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Abstract

Programmed cooling experiments using a synthetic diopside glass and constant cooling
rates of from 10° to 300°C/hr first crystallize forsterite and then with decreasing temperature
clinopyroxene + wollastonite. The forsterite grows as hopper-shaped crystals which then de-
velop dendrites from external corners. The morphological development can be qualitatively
explained by a model involving diffusion in the melt and interface attachment kinetics. Mi-
croprobe traverses across forsterite—glass interfaces show that the magnitude of the MgO de-
pletion in the melt near flat interface segments varies from 1.72 to 4.28 percent and increases
with increasing run time for a given cooling rate and with increasing value of the product of
the cooling rate times the run time for all cooling rates. The results are in qualitative agree-
ment with theoretical predictions. Near a particular crystal MgO depletion is least at corners
and greatest in reentrants. The clinopyroxene is more magnesian than diopside (solid solu-
tion towards enstatite) and grows as dendrites. The wollastonite occurs between the clinopy-
roxene dendrite arms. The clinopyroxene first appears at nominal undercoolings (1391
Tguencn) Of from 182° to 240°C, depending on the cooling rate. Unlike other sets of pro-
grammed cooling experiments which show a continual increase in nominal undercooling with
increasing cooling rate, these experiments show a maximum in clinopyroxene undercooling

at 50°C/hr. The undercooling is actually least for the 300°C/hr runs.

Introduction

When crystals grow from a melt with a different
composition at least two processes must be involved
in the growth process: the molecular attachment
process occurring at the crystal-melt interface, and
redistribution of chemical components in the melt in
response to the selective removal of some of them by
the crystal. Removal of the latent heat of crystalliza-
tion from the crystal-melt interface may be impor-
tant if the growth rate is high. Traditional descrip-
tions of the interaction of diffusion and crystal
growth assume that the liquid and crystal composi-
tions at the interface are the equilibrium composi-
tions for the temperature at which growth is occur-
ring (e.g., Elbaum, 1959). Such descriptions may not
be satisfactory for silicates and other materials which
grow by a layer-spreading mechanism, because these
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materials require a finite supersaturation or under-
cooling (really the same thing) at the interface for
growth to occur (O’Hara et al, 1968; Hopper and
Uhlmann, 1974; Kirkpatrick, 1975). This layer-
spreading growth mechanism also greatly affects the
development of skeletal and dendritic crystal mor-
phologies, allowing fully-faceted crystals to grow to a
larger size than would be possible if interface kinetics
were not important. Recent theoretical developments
have shown how the effect of interface kinetics can
be taken into account for both interface stability and
the overall growth process.

This paper briefly reviews the recent theory, pres-
ents the results of programmed cooling experiments
in which forsterite, clinopyroxene, and wollastonite
grow from a synthetic stoichiometric diopside melt,
and uses the theory to interpret these results.



224 KIRKPATRICK ET AL.: GROWTH IN INCONGRUENTLY-MELTING COMPOSITIONS

Theory

Recent advances in crystal growth theory can help
in the understanding of three major aspects of the ex-
periments to be discussed here: (1) the origin of the
skeletal morphologies of the forsterite and clinopy-
roxene crystals, (2) the time (temperature), position,
and cooling rate dependences of the liquid composi-
tion at the forsterite—melt interface, and (3) the varia-
tion in liquid composition away from the forsterite—
liquid interface. This section will briefly review these
theoretical developments.

Interface stability

When a crystal is growing freely (i.e., loss of latent
heat through the melt) there is a tendency for the in-
terface to break down into a cellular morphology.
Theoretical analysis of this interface breakdown, tak-
ing into account surface energy and a continuous
growth mechanism, indicates that planar interfaces
on freely growing crystals larger than a few microns
should be unstable (Elbaum, 1959; Mullins and Se-
kerka, 1963; see Lofgren, 1974, and Kirkpatrick,
1975, for reviews).

As noted by O’Hara et al. (1968) and many others
since, this is clearly at variance with observation.
There are many situations where cm-size or larger
faceted crystals can be produced. The problem with
the older calculations is that they neglect the stabiliz-
ing influence of layer-spreading growth mechanisms.
These models correctly predict interface breakdown
for low entropy of fusion materials like metals, which
do not grow by layer spreading, but apparently do
not apply to high entropy of fusion materials like sili-
cates (Jackson, 1958).

The interface stability of high entropy of fusion
materials has been discussed by Cahn (1967), Tarshis
and Tiller (1967), O’Hara et al. (1968), Chernov
(1974), and Lawrence and Elwell (1976). Of these,
Chernov’s analysis is the most complete and will be
followed here.

Chernov has recognized three ways a faceted crys-
tal may evolve into a non-faceted habit. These are:
(1) random fluctuations on a flat interface, (2) ran-
dom fluctuations at edges or corners, and (3) what we
will call macroscopic diffusional instability. For all
three, growth by a layer-spreading mechanism en-
hances the morphological stability. For materials
which grow by layer-spreading mechanisms, such as
most silicates, it appears that interface breakdown
should occur by random fluctuations at corners or
macroscopic diffusional instability.

The fundamental reason that layer-spreading
growth enhances morphological stability is that the
spacing between the steps on the surface can change
with changing local undercooling or supersaturation
in such a way that the growth rate of the face remains
constant. If the undercooling is greater at one loca-
tion, the spacing increases; if the undercooling is less,
the spacing decreases. In this way the face can con-
tinue propagating parallel to itself, although the av-
erage slope of the interface with respect to the ideal
crystallographic surface will change slightly. Accord-
ing to Chernov (1974), slopes of about 1° can com-
pensate for inhomogeneities in the interface melt
composition of about 20 percent for moderately ef-
fective layer-spreading growth.

Chernov’s analysis of instability by random fluctu-
ations on flat interfaces indicates that growth by a
layer-spreading mechanism is very effective at stabi-
lizing the interface. When growth is by the continu-
ous mechanism any protuberance from a freely
growing crystal will see a larger undercooling and
will grow more rapidly, causing the crystal to grow
with a cellular morphology. For a crystal growing by
a layer-spreading mechanism this effect is counter-
acted by the sideways growth of the steps. Thus, as a
protuberance develops and the local slope increases,
the protuberance generates many surface steps which
move rapidly away, eliminating the irregularity from
the surface.

The other two ways faceted crystals may break
down are associated with corners and edges. Of
these, macroscopic diffusional instability leads to
hopper-shaped crystals, and random fluctuation
leads to dendrite growth from corners or edges. Both
of these are common morphologies of silicate and
oxide crystals in igneous rocks and in the experi-
ments discussed in this paper.

Macroscopic diffusional instability occurs when
the decrease in the spacing of the growth steps on the
surface with decreasing local supersaturation can no
longer compensate for variations in the super-
saturation along the interface. When this happens
growth stops or slows drastically in areas of low su-
persaturation. In most cases the low supersaturation
occurs in the center of a face because there is a much
lower volume of melt per unit area of interface at the
center than there is at the corners. Lateral diffusion
parallel to the face helps eliminate this in-
homogeneity, but as the crystal grows larger it be-
comes less effective.

The result of macroscopic diffusional instability is
a hopper crystal. In some cases only the fastest-grow-
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ing face of a crystal becomes hopper-shaped, while
the more slowly-growing faces remain planar. This
results in a hopper crystal with some planar faces. If
there are other crystallographic planes on which
growth can occur at high angles to the one breaking
down, faceted macrosteps may develop. This leads to
kinematic waves which pass over the surface with
growth taking place at any particular place only
when the macrostep passes over. Chernov’s analysis
indicates that this general kind of instability should
be common in silicate systems.

Chernov’s analysis of interface instability by ran-
dom fluctuations at corners has not been carried as
far, but his results indicate that, for crystals which
grow by layer spreading, instability by fluctuations at
corners or edges should be much more common than
instability by fluctuation on flat faces. His analysis
indicates that even if a fluctuation does not develop
into a dendrite it may still result in a macrostep
which will pass over the interface.

Instability spacing

In the traditional models the spacing (X) between
dendrite arms is proportional to the ratio of the diffu-
sion coefficient (D) in the melt to the growth rate (Y)
(X o« D/Y,; Keith and Padden, 1963). In Chernov’s
analysis the transition to hopper morphology is di-
rectly related to the efficiency of diffusion in the melt
parallel to the interface. The critical crystal size for
onset of hopper growth is related to the ratio of the
diffusion coefficient in the melt to the kinetic coeffi-
cient for growth times a number of system constants.
The kinetic coefficient, b, is given by

Y = bAT

where AT is the undercooling and Y is the growth
rate.

Traditional models may be sufficient to describe
secondary dendrites (those growing on existing den-
drites) because the surfaces bounding many dendrite
arms appear to be rounded and probably grow by a
continuous mechanism.

Whether the spacing between primary dendrite
arms growing from corners is also related to D/Y is
not clear. The process has not, to our knowledge,
been analyzed in sufficient detail to determine if
there is a critical initiation size.

Interface melt composition

As for interface stability, the growth of crystals by
layer-spreading mechanisms complicates the inter-
pretation of composition gradients near growing
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crystals. One of the few analyses of this problem
which include interface kinetics is that of Hopper
and Uhlmann (1974). Their calculations indicate that
the concentration of the rejected component in the
melt at the interface, the composition gradient in the
melt at the interface, and the difference between the
interface melt composition and the melt composition
far from the interface all increase monotonically with
increasing time. Their results can only be used as a
general guide for interpreting the results of the exper-
iments discussed here because they assume a con-
stant temperature, growth rate, and diffusion coeffi-
cient.

Calculations more directly applicable to our exper-
iments, although still difficult to apply quantitatively,
are those of Ghez and Lew (1973) and Miiller-
Krumbhaar (1975). Both conclude that for samples
cooled at a constant rate the supersaturation at the
interface increases with increasing time, the same as
Hopper and Uhlmann (1974). Miiller-Krumbhaar in-
dicates that for a given starting material the interface
melt composition for all cooling rates should fall
along one curve when plotted vs. the product of cool-
ing rate, run-time, and some system constants. It is
difficult to use the Miiller-Krumbhaar relationships
quantitatively because the activation energy for crys-
tal growth and the temperature and composition de-
pendences of the diffusion coefficients are unknown
and because a simple first-power relationship be-
tween growth rate and supersaturation is assumed. In
the absence of known phase relationships it is also
difficult to distinguish this relationship from the equi-
librium relationship, because cooling rate times run
time is simply temperature.

Composition gradients in the melt

The need for transport of components to and from
the crystal surface leads to composition gradients in
the melt near the surface. For a binary system the
component enriched in the crystal is depleted in the
melt near the crystal and the rejected component is
enriched.

For a multicomponent system the diffusion coeffi-
cient is not a single number but a matrix. The prob-
lem of a three-component system has been treated
for the interface equilibrium, isothermal case by
Cooper and Gupta (1971). Their results indicate that
except in the most unusual situations the composi-
tion gradient will follow a curved path in composi-
tion space with only the mean composition of the liq-
uid lying on the depletion line. Quantitatively their
results are not applicable to the experiments dis-
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cussed here because they assume constant diffusion
coefficients. However, the results should be qualita-
tively the same for programmed cooling experiments.

Experiments

Procedure

Our experiments used programmed cooling meth-
ods with the samples held on platinum wire loops
(Lofgren et al, 1974). The starting material was syn-
thetic stoichiometric diopside (CaMgSi,O,) glass for
which crystal growth rates have been measured at
both large and small undercoolings (Kirkpatrick,
1974; Kirkpatrick et al., 1976). An experimental
charge was made by pressing about 100 mg of pow-
dered glass into a pellet and sintering the pellet onto
a platinum wire loop. Each run was started by plac-
ing a charge in a MoSi, resistance furnace in the air
at 1400°C (9°C above the liquidus temperature) for
ten minutes. It was then cooled at a constant rate of
from 10° to 300°C/hr. The thermocouples were cali-
brated against the melting points of gold and diop-
side. A number of samples were run at each cooling
rate but quenched at different temperatures in order
to observe the changes in mineralogy, composition,
and texture as crystallization proceeds. The final
product is a bead approximately 4 mm in diameter
with varying amounts of glass and crystal.

The samples have been examined both whole and
in polished thin section. Whole samples were exam-
ined primarily by petrographic microscope while im-
mersed in oil of n = 1.64 with the sample held in a
piece of copper tubing epoxied to a glass slide. This
technique eliminated the lens effect of the glass bead,
allowed the size and number of crystals in partially-
crystallized samples to be determined, and permitted
us to decide how to cut the sample. The partially-
crystallized samples were then cast in epoxy and cut
into several slices by a diamond saw with a 250-um-
thick blade such that a crystal or crystals were cut in
a predetermined way. Some crystals were cut length-
wise; others were cut into serial slices about 250 um
thick. These slices were then mounted as either thin
(30 pm) or thick sections. The fully-crystallized sam-
ples were cut in half and examined in thin section.

Analytical methods

Quantitative analyses of the glass, forsterite, and
clinopyroxene were made with an ARL-EMX electron
microprobe. The beam current was approximately
0.07 microamps, the accelerating voltage 20 kV, and
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the beam diameter 1 um. The standard was a syn-
thetic diopside glass. Drift, background, and dead-
time corrections were made with the computer pro-
gram PROBE. Absorption, fluorescence, backscatter,
and stopping power corrections were made with a
modified version of the program ABFAN (Boyd et al,
1969).

The composition gradients in the glass near crys-
tals were measured by first running qualitative pro-
files along the desired traverse with a JEOL JXA-50A
electron microprobe at a scan speed of 40 pym per
minute and then calibrating the scans with three to
eight quantitative analyses along the traverse. The
glass compositions at the crystal-glass interface were
obtained by extrapolating the calibrated scans. In al-
most all cases there is an analysis within 15 ym of the
interface, and extrapolation is never large.

Because the smallest grains in the fully crystallized
charges are 1 to 5 pm across, several of these charges
were powdered and X-rayed on a Norelco powder
diffractometer at 1° 26 per minute with Ni-filtered
CuKa radiation. Phase identification was made from
the ASTM powder file.

Results

The phases occurring in these experiments are
glass, forsterite, a clinopyroxene, and wollastonite.
Figure 1 is a plot of temperature, run time, and
phases present for each run. At nominal under-
coolings (1391°C-quench temperature) less than
about 140° to 160°C depending on the cooling rate,
the only phase is glass. At somewhat larger nominal
undercoolings, up to 240°, only glass plus less than 5
percent hopper or dendritic forsterite are present. At
the largest undercoolings the samples appear to be
fully crystallized and contain mostly dendritic clino-
pyroxene crystals with a small amount of wollaston-
ite in the interstices between the clinopyroxene den-
drite arms, along with the previously-crystallized
forsterite.

For cooling rates less than 50°C/hr the temper-
ature of first appearance of clinopyroxene and wol-
lastonite decreases with increasing cooling rate. This
is similar to the variation observed in all previous
sets of programmed cooling experiments (see, for in-
stance, Walker et al., 1976; Grove and Raudsepp,
1978). At larger cooling rates (100° to 300°C/hr),
however, the temperature of first appearance of
clinopyroxene and wollastonite increases (the nomi-
nal undercooling decreases). This is opposite the pre-
viously-observed variation. The variation in the tem-
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Fig. 1. Temperature vs. time plots for all runs. Each point represents the quench temperature.

perature of first appearance of forsterite has not been
determined in sufficient detail to define a trend.

Forsterite

Forsterite is the first crystalline phase to appear at
all cooling rates. It usually grows from and appears
to be nucleating on the platinum loop. In some sam-
ples it is on the surface of the bead away from the
wire and may have nucleated there. Table 1 presents
electron microprobe analyses, which show that it is
very close to ideal forsterite except for a small
amount of CaO.

All the forsterite crystals are hopper-shaped or
hopper-shaped with external dendrites. Most have
some planar, crystallographically-controlled surfaces.
Figures 2 and 3 illustrate typical morphologies. The
smaller crystals tend to be hopper-shaped with fac-
eted external surfaces, while the larger ones tend to
be hopper-shaped with an externally dendritic mor-
phology, although we can see no critical size for the
onset of dendritic growth.

Figures 3a-3c illustrate a sequence of serial sec-
tions cut perpendicular to the long axis of one crystal.
The slice from within 250 ym of the growing end of

the crystal (Fig. 3c) is hopper-shaped and has a
mostly planar external morphology with only a small
dendrite developing at one corner. The next slice to-
wards the base of the crystal (Fig. 3b, 500 um from
the one above) is also hopper-shaped but has den-
dritic arms developing from all corners. The slice
closest to the base (Fig. 3a, 500 pm from the slice in
Fig. 3b and about 500 um from the base) is similar
but shows more extensive dendrite development. Fig-

Table 1. Electron microprobe analyses of forsterite crystals

10°/hr  20°/hr,1162°C  20°/hr,1171°C  50°/hr 100°/hr

1201°C 1 2 i 2 1177°c 1186°C

Ca0 0.71 0.88 0.81 . 0.87 1.43 0.94
Si()2 41.52  b2.07 h2.70 k2,42 43.28 42,05 42.35
Mg0 57.49 56.78 56.38 55.66 55.34 56.84 56,22
Total 99.72 99.73 99.90 99.19 99.49 100.32 99.5]
Ca 0.018 0.022 0.020 0.028 0.022 0.036 0.024
Si 0.979 0.991 1.003 1.003 1.018 0.987 0.999
Mg 2.023 1.995 1.975 1.965 1.942 1.990 1.978
0 4,000 4.000 4.000 4.000 4.000 4,000 h.o00
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a

Fig. 2. Photomicrographs of olivine crystals. (a) Hopper-shaped experimental forsterite nucleating on wire loop. Electron microprobe
scan along solid line is shown in Fig. 10. Striations on crystal are macrosteps on inside of hopper. 10°/hr, T, = 1214°C. Plane
transmitted light. (b) Hopper-shaped experimental forsterite crystal. Electron microprobe scans were done along transverses 3A to 3D.
MgO depletion (AMgO) increases from 2.94 wt% near top to 3.68 wt% near base (lower left). 50°C/hr, T, = 1177°C. Plane reflected
light. (c) Hopper-shaped experimental forsterite crystal with dendrite arms developing at corners or external hoppers. Plane reflected
light. 100°/hr, T, = 1186°C. (d) Olivine phenocryst in mid-Atlantic ridge basalt. Note development of dendrite arms from corners, melt
inclusions, and kinematic wave on lower right corner. Surfaces are curved, indicating a high step density. Plane transmitted light.
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Fig. 3. Photomicrographs of serial sections through a hopper-shaped and dendritic experimental forsterite crystal, 10°/hr, T, =
1201°C. Plane transmitted light. (a) Slice 500 um from base of crystal showing extensive dendrite development. (b) Slice 500 um from
that in 3a, showing less well developed dendrites. (c) Slice 500 um from that in 3b and about 250 um from the end of the crystal showing
hopper development, but a mostly faceted external morphology. (d) Close-up of slice in Figure 3¢ showing mostly flat crystal surfaces
with a kinematic wave starting at the corner.
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Table 2. Number of crystals and maximum crystal length for runs
containing only forsterite and glass

Cooling Run T No. of Maximum
rate No. q?fgih crystals crystal
(°/hr) length (mm)
300 36A 1251 2 0.3
200 29B 1201 2 0.25
200 51A 1191 2 0.3
200 55A 1186 6 0.8
100 43A 1211 2 0.8
100 28A 1201 3 0.8
100 4ha 1191 4 3.7
100 52A 1186 i 0.8
100 544 1181 8 0.8
50 47A 1176 9 >2.0
50 48A 1164 9 3.0
50 66A 1158 6 2.9
50 68A 1154 3 4.0%
50 78A 1152 5 4.0%
30 72A 1155 22 3.0
20 65A 1171 6 3.0
20 67A 1161 3 3.0
20 75A 1162 5 3.0
10 L5A 1235 3 1.6
10 46A 1231 1 0.7
10 49A 1225 8 2.0
10 50A 1216 2 2.7
10 56A 1214 6
10 57A 1201 2 2.8
10 70A 1198 2 2.0
10 74A 1197 1 1.0

* length of sample

ure 4 illustrates in more detail the crystal in Figure
3a.

In general, the size and the number of forsterite
crystals increases with increasing run time at a given
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cooling rate, but there are many exceptions. The run
at 1251° and 300°/hr, for instance, contains forster-
ite, while runs quenched from lower temperatures at
the same cooling rate do not. Neither the crystal size
nor the number of crystals increases consistently
enough to calculate accurate nucleation or growth
rates. Table 2 presents the maximum crystal size and
the number of forsterite crystals in each partially-
crystallized run. Very roughly, the average growth
rates are of the order of 10™ cm/sec for the fastest
cooling rates and 10~ cm/sec for the slower cooling
rates. Nucleation rates are of the order of 10/sample/
hour for the fastest cooling rates and 1/sample/hour
for the slowest cooling rates. These nucleation rates
appear to reflect heterogeneous nucleation on the
wire loop.

Composition gradients near forsterite

Composition gradients in the melt near forsterite
crystals have been examined as a function of cooling
rate, run time, and position on the crystal. Generally
two to four microprobe traverses were made near
each crystal (Figs. 2, 3, and 4). For the crystal in Fig-
ures 3a-3c several calibrated traverses were run on
each serial section. Figure 5 presents typical cali-
brated scans. Figure 6 presents typical sequences of
point analyses. Table 3 lists the analyses used to cali-
brate the scans in Figure 5. Table 4 presents the glass
interface compositions and compositions far from the
interface (CaO and MgO only) along with the differ-
ence in CaO and MgO (ACaO and AMgO) between
the interface composition and the composition far
from the interface for each scan.

Figure 7 plots the composition gradients in part of
the system CaO-MgO-SiO,. They do not plot on the

Table 3. Electron microprobe analyses of glass near forsterite crystals
(points correlate with Figs. 5, 6, and 10)

Run 57A-3A Run 57A-3B
1 2 3 K 5 6 7 8 1 2 3
Ca0 27.91 27.20 27.25 27.15 27.09 26.82 26.83 26.90 27.65 26.65 26.86
SiO2 57.25 57.17 57.09 56.13  56.55 56.54 56.61 56.35 56.36 56.46 56.69
Mg0 15.10 15.71 16.48 16.87 17.31 17.28 17.35 17.38 16.48 17.48 17.27
Total 100.26 100.08 100.82 100.15 100.95 100.64 100.79 100.63 100.49 100.59 100.82
Ca 1.075 1.048 1.043 1.049 1.038 1.029 1.029 1.034 1.065 1.023 1.029
Si 2.058 2.055 2.040 2.022 2.02] 2.025 2.024 2,019 2.026 2.022 2.026
Mg 0.809 0.842 0.878 0.906 0.921 0.921 0.924 0.928 0.883 0.933 0.919
0 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
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Table 3. (cont.)
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Run 56A
| 2 3 4 5 6 7 8
Cal 27.51 27.30 27.18 27.34 27.08 26.69 26.43 26. 44
Si02 56.94 55.95 56.64 55.22 55.10 55.41 54.89 55.37
Mg0 15.76 15.78 15.95 16.64 17.15 17.67 18.28 17.97
Total 100.21 99.03 99.77 99.20 99.33 99.77 99.60 99.78
Ca 1.060 1.066 1.051 1.069 1.057 1.036 1.028 1.025
Si 2.048 2.038 2.045 2.013 2.006 2.006 1.992 2.003
Mg 0.845 0.857 0.858 0.904 0.930 0.953 0.989 0.969
0 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000

forsterite (with about 1% CaO) depletion line, but are
curved. The melt near the crystal is enriched in SiO,
relative to forsterite depletion. Going away from the
interface the gradients cross or come to the forsterite
depletion line and then curve towards the original
diopside bulk composition. Even the most MgO-de-

pleted compositions at the interface are still well
within the diopside primary phase field.

The MgO value in the glass at the interface and
AMgO vary systematically with location on the inter-
face, run time at a given cooling rate, and the prod-
uct of run time and cooling rate for all the cooling

Fig. 4. Close-up plane reflected light photomicrographs of the slice shown in Fig. 3a. (a) Dendrite arm showing nonfaceted secondary
arms (except on a few external surfaces) and entrapment of melt by secondary arms growing from bottom. (b) Dendrite arms showing
entrapment of melt by growth of secondary dendrites perpendicular to overall growth direction, non-planar internal surfaces and planar

external surfaces.
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Table 4. Glass compositions in forsterite plus glass runs

Run Cooling rate Tquench Scan T, Coo~C 4 Interface
No. 5 . ition*
= €/ 8! (°c) o cao ¥go cat Mg0 Aca0  AMgO position
55a 200 1186 1A 26.22 18.29 27,50 14.99 -1.28 3.30 F
1B 26.12 18.20 27.52 14.61 ~-1.40 3.59 E
1c 26.16 18.46 27.46 15.40 -1.30 3.06 F
23 26.30 18.50 27.30 15.68 -1.00 2.82 B
2B 26.10 18.07 27.61 15.10 =1.51 2.97 F
2D 26.20 17.98 27.14 15.12 -0.94 2.86 F
43Aa 100 1211 1A 26.72 18.06 27.47 15.86 -0.75 2.20 F
44a 100 1191 3a 26.04 18.00 27 557 13.74 -1.53 4.26 F
3B 25.89 18.16 27 .58 13.88 -1.64 4.28 5
3E 251.715 17.92 27.30 13.96 -1.55 3.96 F
3D 26.10 18.00 27.48 14.04 -1.38 3.96 F
52 100 1186 1a 26.91 18.18 27.90 15.36 -0.99 2.82 F
478 50 1177 1B 27.38 18.00 28.40 14.62 -1.02 3.38 F
3a 27.50 18.02 28.64 15.08 -1.14 2.94 D
3B 27.51 17.82 28.66 14.71 -1.15 3.11 F
3C 27.32 17.64 28.50 14.28 -1.18 3.36 F
3D 27.50 17.72 28.76 14.04 -1.26 3.68 F
66A 50 1158 1B 26.76 18.00 28.26 14.38 -1.40 3.62 F
2A 26.75 18.52 28.60 14.56 -1.85 3.96 F
2B 26.70 18.42 28.02 14.62 -1.32 3.80 F
) 26.50 18.30 28.15 14.56 -1.65 3.74 F
T8A 50 1152 3A 26.67 17.82 28.50 13.96 -1.83 3.86 D
3B 26.66 18.00 28.60 13.90 -1.94 4.10 F
3€ 26.52 17.76 28.58 13.52 -2.06 4.24 R
3D 26.50 18.00 28.22 13.88 -1.72 4.12 F
6A 26.30 18.00 28.18 14.12 ~-1.88 3.88 D
6C 26.18 18.25 28.20 14.16 -2.02 4.09 5
65A 20 1171 2A 26.48 17.06 27.52 14.48 -1.04 2.58 F
3B 26.22 16.48 27.23 13.48 -1.01 3.00 F
758 20 1162 3A 26.50 17.42 27.68 14.00 -1.18 3.42 F
3B 26.58 17.30 27.70 13.78 ~1.12 3.52 R
4a 26.52 17.24 27.94 14.13 -1.42 3.11 F
4B 26.30 17.08 27.78 13.76 -1.48 3 3] R
5a 26.52 17.38 27.82 14.10 -1.30 3.28 H
5B 26.48 17.40 27.76 13.84 -1.28 3.56 R
62 26.50 17.00 271 1.8 13.62 -1.28 3.38 F
6B 26.48 17.03 27.86 13.36 -1.38 2,565 R
45 10 1235 23 26.50 18.00 27.36 16.20 -0.86 1.80 F}
2B 26.40 18.06 27.30 16.32 -0.90 1.74 F
49A 10 1225 3a 26.68 18.60 27.72 16.57 -1.04 2.03 B
3B 26.28 18.50 27.18 16.78 -0.90 1.72 D
3C 26.26 18.48 27.28 16.52 -1.02 1.96 F
56A 10 1214 5 26.50 18.06 27.60 15.98 -1.10 2.08 F
57a io 1201 1A 27.18 1-7estS 28.30 15.53 -1.12 2.20 F
1B 26.97 17.69 28.30 15.18 -1.33 2../51 R
2A 26.76 17.48 28.13 15.06 -1.37 2.42 F
2B 27.01 17.74 28.10 15.90 -1.09 1.84 D
3A 26.66 17.50 28.08 15.02 ~1.42 2.48 F
3B 26.80 17.30 27.82 15.56 -1.02 1.74 D

*Interface position:

F = flat, R = reentrant, D = dendritic tip or corner




KIRKPATRICK ET AL.: GROWTH IN INCONGRUENTLY-MELTING COMPOSITIONS

233

Run 57A-3A
| 2 3 4 5 6 7 8
| | 1 | | | | |
I8+
-~ 17
(2]
o% g
D
ZBISM J \ H
14
0 100 200 300 400 800
©“m
A
Run 57A-3B
2 3
I I
sl
oXI7Tf
o,
=3z I8
_l 1 1 1 1
0 100 200
pm

B

Fig. 5. Calibrated electron microprobe scans showing the MgO gradients in the glass near forsterite crystals. Off-scale peaks are
crystal. Both scans are for same crystal. 57A-3A is across a flat interface segment; 57A-3B is across a dendrite tip (see Fig. 4). Low MgO
values on the left side of 57A-3A scan are melt inclusions. Note even lower MgO than at the interface.

rates. These variations are in good agreement with
the theory discussed above.

The data in Table 4 indicate that the nature of the
interface greatly influences the interface composition.
Relative to the composition next to flat interface seg-
ments, AMgO near dendrites or corners (those parts
of the crystal protruding into the melt) is lower and
MgO at the interface is higher. At reentrants, on the
other hand, AMgO is greater and MgO at the inter-
face is lower. Because of this we use only data from
flat interface segments to compare data from differ-
ent runs.

For runs done at the same cooling rate but for dif-
ferent lengths of time AMgO increases and MgO at
the interface decreases with increasing run time. Fig-
ure 8 shows this variation for runs at 50° and 10°C/
hr.

Figure 9 shows the ratio of MgO at the interface to
MgO in the bulk melt vs. the product of cooling rate
and run time. This plot allows comparison with theo-
retical prediction (Miiller-Krumbhaar, 1975). MgO at
the interface would show the same decrease, and
AMgO would increase. Almost all the MgO ratios
plot on the same convex-upward curve. The one
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Fig. 6. Electron microprobe analyses (MgO) vs. position used to
calibrate scans in Fig. 5.

crystal (3 data points) at 100°C/hr that does not is
much larger than other crystals at the same cooling
rate and may have nucleated at a higher temperature.
The other data at this cooling rate fall on the overall
trend.

A number of forsterite crystals contain numerous
melt inclusions trapped between dendrite arms.
Table 3 and Figure 5a present analyses of the in-
clusions in the sample illustrated in Figures 3a and 4.
The inclusion compositions are somewhat scattered
but are all significantly lower in MgO (forsterite)
than even the glass composition at the external inter-
face. This is probably due to continued growth of
forsterite onto the inclusion wall after it was trapped.
The inclusion compositions are poor estimates of the
bulk liquid composition from which the crystals are

growing, a conclusion also reached by Roedder and
Weiblen (1977) for lunar mare basalts.

Figure 10 presents a calibrated microprobe scan
down the axis of the hopper crystal illustrated in Fig-
ure 2a. Table 3 gives the analyses used to calibrate
this scan. The continual decrease in MgO from the
mouth of the hopper to its base also indicates contin-
ual growth on the inside of the crystal.

The partitioning of Ca and Mg between the melt
and olivine shows no systematic temperature or cool-
ing rate dependence, and the olivine is much richer
in calcium than the equilibrium value predicted by
extrapolating the data of Watson (1979) for experi-
ments in the system Na,0-Ca0O-MgO-AlL0,-SiO,.
Figure 11 shows the olivine-liquid partition coeffi-
cients, (CaO/MgO),/(CaO/Mg0),,, using the ex-
trapolated interface liquid compositions at flat inter-
face segments plotted vs. 1/T°K, along with
Watson’s equilibrium data. Care was taken not to an-
alyze the forsterite within about 15 um of the inter-
face because of secondary fluorescence effects. Simi-
larly, there is no systematic variation when the
partition coefficients are plotted vs. cooling rate. In-
deed, the data for one crystal at 10°/7°K = 6.83 in
Figure 11 span nearly the entire range. All the parti-
tion coefficients from the programmed cooling exper-
iments are much larger than the equilibrium values
of Watson. This reflects the much higher CaO values
in our olivines (0.71 to 1.43 wt%, Table 1) relative to
his (0.03 to 0.53 wt%). :

A¥4 ¥ AVJ AV A4

AV
33 31 29

wr. % Ca0

27 25 23

Fig. 7. Composition gradients in glass close to forsterite crystals plotted in the system CaO-MgO-Si0,. Points near the diopside
composition are far from the interface; points away from the diopside composition are next to forsterite crystals. The curvature of the
gradients in composition space is in agreement with the theory of Cooper and Gupta (1971) and is due to multicomponent diffusion

effects.
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Clinopyroxene and wollastonite

A clinopyroxene (Wo,,~Wo,) and wollastonite
crystallize after forsterite, beginning at temperatures
ranging from 1209° to 1151°C, depending on cooling
rate. There is a minimum in the appearance temper-
ature at a cooling rate of 50°C/hr (Fig. 1). No glass
can be seen in thin sections of any run containing
clinopyroxene and wollastonite.

The clinopyroxene crystals are all dendritic, with
as many as three levels of branching. The surfaces of
the dendrites are rounded and appear to be non-crys-
tallographic. There are from 2 to 13 clinopyroxene
crystals in each thin section. The wollastonite crystals
are located between the clinopyroxene dendrite arms,
often in optically continuous networks. The more
rapidly-cooled samples are often highly vesicular.
Figure 12 illustrates typical clinopyroxene and wol-
lastonite morphologies.

The clinopyroxene compositions are more magne-
sian than diopside and fall along the diopside—ensta-
tite join. Table 5 lists typical electron microprobe
analyses of the clinopyroxene. Figure 13 plots the
analyses in the forsterite-wollastonite-silica system.

There appears to be no systematic variation of clino-
pyroxene composition with cooling rate or temper-
ature. The wollastonite grains are too small to ana-
lyze with the microprobe.

It has been suggested (Kirkpatrick, 1975; Walker
et al., 1976; Grove and Walker, 1977) that dendrite
arm spacing decreases with increasing undercooling
(higher growth rate) and that the spacing may be

® =10%hr

B =20%hr
A =50%hr
° ¥ =|00%hr
¢ | s X =200%hr
R,
L}
I
v 3
(o]} - L i
150 200 250

COOLING RATE X TIME

Fig. 9. MgO (interface)/MgQ (bulk) vs. cooling rate times run
time for all flat interface segments examined. 100°/hr data that
fall below trend are from unusually large crystal.
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Fig. 10. Calibrated scan (MgO) of glass down the length of a hopper forsterite. Calibration points are given in Table 3, crystal is

illustrated in Fig. 2a.

used as a measure of relative cooling rate. In our ex-
periments the relationship between the temperature
of crystallization and the spacing is poor. Figure 14 is
a plot of the spacing of the finest-scale dendrites vs.
cooling rate. These spacings were measured by rotat-
ing the thin section on a universal stage until the

T°C
1450 1350 1250 1150
T T v L |
42t =
L \ =
- | |
44k 3
46F =
L |
|
o48r
X
j -
' ]
5.0 L
5.2+
Data of Watson(1979) @
54
i 1 i i 1 1 1 L 1 L 1 L _i
6.0 7.0

6.5
10%/TeK
Fig. 11. Olivine-liquid partition coefficients, K, = (CaO/
Mg0),/(CaO/MgO)y;,, using the extrapolated interface liquid
compositions for the programmed cooling experiments (squares)
along with the equilibrium values of Watson (1979) for
experiments in the system Na,0-CaO-MgO-Al,0,-8i0,.

arms were most clearly resolved and the spacing was
a minimum. Although there is considerable scatter, it
is clear that the spacings are the largest (about 10
um) at the slowest cooling rates, have a minimum of
about 4 ym in the range 50° to 200°C/hr, and in-
crease slightly to about 6 um in the 300°C/hr runs.
The scatter in the data is real and not analytical.
There are patches of different spacing, even within a
single crystal. This variation in spacing may be due
to variation in melt composition (and therefore lig-
uidus temperature and therefore undercooling) asso-
ciated with the composition gradients near forsterite
crystals. We have not, however, been able to associ-
ate any changes with any specific forsterite crystals.

As for the forsterite, it is not possible to determine
accurate nucleation or growth rates for the clinopy-
roxene. Because the crystals must have grown en-
tirely between the run time of the longest run which
contains only forsterite and glass and the run time of
the shortest run which contains clinopyroxene, it is
possible to estimate minimum average growth rates.
For the 300°C/hr runs the crystals must have grown
about 4 mm in less than 1 minute, so the growth rate
must have been greater than about 7 X 10~ cm/sec.
For the 10°C/hr runs they must have grown about 4
mm in less than 18 minutes, so the growth rate must
have been greater than about 4 X 10™ cm/sec. These
rates are in good agreement with growth rates of the
order of 10~ ¢cm/sec for this bulk composition ob-
tained in this temperature range from microscope
heating-stage experiments (Kirkpatrick et al., 1976).
Because the samples are fully crystallized, it is not
possible to determine the crystallographic direction
with the highest growth rate.
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Fig. 12. Photomicrographs of dendritic clinopyroxene crystals. (a) 10°/hr, plane transmitted light. Wollastonite is in dark areas
between dendrites. (b) 200°/hr, plane reflected light. Wollastonite is between dendrite arms.

Discussion

Occurrence of forsterite

The forsterite in these experiments is clearly me-
tastable and only occurs because of the failure of
clinopyroxene to nucleate. The highest temperature
at which forsterite occurs is 1251°C. Fitting the

stable part of the forsterite liquidus surface in the
join forsterite-diopside with the relationship

Wt% Foygue = 1.495 X 10° exp [-11.96 X 10°/RT]

(Fig. 598 in Leven et al., 1964) and extrapolating to
the diopside composition gives a metastable liquidus
temperature of about 1260°C. The accuracy of this

Table 5. Electron microprobe analyses of clinopyroxene crystals in fully-crystallized samples

10°/hr, 1196°C 100°/hr, 1151°C 100°/hr 200°/hr, 1181°C 300°/hr

1 2 3 1 2 3 1172°C 1 2 3 1201°C

Ca0d 24 .49 24.89 25.00 25.70 25.11 25.59 25.61 24.65 25.54 25.1h 24.84
Si0, 55.56 55.30 55.71 55.22 56.13 55.63 55.32 55.57 55.42 55.07 56.12
Mg0 20.13 19.76 19.49 18.71 19.19 18.92 18.97 19.67 19.30 19.13 19.50
Total 100.18 99.95 100.20 99.63 100.43 100. 4 99.90 99.89 100.26 99. 34 100. 46
Ca 0.940 0.959 0.961 0.996 0.962 0.985 0.990 0.949 0.983 0.976 0.951
Si 1.992 1.991 1.999 1.998 2.008 2.000 1.995 1.998 1.992 1.995 2.006
Mg 1.076 1.060 1.042 1.009 1.023 1.014 1.020 1.054 1.034 1.033 1.038

0 6.000 6.000 6.000 6.000 6.000

6.000 6.000 6.000 6.000 6.000 6.000
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Fig. 13. Clinopyroxene compositions plotted in part of the system Si0,-CaSi0;-Mg,Si0,.

extrapolation is difficult to determine, but forsterite
may be supercooled a few degrees. This result is in
good agreement with other programmed cooling ex-
periments using platinum loop methods (Donaldson
et al., 1975).

Similar metastable occurrence of olivine in pro-
grammed cooling experiments has been observed by
Walker et al. (1978) for a eucritic meteorite composi-
tion almost on the olivine-liquid peritectic point. In
their experiments, however, olivine always coexists
with pyroxene.

Forsterite morphology

The development of the forsterite morphologies in
these experiments is in very good agreement with the

predictions of the theory of Chernov (1974). The fun-
damental shape of almost all of the forsterite crystals
is a hopper. Only a few of the thinnest crystals show
a fully-faceted morphology, and this may be an acci-
dent of the way they were cut during sample prepara-
tion. The smallest crystals are usually hopper-shaped
with some planar surfaces (Fig. 2a). Most of the
larger ones are hopper-shaped with dendrite arms de-
veloped from corners. There is no evidence of break-
down of flat interfaces by random fluctuations. This
implies that the forsterite is growing by a layer-
spreading mechanism, that significant super-
saturation at the interface is necessary to drive crystal
growth, and that models which assume interface
equilibrium will be insufficient to describe the
growth.
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Fig. 14. Clinopyroxene dendrite arm spacing vs. cooling rate for all fully-crystallized runs.
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It appears that breakdown of a euhedral forsterite
crystal takes place first by macroscopic diffusional in-
stability and only later by random fluctuations at
corners. The critical crystal size for the onset of hop-
per morphology appears to be about 12 ym. This is
probably small enough to be affected by surface en-
ergy (capillarity), although this still needs to be con-
sidered in the theoretical analysis. There appears to
be no critical size for the onset of dendrite develop-
ment from corners, and we can see no systematic
relationship between the presence of dendrites and
crystal size. More theoretical and experimental work
is needed.

It is not clear why the secondary dendrite arms de-
velop. Figures 3 and 4 show that they start devel-
oping near the end of the primary dendrite arms and
that in many cases their external surfaces appear to
be crystallographically controlled. Their inner sur-
faces and in some cases their outer surfaces do not
appear to be crystallographically controlled.

One possible mechanism for their origin is that
they develop after the primary dendrite tip pene-
trates, at least partially, the diffusion halo surround-
ing the crystal. Figure 4 indicates that there must be
some statistical factor in their development, since the
spacing of the secondary arms, while of the same or-
der of magnitude, is neither constant nor variable in
a uniform way.

From a purely geometric standpoint these experi-
ments show, especially in Figure 4, that melt in-
clusions in olivine crystals are trapped primarily by
the growth of secondary dendrite arms parallel to the
original interface.

Comparison to natural hopper and dendritic morpholo-
gies

The development of the hopper and dendritic mor-
phologies of the forsterite crystals in these experi-
ments is similar to the development of generally simi-
lar morphologies of many natural phases. In most
cases the interface breakdown of crystals in igneous
rock is associated with edge effects rather than with
random fluctuation on flat interfaces. (Whether this
is due to macroscopic diffusional instability or ran-
dom fluctuations at corners is not always clear.) The
morphologies of many olivines in terrestrial and lu-
nar basalt (Drever and Johnston, 1957; Donaldson et
al., 1975; Donaldson, 1976) are basically hopper-
shaped with dendrite arms extending from the cor-
ners. Figure 2d shows a typical skeletal olivine
phenocryst in glass from a mid-Atlantic ridge basalt.
It is not hopper-shaped but does have dendrite arms
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growing from corners. There is a kinematic wave on
the lower right arm. Even the net dendrite olivines
that grow in the margins of basalt pillows start their
branching at corners (Kirkpatrick, 1979).

Other phases show generally similar morphologies.
The arrowhead morphologies of chrome spinels and
magnetites are due to development of dendrite arms
from corners. The hopper and skeletal morphologies
of pyroxene crystals (Walker et al., 1976) are prob-
ably also due to edge or corner effects.

Note that the development of spherulites is a nu-
cleation effect and unrelated to the development of
hopper and dendritic morphologies (Keith and Pad-
den, 1963; Kirkpatrick, 1979), although all form in
response to composition gradients in the melt. The
theory discussed here is not applicable to spherulites.

Interface melt composition

With the addition of effects associated with corners
and reentrants, the melt compositions at the inter-
faces of forsterite crystals are in good qualitative
agreement with theory. For a given crystal the differ-
ence between the melt compositions at the interface
and far from the interface is least at corners and on
dendrites and greatest in reentrants (Table 3). This is
simply due to the geometrical effects of the melt vol-
ume to interface area ratio (Chernov, 1974).

For flat interface segments the increase in AMgO
with increasing run time (Fig. 8) agrees well with the
predictions of both Hopper and Uhlmann (1974) and
Miiller-Krumbhaar (1975).

The continual decrease in MgO at the interface
with increasing value of the product of run time and
cooling rate (Fig. 9) is also in good agreement with
the theory of Miiller-Krumbhaar. The reason the
relationship is convex upward, rather than linear or
concave upward as he shows it, is that the diffusion
coefficients in the experiments are decreasing with
decreasing temperature while he assumes a constant
value. The upturn predicted by his theory is not ob-
served. This may be because clinopyroxene nucleates
before it can occur.

These results are also consistent with models
which assume interface equilibrium, but the large
Ca0/MgO partition coefficients, their lack of system-
atic variation, the large variation for one crystal (Fig.
11), and the large variation in AMgO and ACaO even
for a single crystal (Table 3) all argue for dis-
equilibrium at the interface. The metastable olivine
liquidus surface is not known, however, and it is pos-
sible (although we feel it unlikely) that something ap-
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proximating interface . equilibrium is being main-
tained.

Composition gradients in the melt

The composition gradients in the melt near the in-
terfaces are in good qualitative agreement with the
theory of Cooper and Gupta (1971). Figure 7 shows
that the melt composition at the interface lies on the
silica-rich side of the forsterite depletion line. Going
away from the interface the compositions move to-
wards the original bulk composition along a curved
path that crosses or comes to the forsterite depletion
line and then curves back towards the bulk composi-
tion. This is precisely the variation predicted by Coo-
per and Gupta. The point where the composition
gradient crosses the forsterite depletion line is the
mean composition of the liquid influenced by the for-
sterite growth.

It is not possible to analyze the quantitative appli-
cability of the Cooper and Gupta theory to these ex-
periments because the multicomponent exchange dif-
fusion coefficients are not known and because the
experiments were not isothermal. It is clear, however,
that if we are to understand the growth of crystals
from incongruently-melting compositions, we need
values for this kind of diffusion coefficient, values
which are in very short supply.

Occurrence of clinopyroxene and wollastonite

The first occurrence of clinopyroxene is suppressed
more in these experiments than is the first occurrence
of the liquidus phase in any other set of programmed
cooling experiments in the same range of cooling
rates. This is clearly associated with difficulties in nu-
cleation and not slow growth, because the clinopy-
roxene growth rates are so high that if a small crystal
were present it would rapidly fill the entire charge.
This easy suppression of nucleation also occurs in
microscope heating-stage experiments with the same
composition (Kirkpatrick et al., 1976).

The reason for the minimum in the clinopyroxene
nucleation temperature at the intermediate cooling
rates is not clear. The decrease from 10°/hr to 50°/
hr can be explained kinetically—with increasing
cooling rate the probability of nucleation of a crys-
tal at a given temperature decreases because the time
available decreases. Thus, a larger undercooling
must be reached for nucleation to occur in a finite
sample. This is the explanation usually given for sim-
ilar variations observed in many sets of programmed
cooling experiments (Walker ef al., 1976; Grove and
Raudsepp, 1978).

The increase in the clinopyroxene nucleation tem-
perature from 50°/hr to 300°/hr is unexpected and is
the only such variation yet observed. The data in
Table 4 indicate that heterogeneous nucleation on
forsterite once a critical interface melt composition is
reached cannot explain the variation. The interface
compositions follow the cooling rate X time relation-
ship, and there is nothing unusual about the interface
compositions in the runs quenched just prior to clino-
pyroxene nucleation. Neither is it likely that clinopy-
roxene is nucleating by a different mechanism in the
higher cooling rate experiments. If this mechanism
were available, it should be used at the slower cool-
ing rates also. If this increase in nucleation temper-
ature with increased cooling rate is found to be a
common occurrence, more work on its origin may be
justified.

The occurrence of wollastonite in these charges is
the result of crystallization of forsterite and MgO-
rich clinopyroxene, which leaves the melt enriched in
CaO. Its occurrence between the clinopyroxene den-
drite arms is a kinetic effect. Figure 7 shows that the
liquid compositions before clinopyroxene forms are
well within the clinopyroxene primary phase field.
Once the clinopyroxene begins to grow, however,
CaO builds up at the clinopyroxene-melt interface,
and because the growth rate is so high it cannot dif-
fuse far. Eventually wollastonite saturation (or super-
saturation) is reached at the clinopyroxene interface
and wollastonite crystallizes there.
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