
another important factor. Although the volume
change of the reaction should theoretically be ac-
commodated by relaxation of other components in
the pressure cell, the efficiency of this process is not
well understood. Therefore, grain-scale transforma-
tion stresses may induce a localized pressure change
back toward equilibrium, resulting in a decrease in

w xthe driving force for growth 11 . Further growth
would then be controlled by the rate of stress relax-
ation. We suspect that such a model may be applica-
ble to the growth of quartz in our experiments, where
high transformation stresses are clearly indicated by
microstructural evidence. That growth does not stop
completely in our experiments is probably related to
the rapid recovery process in quartz at the high
temperatures of the experiments.

Despite these uncertainties, we fit our growth rate
data to Turnbull’s equation for interface-controlled

w xgrowth 35 :

xsk T exp yQrRT 1yexp yDGrRT� 4Ž . Ž .˙ 0

1Ž .
where x s growth rate, k s a constant; T s˙ 0

temperature, Qsactivation energy for growth; Rs
the universal gas constant, and DGs the free energy
change of the reaction, which was calculated using
the thermodynamic data set of Holland and Powell
w x36 after adjusting the value for pressure according
to the calibration. In order to avoid possible effects
of impingement, recrystallization, or transformation
stress, we only used growth rate data for the shortest

Ž .experiments -30% j in a given isobaricrisother-
Ž . Ž .mal series. Q 269"26 kJrmol and k 26.5370

were determined from the slope and intercept, re-
spectively, of a weighted least-squares linear fit to

Ž .the growth rate data on an Arrhenius plot Fig. 6 .

4.2. OÕerall transformation kinetics

Data for the volume fraction transformed as a
function of time were fit at several different tempera-

tures using a modified form of the Avrami equation,
w xderived by Cahn 37 to describe reactions character-

ized by grain boundary nucleation and growth:

Xy
js1yexp y2S 1yexp yz d y 2� 4Ž . Ž .H

0

where

Xtyt 22 2˙zsp N x tyt yy dtŽ .˙H
0

and js the volume fraction of product transformed,
X ŽSsgrain boundary area, y sxt the growth dis-˙

˙.tance after time t , Nsnucleation rate, ts the time
at which a nucleus forms, and tX is the time for a
nucleus to grow to radius y. For tetrakaidecahedral
grains, Ss3.35rd, where dsaverage grain size.
We used this approximation for the coesite starting
material even though the grains are not tetrakaideca-

w xhedra. Liu and Yund 14 used the same approxima-
tion for aragonite and found no significant difference
in the determination of grain boundary area. The
uncertainty induced by this simplification is thought
to be small relative to the other uncertainties noted.

Ž .Eq. 2 was fitted to the experimental j–t data
˙using a non-linear regression algorithm, with N and

x used as fitting parameters in order to minimize a˙
w xchi-square function 14,38 . The best fits, together

˙with the optimized values for N and x and the˙
Ž .chi-square x 2 value, are shown in Fig. 7. In all

cases, it was only possible to determine minimum
˙values for N, whereas the values for x were uniquely˙

˙determined. The difficulty in determining N is
largely caused by high rates of nucleation relative to
growth under experimental conditions, leading to
dominance of x in determining the shape of the˙

w xcurve 38 .
Ž .The optimized growth rates were fitted to Eq. 1 ,

as shown in Fig. 6. The activation energy calculated
Ž .using this method 243"19 is the same, within

error, as that calculated from the direct measure-
ments as discussed above. However, the value for k0
Ž .0.185 is substantially different, as belied by the

Žsystematic difference in growth rates up to two
.orders of magnitude estimated by the two methods.

The reason for this discrepancy is not clear. It may
be related to a decrease in growth rate caused by the



Ž . Ž . Ž . Ž .Fig. 7. A – E . j–t curves obtained by fitting Eq. 2 to the kinetic data diamonds at labeled temperatures and pressures. Optimized
˙ 2Ž .values of N and x are shown together with the weighted chi-squared value x .˙

Ž .F . Schematic diagram showing the theoretical shape of j–t curves. Curves 1 and 2 represent transformations conforming to classic
˙Ž . Ž .Avrami theory; curve 1 results from high nucleation rate N relative to growth rate x , while curve 2 represents the more general case in˙

which transformation is controlled at first by the rate of nucleation. Curve 3 is a conceptual view of how transformation stress might affect
the curve. Inhibition of growth by the transformation stress results in the curve leveling off at intermediate stages of transformation. Growth,
at a much slower rate, is then controlled by the rate of stress relaxation. The rate may increase again following complete stress relaxation
andror the creation of new nucleation sites. The exact shape of the curve will likely be much more complex, depending on the rates of and
interaction between stress relaxation, nucleation and growth.

transformation stress, as discussed above. Thus, be-
cause the Cahn equation was derived based on the
fundamental assumption of constant, linear growth
under isothermal, isobaric conditions, the model may
be inappropriate. This may help to explain why
fitting the Cahn equation to the data sometimes

Žresults in an overestimation of the actual j e.g., Fig.
.7C and E . However, this discrepancy may alterna-

tively be caused by non-systematic pressure uncer-

tainties between different experiments, as discussed
in Section 2.1.

5. Implications for the preservation of coesite

The similarity between textures in our experimen-
tal charges and textures of natural coesite-to-quartz
reaction in rocks from a wide variety of localities is



striking. This lends confidence that dominant reac-
tion mechanisms are similar in both cases, which is a
crucial prerequisite to meaningful extrapolation of
laboratory reaction rates to geologic conditions. Con-
straints can be placed on the preservation of coesite
in UHP rocks by extrapolating growth rates to lower
temperatures and making some assumptions about
nucleation. As an approximation, we extrapolated
transformation rates assuming instantaneous nucle-
ation. This simplistic assumption is probably justi-
fied, considering that reaction in nature can take

Žplace during decompression at large understeps up
.to ;2.5 GPa of the equilibrium boundary.

If instantaneous nucleation is assumed, a simpli-
fied form of Cahn’s equation can be used, represent-
ing interface-controlled growth following saturation

w xof nucleation sites 37 :

js1yexp y2 S xt˙g

where S sgrain boundary area, xsgrowth rate,˙g

and ts time. This equation was solved to determine
the P–T–t conditions necessary to completely trans-
form coesite of a given grain size, using growth rates

Ž .calculated from Eq. 1 and employing two sets of
parameters obtained by the two different methods

Ž .described above Sections 4.1 and 4.2 . It must be
emphasized that the results, shown in Fig. 8, are only
reasonable for large deviations from equilibrium,
under which nucleation is considered to be rapid.
The shape of the curves close to equilibrium is thus
subject to the most uncertainty, but a more accurate
representation cannot be given at this time due to
poor constraints on nucleation rates.

For times in the range of 0.1–100 m.y., extrapola-
tion using either set of growth rate parameters yields
nearly identical results. Fig. 8 indicates that coesite
crystals on the order of 100 mm in diameter will be
completely consumed at temperatures R3758C in
F1 m.y. This result must be reconciled with the fact
that coesite is preserved in rocks known to have
decompressed into the quartz stability field at tem-

w xperatures as high as granulite-facies conditions 39 .
In the absence of other factors, therefore, our data
indicate that unreasonably fast exhumation rates
would be required for preservation.

How can the discrepancy between the experimen-
tal results and natural evidence be reconciled? Below

Ž .we consider the following possible factors: 1 inclu-

Fig. 8. Extrapolated times required for 100% conversion of coesite
to quartz, for a grain size of 100 mm. All curves were calculated

w xrelative to the equilibrium boundary of Bohlen and Boettcher 41 .
The solid curÕes were calculated using the growth parameters
obtained from fitting the Cahn equation, while the dashed curÕes
were calculated using the parameters obtained by fitting the
directly measured growth rates. Increasing the grain size by an
order of magnitude has the same effect as decreasing the time by
an order of magnitude, i.e. the curves shift upwards in temperature
by ;258C.

sion of coesite in a strong host phase, such as garnet;
Ž . Ž .2 the influence of transformation stress; and 3 the
effect of fluids.

5.1. Elastic inclusion models

Two nearly identical models have been developed
to explain the preservation of coesite inclusions in
garnet based on the elastic properties of the phases
w x7,40 . According to the models, the host phase
exerts an overpressure on the inclusion, constraining
its P–T path to the quartz–coesite equilibrium
boundary. Small increments of reaction, as permitted
by the thermoelastic response of the phases to
changes in P and T , then buffer the pressure on the
coesite back to the equilibrium value. The predic-
tions of both studies are essentially identical: on a
P–T path typified by that depicted in Fig. 9, 25–30%
transformation can occur prior to fracturing of the

Ž .host, which occurs at low temperature ;4008C
when the inclusion pressure exceeds three times the

w xoutside pressure 7 . Under these conditions, the
remaining coesite is presumed to be preserved be-

w xcause of slow reaction kinetics 40 , inferred from
the sluggishness of the transformation at low temper-
atures and laboratory time scales in phase equilibria



Fig. 9. Model for retention of coesite included in garnet, adapted
w x Žafter 40,7 . The rock experiences a P –T – t path based on a path

. Ž .inferred for the Dora Maira massif from UHP metamorphism a
Ž .through a greenschist-facies overprint b . The inclusion follows a
Ž X .path along the equilibrium boundary a– b , due to the overpres-

sure exerted by the host phase. During this time, ;25–30%
quartz can form, as constrained by the compressibility and thermal

Ž Xexpansivity of the phases. When the inclusion pressure c s2.4
. ŽGPa reaches three times that of the external pressure cs0.8
.GPa , fracturing of the host occurs, allowing transformation to

proceed normally along the remainder of the P –T – t path.

w xstudies 41 . However, extrapolation of our kinetic
data suggests that transformation will be very rapid
Ž .complete in -1 m.y. at such conditions. This
underscores the need for reassessment of the elastic
models.

Constraining the pressure of the inclusion to the
quartz–coesite equilibrium boundary assumes that
reaction along the boundary is instantaneous, effect-
ing an instantaneous volume change. In reality, even
at relatively high temperatures, reaction close to the
boundary may be inhibited by slow nucleation kinet-
ics. Thus, the inclusion pressure could deviate signif-
icantly from the equilibrium curve before reaction
occurs, buffering pressure back to equilibrium and
resulting in less transformation than that predicted by
the model. Ultimately, however, it seems unlikely
that nucleation would be suppressed along a P–T
path at deviations as much as 1.5 GPa from the
equilibrium boundary, at which point cracking of the
host phase occurs. If any nuclei form during decom-
pression prior to fracture of the host, the high growth
rates inferred from this study will result in total
consumption of the inclusion. This suggests that an
additional mechanism is required to preserve coesite.

Recently, intergranular coesite crystals were dis-
covered in regional UHP metamorphic rocks from

w xthe Sulu region in China 42 . Because these grains

share interfaces with two or more other phases, their
preservation cannot be explained by the elastic inclu-
sion models. It is conceivable that the transformation
can be affected by the flow strength of adjacent
phases even though the coesite is not surrounded by
a single strong mineral. A more likely explanation
entails restricted fluid infiltration, as discussed in
Section 5.3.

5.2. Transformation stress

Transformation stress and strain can affect both
w xgrowth and nucleation rates 14,43,44 , although de-

tails of the interaction are not quantitatively well
understood. Elastic strain energy inhibits nucleation,
with especially dramatic effects at low temperatures
where the magnitude of the strain energy can ap-
proach that of the chemical free energy of the trans-

w xformation 14,44 . The effect has only been modeled
for the relatively simple case of homogeneous, intra-

w xgranular nucleation 44,45 . The effect of elastic
strain energy on heterogeneous nucleation on grain
boundaries is expected to be reduced by permanent
Ž .plastic deformation of the phases, but the amount

w xof reduction is difficult to constrain 14 . Natural
microstructures in quartz pseudomorphs after coesite
indicate that permanent deformation has indeed
played a role in the transformation, as demonstrated
above. As a further complication, highly strained
regions of the host may serve as enhanced sites for

w xnucleation 11 . Textural evidence from our experi-
ments suggests that cracks which form at high pres-
sure in coesite serve as new nucleation sites.

Of perhaps greater concern for the coesite™

quartz transformation is the unconstrained effect of
elastic strain energy on growth rates, as discussed
previously. At present it is difficult to model quanti-
tatively the effect at lower temperatures appropriate
for extrapolation. If a decrease in growth rates occurs
because of transformation stress, the rate of the
reaction may ultimately be controlled by the rate of
stress relaxation, which depends not only on temper-
ature but to a large extent the amount of H O2

present, considered in the next section.

5.3. The effect of fluids

Fluids are well known to have a catalytic effect
on reactions, although the dependence of kinetics on



fluid concentration and the precise mechanisms of
w xcatalysis are still poorly constrained 46 . One mech-

anism that may be important, if stress relaxation
plays a role in controlling reaction rates, is the
‘‘hydrolytic weakening effect’’ of trace amounts of
H O. Although hydrolytic weakening has not been2

demonstrated for coesite, it must promote the relax-
ation of elastic strain energy in quartz, affecting
reaction as discussed above. H O also increases the2

w xdiffusion rate of oxygen in silicates 47 and may
affect the diffusion rate of other ions. Furthermore,
by reducing the activation energy required to break
Si–O bonds, fluids may enhance nucleation. To date,
few studies have specifically examined the effect of
trace volatiles on phase transformations or even
characterized the fluid content of the starting mate-

Ž w x.rial for an exception, see 48 .
One possibility is that the H O content in our2

experimental samples is higher than that which was
available to promote reaction in partially preserved
coesite in nature, which could explain the discrep-
ancy between the extrapolation and the natural evi-
dence. This hypothesis is indirectly supported by a
number of observations from UHP rocks, including

w xthe finding of intergranular coesite 42 and the
preservation of primary igneous textures and miner-

w xalogy in eclogites 49 . Evidence for restricted fluid
flux during metamorphism and exhumation is also
provided by record-low d 18 O values in UHP eclog-
ites, which indicate a lack of re-equilibration under

w xhigh P–T conditions 50 . Furthermore, direct mea-
surements by FTIR failed to detect any OH defects
or molecular H O in coesite from the Roberts Victor2

w xMine xenolith 51 , suggesting that natural coesite,
unlike quartz, may not incorporate significant H O.2

Further experiments with different fluid contents, in
tandem with investigations of natural UHP rocks
using fluid inclusion microscopy, FTIR and oxygen
isotopes, are thus needed to assess the effect of small
amounts of aqueous fluid on kinetics.

6. Conclusions

This study represents one of the first conclusive
demonstrations that natural reaction mechanisms of
solid–solid metamorphic reactions can be duplicated

in the laboratory. Although this is a crucial pre-
requisite for extrapolation of experimental data to
natural conditions, the extrapolation is complicated
by a number of factors in need of further investiga-
tion. The disparity between growth rates calculated
by direct measurements and by extrapolation using
Cahn’s modification of the Avrami equation is dis-
turbing in that fits to both sets of data show excellent
correlations with temperature. This may be due to a
systematic error in the direct measurements. On the
other hand, the use of Cahn’s formulation for extrap-
olating growth and nucleation rate parameters from
kinetic data may suffer from a significant uncertainty
because of the unconstrained effect of transformation
stress on growth rates, which has not been taken into
account by previous studies on mineral reactions
w x14,38,52 . This underscores the need for more quan-
titative modeling of the interaction between elastic
strain energy, plastic relaxation processes, and reac-
tion kinetics in systems involving heterogeneous
grain-boundary nucleation and growth. In addition,
evidence from natural rocks, as well as experimental
data on the solubility of OH in nominally anhydrous

w xminerals 53 , suggest that the role of trace fluids in
promoting kinetics needs to be evaluated quantita-
tively. Further study of these effects will have rami-
fications not only for the exhumation of deeply
subducted continental rocks, but for the kinetics of
phase transformations elsewhere in the Earth.
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