NOTES

collection of Princeton University were used in
this study. The minerals were cleaned, crushed,
and screened to separate the — 100 + 200 mesh
and —200 4 325 mesh fractions. Mixtures of
calcite and quartz of the same size fractions were
prepared by 10 min of careful hand mixing,
followed by 30 s of oscillation in a Spex Mixer.
A portion of each mix was annealed to 2000 bars
Pco, and 700°C for 48 h to remove surface
strains and to recrystallize any extremely fine-
grained starting material. For one series of ex-
periments, starting materials were 1 X 2 X 4 mm
cleavage fragments of calcite packed in —325
mesh quartz.

The fluid phase in which reaction took place
was composed of distilled water and Canadian
Liquid Carbonic “Hi-Dry” CO..

Apparatus and Control

The experiments were carried out in HoO-CO,
mixtures using the technique of Greenwood
(1967a). Starting materials were supported in
open platinum capsules in 25 cm Morey bombs.
After the bombs were placed in the furnaces,
sufficient CO, was pumped in to keep calcite and
quartz stable until the bombs reached the desired
temperature. The CO, pressure was then ad-
justed, and water pumped in to bring the fluid to
the desired composition and pressure.

At the conclusion of a run the fluid was rapidly
extracted through a two-stage cold trap into a
known volume. Water content of the bomb was
found by weighing the cold trap, and the other
gases, principally CO,, were determined volu-
metrically. Gas chromatography was not used to
analyze the gas phase in these experiments, but
work done under similar conditions (Greenwood
1967a, 1967b; Gordon and Greenwood 1970)
showed negligible CO or CH.,.

Run up time in these experiments was usually
about 4 h. Quench time was always less than 10
min and usually about 5 min.

All runs were at 2000 + 30 bars, 650° + 6°C,
and Xco, = 0.18 + 0.05. Details of control and
measurement may be found in Gordon and
Greenwood 1970.

Extent of Reaction

Preliminary experiments indicated that the
amount of silica in each capsule showed consid-
erable variation from the beginning to the end of
a run, while the amount of calcite remained con-
stant. The extent of reaction was therefore meas-
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ured by the ratio of the moles of wollastonite
formed to the number of moles of calcite avail-
able for reaction. Determination of these quan-
tities was made chemically. Remaining calcite
was determined by measuring the CO, evolved
by reacting the products with 1 m HCI, and the
total calcite originally available was determined
by measuring the total calcium in the products.

The CO; determination was made using essen-
tially the gravimatric method outlined by Vogel
(1961, p. 584). Total calcium was determined by
atomic absorption spectrophotometry of the sol-
ution obtained by adding concentrated HCI to
the products of the CO, determination, and
boiling to completely gelatinize the wollastonite
remaining.

The uncertainty in extent of reaction, based on
five calibration determinations, is approximately
59% at 50%; reaction.

Experimental Results

Run data are listed in Table 1 and plotted in
Fig. 1.

The results from separate capsules in the same
bomb differ by more than the expected analytical
uncertainty only in runs 39, 40, 51, and 61. The
scatter between different runs is much more pro-
nounced.

The runs on non-annealed material generally
have lower extents of reaction than runs of
equivalent duration on annealed material. The
scatter in each group is large enough that the
groups overlap appreciably. It might be expected
that annealing would reduce the reaction rate by
decreasing the number of imperfections at the
grain surfaces and hence reducing the most likely
nucleation sites. In fact, the opposite is the case.

Some scatter could be eliminated by not con-
sidering runs in which the temperature or mol
fraction of CO; differ by some arbitrary amount
from their mean values for all experiments.
Examination of the data shows, however, that the
direction of deviation in the extent of reaction
cannot be correlated with the direction of devia-
tion of the experimental variables. All data points
are therefore plotted in Fig. 1. Annealed and
nonannealed starting material runs are shown
with different symbols.

The data show that the initial 40 9 reaction
takes place in less than 24 h and that after this
initial period the rate decreases. Optical examina-
tion of some run products suggests a reason for
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Extent of reaction

1 1

4

Duration

5 6

hours x 1072

Fic. 1. Experimental results. Open symbols—starting material not annealed. Closed symbols—

starting material annealed.

this phenomenon. Calcite grains are completely
surrounded by radiating wollastonite needles
ranging up to .002 X .25 mm in size. Wollaston-
ite also parallels the surface of calcite rhombs.
This suggests that, under the experimental con-
ditions, nucleation and rapid growth take place
at or near the surface of the calcite, surrounding
each grain with a wollastonite sheath. This
armoring of the calcite suppresses the reaction,
probably by interfering with the transport of re-
actant species. Additional evidence for this model
follows.

Electron Microscope Examination

A Cambridge Instruments Steroscan II scan-
ning electron microscope was used to examine
the surface of single cleavage fragments of calcite
that had been packed in —325 mesh quartz and
reacted under the same conditions as the powders.

At the conclusion of each run the cleavage
fragment was carefully removed from the pow-
dered quartz and washed gently with acetone.
Optical examinations showed that this did not
disturb or remove any detectable wollastonite.

Each cleavage fragment was mounted on a
holder and given a uniform gold coating (ap-
proximately 20 A) in a vacuum evaporator. No
other preparation was necessary.

Cleavage fragments were scanned at a wide
range of magnifications and photographs made
of interesting features. No attempt was made to
calibrate the magnification and hence magnifica-
tions and scale bars shown in Figs. 2, 3, and 4
have an uncertainty of +10%. Because of the
geometry of the microscope, there is a slight
distortion in photographed images, but this effect
is not important for the purposes of the present
study.

Not observable in photographs, but pertinent,
are the facts that the wollastonite layer is only
3—5 crystals deep, and that no wollastonite was
detected in the surrounding quartz powder.

Several conclusions may be drawn from ex-
amination of Figs. 2, 3, and 4.

It appears that nucleation and growth of
wollastonite took place primarily on the calcite
surface and that growth resulted in a rosette
pattern in the wollastonite. Growth was most
rapid parallel to the calcite surface, resulting in a
thin but complete wollastonite sheath around the
calcite fragment. After this initial period, growth
of wollastonite was effectively stopped. Wolla-
stonite crystals from the 473 h run are essentially
the same size as those in 41 h run.

The indentation of quartz and calcite near
wollastonite crystals suggests either that local




