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Abstract A large (4.8 m>, 1.3x107 g) artificial mafic
melt with a bulk composition similar to that of a basalt
(but with a high CaO content of 17 wt %) was gener-
ated during a demonstration of in situ vitrification and
was allowed to cool naturally. During the melting pro-
cess, convection was vigorous, resulting in a chemically
and thermally homogeneous melt body. Once heating
was complete, the cooling rate was rapid with the
temperature dropping from 1500° C to 500°C in ~6
days within the interior of the 3 m diameter, 1.5 m thick
body. A ~20h period of constant temperature
(1140° C) observed during cooling was the result of
latent heat released by widespread crystallization. The
final crystalline assemblage consists of diopsidic to
hedenbergitic pyroxene and anorthitic feldspar, with
a subordinate amount of potassic feldspar, plus a small
amount of evolved glass. The compositions and pro-
portions of phases agree well with those predicted by
the MELTS thermodynamic model. Thermal and text-
ural evidence suggest that convection within the melt
ceased coincident with formation of the first crystals.
Textural investigation of core samples reveals large (up
to 1cm in length) acicular diopsidic pyroxenes in
a matrix of smaller feldspar and zoned pyroxene crys-
tals ( ~500 pm in length). Crystal shape and pyroxene
composition vary as a function of position within the
solidified body, as a function of cooling rate. Both
crystal size and degree of crystallinity are highest in the
central, most slowly-cooled parts of the rock. Crystal
shape is characterized by tabular, equilibrium-growth
forms in the slowly-cooled areas, grading to highly
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skeletal, dendritic forms at the rapidly-cooled edges of
the body. The pyroxene crystals are dominantly homo-
geneous diopside, but crystals are characterized by thin
Fe-rich hedenbergitic rims. These rims were deposited
when Mg in the melt was depleted by diopside growth,
and melt temperature had cooled sufficiently to allow
Fe-rich pyroxene growth. Crystal growth rates can be
calculated based on thermal behavior of the melt, rein-
forced by thermodynamic modelling, and are deter-
mined to be between 10~ 7 and 10~ ® cm/s in the central
part of the melt. These estimates agree well with growth
rates in natural systems with similar cooling rates.
Pyroxene crystals that formed at a higher cooling rates
are characterized by higher Al and lower Mg contents
relative to tabular equilibrium crystalline forms, pre-
sumably as a result of disequilibrium melt composi-
tions at the crystal-melt interface.

Introduction

Crystallization is a process that drives the evolution of
magmatic systems. Crystal shape and growth rates
within magmatic systems are controlled by latent heats
of fusion, diffusion of chemical components. within the
melt, reactions at the crystal-melt interface, and degree
of undercooling of the system (e.g., Kirkpatrick 1976;
Lofgren 1980; Swanson and Fenn 1986). The kinetics of
nucleation also affect crystallization processes, possibly
influencing the distribution of crystals within a magma
body (e.g., Lofgren 1983; Brandeis et al. 1984). Studies
of crystal sizes in well-constrained natural systems sug-
gest that crystal nucleation and growth rates decrease
with increasing crystallinity of the melt, and that cryst-
allization can begin at small degrees of undercooling
(Cashman and Marsh 1988). Once crystal growth is
initiated, the shape of the crystal is strongly dependent
on growth rate, which is, in turn, dependent on the
cooling rate and degree of undercooling during growth
(Lofgren 1980). Continuous cooling rate experiments



have been useful for determining cooling regimes in
natural systems (Lofgren 1980). However, in experi-
mental systems it is difficult to simulate the effect of
latent heat release by crystallization in the thermal
regime of a large magma body, and thus latent heat
effects are generally ignored (e.g., Lange et al. 1991).

Chemical processes that take place at the crystal-
melt interface are also important. If some components
diffuse away from the crystal-melt interface at rates
slower than crystal growth, a chemically altered zone
will be produced around the crystal and the crystal can
become inversely chemically zoned with respect to
slower diffusing components (Albarede and Bottinga
1972). This behavior will result in growth of crystals
which are not in equilibrium with their parent melt, and
may also lead to skeletal growth shapes (Lofgren 1980).
This effect may also lead to crystals of different com-
position growing from a single composition parent
melt, simply due to the crystal growth rate (Grove and
Bence 1977). Crystals that grow rapidly may be homo-
geneous, but may be relatively more enriched in ele-
ments that are less compatible in the crystalline struc-
ture because of enrichment of these elements at the
crystal-melt interface. Without considering cooling
rate, such differences in mineral composition might be
interpreted as a result of crystallization from different
magmatic compositions.

Investigations of crystallization in laboratory ex-
periments and well-constrained natural systems have
proven useful for understanding complex crystalliza-
tion processes. An artificial melt produced at Oak
Ridge National Laboratory (ORNL) provided a
unique opportunity to investigate crystallization proce-
sses in an unusually large artificial system. During
cooling, the hemispheric-shaped melt crystallized to an
assemblage similar to that observed in some mafic
igneous rocks. The degree and characteristics of crys-
tallization vary with distance from the central part of
the melt. The melt was large enough to permit pro-
cesses occurring in natural systems to operate (e.g., con-
vection and crystal-liquid fractionation, Jacobs et al.
1992; Dunbar et al. 1993), yet allowed many aspects of
control and monitoring typical of a laboratory experi-
ment (temperature monitoring, chemical and physical
characterization before and after the test). Information
derived from study of this melt provides insight into
physical and chemical process of magmatic crystalliza-
tion.

Background on ISV

In situ vitrification (ISV) is a technique developed to stabilize haz-
ardous and radioactive waste sites through resistance (joule) heating
and melting of contaminated soil (Buelt et al. 1987; Jacobs et al.
1992). ISV was developed and patented by Battelle’s Pacific North-
west Laboratory for the United States Department of Energy.
Graphite electrodes, each up to 0.3 m in diameter are placed verti-
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cally at ground level over the area to be melted. Resistance heating
occurs as electrical current is applied to the ground via the elec-
trodes, and melting proceeds downward and outward producing
a roughly hemispheric body. Spacing between the electrodes can be
up to 5 m, and up to 9 x 10® g of soil have been melted in the largest
ISV tests (J. Tixier, personal communication, 1992). A hood, main-
tained at slightly below atmospheric pressure, covers the molten
zone, collecting and filtering all gases and particles released from the
melt surface. The upper surface of the melt body subsides during
melting due to pore space loss and resultant volume decrease that
occurs when soil is melted. Figure 1 schematically illustrates the ISV
equipment and some characteristics of a test conducted at ORNL.

The purpose of the ISV test conducted at ORNL during May,
1991 was to evaluate the feasibility of ISV for stabilizing trenches
used at ORNL from 1951 to 1966 to dispose of liquid radioactive
wastes. The test area was constructed in a saprolite of the Maryville
formation (interbedded shale and limestone). A pit was excavated so
that a scale-model of an actual disposal trench could be constructed
and instrumented. The scale-model trench, filled with dolomitic
limestone gravel, was 1.2 m high, 1.8 m long, with a width of 1 m at
its top and 0.3 m at its bottom. The volume around the trench was
backfilled with the native soil. An array of sensors was placed in and
around the test trench to monitor temperature, pressure and heat
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Fig. 1a Cartoon of general ISV site, showing electrode configura-
tion, general melt shape, subsidence zone and hood. The approxim-
ate shape of ISV melt as determined by cores drilled through the
cooled body, is shown. The darker area in the central portion of the
melt shape represents a boundary in physical characteristics of the
rock, distinguishing the central area of highest crystallinity versus
the less-crystalline outer rim. Location of the type-C (near melt core)
thermocouples is shown. b Map view of the ISV melt showing the
spatial distribution of type-C and type-S thermocouples



414

flux during the melting process. The final melt included approxi-
mately 80% soil and 20% dolomitic limestone. Known quantities of
three non-volatile tracers La,O; (1510 g), Nd,O3 (1008 g), and
CeO, (1509 g) were placed as point sources along a vertical profile in
the center of the volume to be melted. Concentrations of these
tracers in the final rock were measured and used to determine the
final mass of the rock body (by dilution of known initial inputs of
these tracers) and the effectiveness of convection in homogenizing
the concentrations of the tracers. :

Melting was initiated at the surface, and continued for 127.5 h,
using a total of 29 MWh of electrical power. Observations of the
melt surface were made during active melting. When visible, the
surface glowed bright orange, resembling the molten surface of
a Hawaiian lava lake. Slight bubbling and active convection with
rates estimated at ~0.1 m/s (visual estimation) were visible on the
molten surface. The vigorous convection suggested that the melt was
being effectively mixed, but the number and configuration of convec-
tive cells could not be accurately determined.

Thermal monitoring

The temperature of the melt and surrounding soil was monitored
with 93 thermal sensors placed in and around the test trench. These
sensors included 73 type-K (chromel vs alumel thermocouples), 12
type-C (W-5%Re vs W-26%Re thermocouples) and 2 type-S (Pt vs
Pt-10%Rh thermocouples). The type-K thermocouples burnt out
and ceased to function shortly after being contacted by the melt, and
were used to monitor the size of the molten body. The type-C and
type-S thermocouples protected by alumina thermal wells and op-
tical pyrometers could withstand melt temperatures, and were used
to monitor temperature in the molten body during the melting and
cooling periods. Six protected thermocouples were able to record the
thermal history of melt generation and solidification. The four
type-C that recorded melt temperatures were each located 90° apart
in a horizontal plane about half-way down the melt body (Fig. 1).
Each was located approximately 0.7 m from the central axis of the
melt. The two type-S thermocouples were about 0.5 m below the
type-C thermocouples, so were close to the base of the melt. Temper-
ature measurements for each ‘sensor were recorded every 4 min
during heating, active melting and cooling. Temperature uncertainty
is estimated to be + 20°C.

Sample collection and preparation

When the melt had cooled to ambient temperature, 17 drill cores
were obtained from the rock body, and samples for observation and
geochemical analysis were taken from these cores. Samples for whole
rock analysis were crushed and then ground in agate. Polished
sections for petrographic observation and microbeam geochemical
analysis were made from core samples mounted in epoxy on 1”
round glass slides and then ground and polished with pure diamond
grit suspended in distilled water.

Whole rock analysis

Whole rock composition (major and trace elements) were analyzed
by x-ray fluorescence (XRF) and neutron activation analysis (NAA),
both at New Mexico Institute of Mining and Technology. XRF
determinations of major elements and trace elements Rb, Sr, Y, Zr,
Nb, and Pb were made with a Rigaku model 3062 spectrometer,
following the methods of Bence and Albee (1968) and Norrish and
Chappell (1977). Four NIST standard reference materials were run
as unknowns to monitor analytical accuracy. Precision of analyses
(1o wt %), based on counting statistics for levels analysed in this
study for major elements is: SiO, + 0.3; TiO, + 0.01; Al,03 + 0.17;

Fe,03 + 0.1; MnO + 0.01; MgO + 0.3; CaO + 0.08; Na,O + 0.03;
K,O + 0.03. For trace elements, precision of analysis (1o in ppm) is:
Nb+1; Th, Y + 2; Sr + 3; Rb, Zr + 4.

Samples analysed by neutron activation analysis were irradiated
at University of Missouri Research Reactor, and counted at New
Mexico Institute of Mining and Technology, using high purity
coaxial germanium detectors. SRM 1633-A was used as a standard.
Sample preparation and data reduction follow Jacobs et al. (1977)
and Korotev and Lindstrom (1985). Standard reference materials
BCR-1 and G-2 were analysed to monitor analytical accuracy and
procedure. Analytical precision for elements reported in this study,
to 1o as determined by counting statistics, is (all in ppm, except
where noted otherwise): Na +0.02wt%; Ba+20; La+1;
Sm + 0.09; Yb +0.06; Lu + 0.01; U + 0.02; Sc + 0.13; Fe + 0.05;
Co + 0.16; Zn + 4; Rb + 3; Cs & 0.06; Nd + 2; Eu + 0.02; Hf + 0.1;
Ta £+ 0.03, Th £+ 0.1.

Electron microprobe analyses

Electron microprobe analyses of ISV rock samples were made with
a Cameca SX-50 microprobe at the University of Tennessee, using
ZAF correction procedures. An excitation potential of 10 kV, and
a beam current of 20 nA were used with natural and synthetic
standards, as well as with the unknowns. The beam size was adjusted
to accomodate the sample type, generally a 20 um diameter beam
was used for glassy areas and a 5-10 um beam for crystals. During
calibration, an intermediate (10 pm) beam size was used. Reference
materials KN-18 and KE-12 were used to monitor analytical accu-
racy. Precision of analysis, based on counting statistics (1o wt %), at
the levels of analysis in this study is: SiO, +0.5; TiO, + 0.1;
Al,O3 +£02; FeO £0.3; CaO +0.5; MgO +0.3; Na,O +0.2;
K,0 +0.2; and MnO + 0.1.

Results
Thermal history of the melt

The thermal evolution of the melt recorded by a repre-
sentative type-C thermocouple during heating, melting
and cooling is shown in Fig. 2. The temperature of the
soil, initially at ambient temperature ( ~16°C), in-
creased rapidly to 100° C as the front of boiling water
ahead of the melt approached the thermocouple posi-
tion 15 h after heating started. A thermal hiatus occur-
red at 100° C while pore water in the soil boiled. The
variations in temperature from 100°C during the
30-50 h time period were probably a result of water
circulation around the boiling zone. Once most water
was converted to steam, heating to melt temperature
was rapid (t = ~60 h).

The maximum melt temperature recorded was app-
roximately 1500°C. The cooling event apparent at
~80-90 h (Fig. 2) was the result of an extended power
failure during which the temperature of the melt drop-
ped below 1200° C. Heating to 1500° C was rapid once
the power was restored. Upon termination of power at
the end of the test (127.5 h after initial melting began),
the temperature of the melt dropped rapidly, at roughly
0.005°C/s to ~1200°C. During this cooling interval,
several thermal perturbations (rapid temperature drops
followed by recovery to previous levels), were recorded
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Fig. 2 Thermal evolution within the ISV melt as recored by 4 ther-
mocouples at approximately the same depth within the melt, but
each located 90° apart. Note thermal similarity during final melt and
initial cooldown times. Inset shows detail of thermal evolution
between temperatures of 1120 and 1350°C

within the melt between 1350 and 1200° C (Fig. 2, in-
set). These perturbations were recorded by all 4 type-C
thermocouples and represent temperature variations of
up to 10°C. Each perturbation was recorded during
several sequential measurements of temperatures, thus
it is unlikely that they represent either analytical uncer-
tainty or electronic spikes of the thermocouples. Fur-
thermore, although the thermal perturbations cannot
be exactly correlated in time between the 4 type-C
thermocouples, all recorded perturbations are the same
temperature interval. Between ~1200 and 1150°C,
cooling proceeded at a slower rate (~0.0027° C/min)
than observed earlier. At 1140° C, cooling ceased for
between 16 and 24 h (times are different for different
type-C thermocouples). Temperature variations re-
corded by 2 of the 4 thermocouples indicate a rapid
temperature decrease and then increase just before the
thermal arrest (Fig. 2, inset). The temperature during
thermal arrest increases slightly over the period of
thermal arrest for 2 of the 4 thermocouples. Following
the thermal arrest, cooling progressed at ever-decreas-
ing rates.

Distribution and appearance of crystals

The geometry of the ISV rock body was determined by
core drilling (Fig. 1). The shape is roughly hemispheric,
but is slightly elongate in one direction, probably a re-
sult of the geometry of a rectangular-shaped trench that
was placed within the melt area. The melt elongation
appears to be in the same orientation as trench elonga-
tion, suggesting that the trench influenced melting
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patterns. The rock body is ~3 m in diameter, up to
~1.5m thick, and attained a final depth of ~2.7m
below the ground surface. Mass balance calculations
based on initial limestone and soil compositions and
final rock compositions (Table 1) suggest that approxi-
mately 80% soil and 20% limestone were incorporated
into the final melt. '

The ISV rock is dominated by pyroxene, plagio-
clase and potassic feldspar crystals, but contains
a small amount of dark green glass along the outer
margins of some parts of the rock body. In the interior,
acicular pyroxene crystals up to 10 mm long and 1 mm
wide are visible in hand sample. These crystals are
arranged in radiating masses throughout much of the
body, although they are best developed in the center
(Fig. 3a). Voids are present between masses of crystals,
presumably resulting from volume reduction during
crystallization. The amount of void space correlates
roughly with the size of crystals and degree of crystal-
linity and is highest in the central part of the body. An
area of largest crystals and highest pore space was
delineated within the central part of the rock body
(Fig. 1). This zone is not centrally located, but is slightly
offset towards the upper surface of the rock body.
A basal zone of finer crystals appears to be uniformly
~50 cm thick. The uppermost surface of the crystal-
lized melt is characterized by small (<5 mm)
spherulitic masses of crystals in a glassy matrix.

Examination of polished sections in reflected light
reveals the presence of four identifiable phases; pyro-
xene, plagioclase feldspar, potassic feldspar and glass.
A few small ( ~1 pm), highly reflective blebs, possibly
reduced Fe, are present in some parts of the most
crystalline samples.

The size, distribution, and abundance of crystals
changes systematically with position of the sample
within the rock body, but some features were common
to all areas (Fig. 3a—¢). A bimodal size distribution of
crystals is always present; large (up to 1.5 cm in length)
pyroxene crystals dominate the assemblage, with inter-
stices filled with a “groundmass” (GM) assemblage
consisting of plagioclase, pyroxene and glass + potas-
sic feldspar. Potassic feldspar is present only in the
most crystalline, central part of the rock body. Pyro-
xene crystals in the core of the body are present as
large, acicular crystals arranged in radiating masses
(Fig. 3a,c). Pyroxenes also dominate samples from
nearer the edge, but the crystal size is much smaller,
and crystals are more closely spaced than in the central
part of the rock body (Fig. 3¢). The pyroxene crystals in
the edge zones still appear to have grown in skeletal
clusters, but the distinct radiating habit observed in the
central zone samples is not present. Samples from inter-
mediate zones contain intermediate-sized (up to 8 mm
long) and spaced acicular pyroxene crystals which also
occur as discrete radiating, sheaf-like clusters
(Fig. 3b,d). Within the GM assemblage, plagioclase ap-
pears to make up around 60% of the total assemblage.
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Table 1 Major and trace

element analyses of sample from Rock n =23 Soiln =9 Limestone n = 2
the rock body, and pre-melt soil Mean SD Mean SD Mean SD
and limestone (n number of
analyses) X-ray fluorescence wt%
SiO, 52.10 0.17 62.44 2.12 14.02 2.15
TiO, 0.75 0.01 0.88 0.03 0.06 0.02
ALO, 15.70 0.16 19.02 0.82 2.70 0.24
FeO 485 0.13 6.35 0.24 0.94 0.13
MnO 0.12 0.00 0.14 0.03 0.07 0.01
MgO 5.94 0.24 2.63 0.30 30.40 0.16
CaO 16.96 0.20 428 2.61 50.30 1.66
Na,O 0.20 0.06 0.20 0.09 0.00 0.00
K,0 3.26 0.05 3.93 0.16 1.51 0.03
P,0; 0.11 0.01 0.13 0.01 0.01 0.00
LOI 0.18 0.47 9.57 1.66 41.78 0.00
Total 99.22 0.86 98.53 0.48 95.01 1.99
X-ray fluorescence analyses (all in ppm)
Th 11 2 12 1 0 0
Rb 109 2 123 5 8 1
Sr 153 2 72 16 94 8
Y 37 1 43 - 16 2 1
Zr 249 3 249 9 18 0
Nb 16 0 15 0 5 0
Neutron activation analyses (in ppm unless noted)
Na(wt%) 0.22 0.05 0.29 0.04 0.03 0.01
Sc 13.92 0.37 14.79 0.96 0.90 0.00
Fe 475 0.04 5.55 0.32 0.45 0.02
Co 13.97 0.10 21.29 3.28 3.59 2.29
Zn 172 5 93 4 1490 937
Rb 109 3 126 8 9 1
Cs 3.72 0.10 4.14 0.24 0.21 0.02
Ba 425 21 411 19 39 7
La 137.8 2.0 49.1 6.0 3.5 0.0
Nd 102.8 2.8 433 12.8 2.0 0.0
Sm 8.22 0.08 10.45 32 0.48 0.05
Eu 1.74 0.02 222 0.7 0.10 0.07
Yb 3.33 0.10 4.08 0.98 0.16 0.02
Lu 0.496 0.015 0.587 0.122 0.024 0.002
Hf 7.08 0.08 741 0.38 0.33 0.02
Ta 0.782 0.020 0.844 0.061 0.086 0.025
Th 10.19 0.18 10.94 0.66 0.84 0.15
U 2.6 0.2 2.5 0.2 0.850 0.071

The size of the GM crystals varies with position of the
sample within the rock body, with the largest crystals
present in the core of the rock body. Plagioclase crys-
tals from the center of the body are around 0.03 mm in
size, and pyroxene around 0.02 mm. In some samples
from nearest the body’s edge, this GM assemblage is
virtually absent, and the interstices between the large
pyroxene crystals contain only glass.

The shape of crystals also varies systematically as
a function of sample location. Within the central part of
the body, the large pyroxene crystals are acicular and
flat-sided, with length to width ratios of up to 25:1
(Fig. 3a, ¢). Pyroxene crystals nearer the body’s edge are
generally smooth-sided, but the last-deposited crystal
margin appears to have grown skeletally, and forms
finger-like protrusions off the otherwise-flat sides. With
increasing proximity to the edge of the melt, pyroxene
growth becomes less acicular, and more skeletal and

dendritic (Fig. 3d, €). Although the grain size of the GM
pyroxene and plagioclase crystals decreases with proxi-
mity to the edge of the body, their shape does not
appear to change.

Chemical composition of crystalline phases

The pyroxene crystals range in composition from diop-
side, a magnesian pyroxene, to hedenbergite, a Fe-rich
pyroxene (Fig. 4, Table 2). The recalculations of pyro-
xene compositions for the ternary diagram were made
including Ti, Mn, and non-tetrahedral Al in the Fe-
pyroxene endmember (Lindsley 1983). The cores of the
large pyroxene crystals are composed of homogeneous
diopside, but a thin rim of last-grown crystal is Fe-rich
hedenbergite (Fig. 5; trend B of Fig. 6). The transition
from the diopsidic core to hedenbergitic rim is sharp.



Fig. 3a-e Photographs of crystalline ISV samples. a Core sample
from the central part of the melt showing large acicular pyroxene
crystals. Core is 1” diameter. b Core sample from an intermediate
part of the melt, showing sheaf-like masses of pyroxene crystals. c-e
Reflected-light photomicrographs of samples of ISV rock taken
a various distances from the margin. Field of view of all photos is
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1mm. Highest reflectivity phase is pyroxene, intermediate reflectivity
is plagioclase, and lowest reflectivity areas are mixtures of glass plus
potassic feldspar. All phases are not visible in samples nearest the
rock margin. ¢ Core of melt. d 1/2 distance between core and edge.
e Near edge of melt
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The groundmass pyroxene crystals are also composed
of diopsidic cores and hedenbergitic rims, but detailed
zonation profiles are difficult to determine because of
their small size. BSE images suggest that the diopside
to hedenbergite transition is also sharp in the ground-
mass pyroxene. The composition of the diopsidic pyro-
xene varies subtly with distance from the center of the
rock body (Fig. 6). The cores of pyroxene crystals from
the central part of the body are slightly more Mg-rich,
but Fe- and Al-poor (trend A on Fig. 6), than those
from the outer part of the body. Ca content is approx-
imately the same in all pyroxene.

Groundmass plagioclase is anorthitic in composi-
tion (AnggAb,Ory,), and appears to be homogeneous
throughout (Fig. 7, Table 2). Potassic feldspar, where
present, is orthoclase (An,Ab;Org,) (Fig. 7, Table 2).
Several points in Fig. 7 which appear to fall in the
two-feldspar field are likely to represent a composite
analysis of two adjacent feldspar phases.

CaSiO3
CaMgSiyOg CaFeSiyOg
[%__‘"ba .n - 0 \
MgSi03 FeSiO3

Area in melt where samples are from:

*  Center o Intermediate 4 Edge

Fig. 4 Pyroxene compositions as analyzed by electron microprobe
displayed on standard pyroxene quadrilateral diagram. The recal-
culations of pyroxene compositions for the ternary diagram were
made including Ti, Mn, and non-tetrahedral Al in the Fe-pyroxene
endmember (Lindsley 1983)

Table 2 Representative electron

Weight percent

0 50 100 150 200 250 300

Distance (microns)

Fig. 5 Electron microprobe step-scan analyses across a single pyro-
xene lath from the central part of the ISV body

octahedral Al

uwﬁc\m.).
Mg Fe

Area in melt where samples are from:

®  center O intermediate A

edge

Fig. 6 Pyroxene compositions as analyzed by electron microprobe
expressed as a ternary of octachedral Al, Fe, and Mg. Two composi-
tional trends are indicated, one labelled 4 and the other labelled B.
The A trend represents a compositional trend towards lower Mg
and higher Al, and the B trend represents low Mg and high Fe that
are observed in crystal rims i

microprobe analyses of Phase SiO, TiO, Al,O; MgO CaO MnO FeO Na,O K,O Total An Ab Or
phenocryst compositions

Pyx 1*

Core 487 0.9 6.8 145 242 0.1 34 0 0 986

Rim 470 19 44 69 232 03 155 0 0 992

Pyx 2° 484 0.8 82 137 246 0.1 34 0 0 992

Pyx 3° 472 1.1 9.9 126 243 0.1 43 0 0 99.6

GM Pyx? 488 14 4.7 114 240 02 88 0 0 993

GM Plag® 473 0 31.8 05 172 0 08 0.5 1.6 99.7 8 4 10

GM Orth® 621 02 202 0 20 0 03 03 147 998 10 3 87

*large pyroxene from rock center
®large pyroxene from intermediate zone between rock center and edge

°pyroxene from near rock edge

4 groundmass pyroxene
¢ groundmass plagioclase
feroundmass orthoclase
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®  Center of melt o Intermediate part of melt

Fig. 7 Feldspar compositions as analyzed by electron microprobe
expressed as orthoclase, albite, and anorthite endmembers

Discussion
Melting processes and convection

The homogeneity of the ISV rock suggests that convec-
tive mixing was effective during the melting process.
The strongest evidence for complete mixing during the
melting process is the homogeneous distribution of rare
earth element tracers, which were placed different
depths in the projected melt volume, and were therefore
incorporated into the melt at different times during the
melting process. Although high temperature adjacent
to the electrodes is the main driving force, convection
affected the entire molten mass, as evidenced by the
compositional similarity of samples in thin lateral limbs
of the rock body that one might think could be convec-
tively isolated from the melt’s central area. Further-
more, rock samples from within a few centimeters of the
margin of the rock body are compositionally identical
to the core of the body, suggesting that a wide, compo-
sitionally isolated partial melt zone, such as might be
present in a larger melt, was absent. The observed
partial melt zone from core samples is ~ 1-2 cm thick.

The rapid and complete convection within the small
melt body is likely to result from the relatively low melt
viscosity. The viscosity at a melt temperature of 1400°C
is calculated to be 97 poise (using methods of Shaw
1972), which is low compared to many natural magmas.
For comparison, the viscosity of a dry Hawaiian basalt
at a temperature of 1200°C is ~ 280 poises (Ryan and
Blevins 1987), so the ISV melt is probably less viscous
than most natural magmas, and would hence be ex-
pected to convect vigorously.

During cooling of the ISV melt, distinct thermal
oscillations with a 10—20 min period, and temperature
variations of 10-20°C, are observed at temperatures

419

between 1325 and 1210°C. Thermocouples near the
melt margin measured less distinct oscillations. These
oscillations are interpreted to be a result of slowing
convection within the melt, where sequentially hotter
and cooler melt in different parts of the convection cell
move past the thermocouples (Jacobs et al. 1993). The
thermal oscillations dampen near the liquidus temper-
ature, and cease completely slightly below the liquidus,
which is 1202° based on the MELTS model (Ghiorso
1987; Ghiorso and Carmichael 1987). Based on the
observed thermal behavior, estimated convection rates
were 0.004 m/s during cooling from 1400-1325°C,
0.0016 m/s from 1325-1210°C, and 0.0004 m/s near the
liquidus.

Crystallization

The crystallization process within the ISV melt produc-
ed features that have been observed experimentally, as
well as within natural systems. Most striking was the
feedback between crystallization and the thermal
evolution of the melt. The marked hiatus in cooling
that occurs between 140 and 160 h (Fig.2, termed
“thermal arrest”) is interpreted to be a result of exother-
mic heat of crystallization, and highlights the signifi-
cant effect that crystallization could have on the
thermal evolution of a natural magmatic system. The
thermal arrest period may be exaggerated because of
the rapid cooling rates and high initial temperature by
analogy to work discussed by Lange et al. (1991).

Crystal nucleation and growth

As discussed earlier, it is probable that the ISV melt
was physically and chemically homogeneous at the
time that cooling was initiated (127.5 h). Therefore, all
variations of crystal shape and composition must be
solely a function of cooling rate and its effect on under-
cooling during crystal growth within different parts of
the melt. Crystal shape within the ISV rock varies
systematically as a function of distance from the melt-
soil boundary. The variations of crystal shape are sim-
ilar to those described by Lofgren (1980), with tabular
forms dominant in the central area of the body, chang-
ing progressively to dendritic and spherulitic forms
nearer the edge (Fig. 3c—e). These variations can be
attributed either to variations in cooling rates or to
degree of undercooling at the time that crystallization
was initiated (Lofgren 1980). Some crystals, parti-
cularly in areas of the melt mid-way between the core
and the edge, are characterized by initial growth in
a faceted habit followed by skeletal growth of the
outer part of the crystal. This change may be due to
rapid cooling that occurred following thermal arrest
(Fig. 2).
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The ISV rock body is characterized by a porphyritic
texture, similar to that observed in some extrusive vol-
canic rocks, with a set of large pyroxene crystals and
a groundmass of fine-grained pyroxene, plagioclase, or-
thoclase and glass. In volcanic rocks, this texture is
clearly a result of the presence of pre-existing pheno-
crysts at the time of eruption, and subsequent growth of
GM crystals (e.g., Cashman 1992). However, in the case
of the ISV melt, no initial population of phenocrysts was
present to explain this texture. Simple homogeneous
nucleation and growth of a single crystal population
seem unlikely to explain the observed crystal size charac-
teristics. However, in experimental studies on lunar ba-
salts, porphyritic textures were produced from an ini-
tially homogeneous melt (Lofgren 1980). As the melt
cools, the first phase on the liquidus, in this case diop-
side, nucleates and begins to grow. The presence of
a single phase initially on the liquidus is important in
producing this texture (Hort and Spohn 1991). As diop-
side growth continues, the residual melt composition
changes, and the melt further cools, until the liquidus of
a second phase, in this case anorthite, is reached. At this
point, large-scale saturation and growth of anorthite
would occur, causing another change in the residual
melt composition, causing renewed supersaturation of
pyroxene, allowing a second stage of pyroxene nuclea-
tion and growth. The final texture would appear similar
to that observed in the ISV melt: a dominant first gen-
eration of pyroxene, and a groundmass of plagioclase
and pyroxene, slightly dominated by plagioclase. How-
ever, if pyroxene and plagioclase had both begun crystal-
lizing simultaneously, the porphyritic texture would not
have been produced. These observations also suggest
that polymodal crystal size distributions within a pluto-
nic body can be a result of a slowly-cooled chemically
and physically homogeneous magma body, and that
it is not necessary to call on dramatic physical or chem-
ical changes, such as pressure and/or Py, changes
during crystal growth to produce this type of crystal size
distribution.

Timing of crystal growth
Evidence from thermal behavior of the melt

The cooling histories recorded by thermocouples in the
central part of the IVS melt (Fig. 2) lend some insight
into the timing of crystallization. Due to the rapid
convection during active melting (convection rate
~0.1 m/s), the melt is likely to have been thermally
homogeneous. Once cooling began, the initial cooling
rate was approximately —0.005°C/s. This average rate
was relatively constant until around 1200°C, when the
cooling rate slowed to —0.0027°C/s. The change in
cooling rate did not occur gradually, but can be seen as
a slight bend in the measured cooling curve shown in
Fig. 2. At the same time as the cooling rate changed,

convection in the melt, as recognized by thermal oscil-
lations became strongly dampened, and may have even
ceased (Fig. 2). The change in cooling rate and dampen-
ing of convection are interpreted to be a result of the
first growth of pyroxene crystals, and this temperature
is nearly coincident with the liquidus temperature of
1202°C for the ISV-composition melt derived from the
MELTS model (Table 3). The lack of convection once
crystallization begins is suggested by the thermal evid-
ence for dampening of convective movement, but in-
direct evidence can also be gained by observations of
crystal shape. The large first generation (FG) pyroxene
crystals in the central and intermediate portions of the
ISV rock are very delicate acicular crystals arranged in
sheaf-like or radiating masses (Fig. 3a, b). These masses
show no evidence of being disrupted once crystal
growth began, and no evidence is found of broken
crystals, whereas if vigorous convection was still active
at the time of crystal growth, evidence of these two
phenomena would certainly be seen. This lack of con-
vection near the liquidus is consistent with experimental
evidence discussed by Brandeis and Marsh (1989).

During the period of cooling between about 1210°C
and 1140°C, the cooling rate of the melt appears to be
only slightly slowed by latent heat contribution due to
crystallization, as evidenced by the only slight change
in cooling rate during this interval. This decreased
cooling rate, while not as dramatic as the long thermal
arrest, may be due to latent heat input by initial pyro-
xene growth and suggests that only a small amount of
crystallization was taking place during this time. At
1140°C, the crystallization rate apparently becomes
much higher, as evidenced by the sudden flattening of
the cooling curve, due to a higher rate of latent heat
evolution. This period is likely to represent pseudo-
cotectic crystallization of the two major phases, pla-
gioclase and pyroxene, and although MELTS model-
ling suggests that plagioclase may form at higher temp-
eratures, widespread plagioclase growth probably does
not take place until this temperature. The possibly
lower thermal arrest temperature recorded by ther-
mocouples nearer the edge of the melt could be due to
suppression of plagioclase nucleation in the faster cool-
ing regime (e.g., Grove and Bence 1977; Lofgren 1983).
The overall thermal history supports the multistage
crystal growth hypothesis suggested earlier, with a sec-
ond generation of pyroxene crystals also growing at
this time, as suggested by textural evidence.

Evidence from MELTS and thermal modelling

The two types of modelling, the MELTS model
(Table 3; Ghiorso 1987; Ghiorso and Carmichael 1987),
and thermal modelling (Alexiades and Jacobs 1994),
reinforce the conclusions about timing of crystalliza-
tion made on the basis of thermal history of the melt
and textural evidence for sequence of crystallization.



The results for the MELTS modelling are sum-
marized in Table 3, and in the following sentences. The
pyroxene liquidus temperature calculated by MELTS
is 1202°C for iron-wiistite redox conditions. Diopsidic
pyroxene (TschgDigoHd, ,), the primary liquidus phase,
is joined by anorthitic plagioclase (AngsAb,,Or;) in
the interval 1202-1197°C, and both phases coexist
throughout the remainder of the calculated crystalliza-
tion history.

Although the thermal model does not allow deter-
mination of crystal compositions to be made, it does
allow some estimates of timing of crystal growth. In
this model the melt composition is modelled as a diop-
side-anorthite binary (Alexiades and Jacobs 1994).
A cooling curve similar to those observed for the ISV
melt was produced (Fig. 8), as well as a cooling curve
for simple conductive cooling of the melt with no latent

Table 3 Summary of observations from the ISV experiment and the
results of MELTS modelling

ISV Product MELTS modelling

Pyroxene (Tsch, ,Di,,Hol,)
Plagioclase (Ang Ab,Or,)
Thermal arrest 1137-1147°C

1202°C pyroxene (Tschy DigHol, ,)
1197°C plagioclase (An,,Ab,Or,)
1142°C pyroxene + plag (56wt%)
1142-1017°C leucite

1022° C K-feldspar (An,Ab,Or,,)
Liquid (62wt% SiO,)

MELTS mode at 1002°C
Pyroxene 48%

K-feldspar (An, ,Ab,Or, )
Glass (65-71 wt% Si0,)

Analysed mode
Pyroxene 50%

Plagioclase 28% Plagioclase 27%
K-feldspar 10% K-feldspar 14%
Glass 12% Liq 11%
1500
— Including latent heat
1400 - .
"""" Without latent heat
1300
% 1200 + <—— Liquidus from MELTS
g 1100
S
5 1000 4
= r
900
800
700 L I“H“‘\““I‘I * HKI '''''''' 1 . | E—

0 10 20 30 40 50 60 70
Time (hrs)

Fig. 8 Results of thermal modelling, showing a model cooling curve
for the melt including the latent heat of crystallization, and a second
cooling curve for simple conductive cooling without latent heat of
crystallization input. Liquidus temperature calculated from MELTS
model is indicated.
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heat input. As can be seen by comparing the actual
cooling curve with a cooling curve calculated for simple
conductive cooling, with no latent heat contribution
(Fig. 8), the two curves begin to diverge slightly at the
liquidus temperature of ~1210°C, close to the
MELTS-calculated liquidus temperature of 1202°C,
suggesting that some latent heat is being input due to
initial pyroxene growth. The small amount of diver-
gence observed between actual and calculated cooling
curves from 1210°C to 1140°C suggests that the degree
of crystallization during the interval between the pyro-
xene liquidus and the large-scale crystallization that
produced the thermal arrest is small. Once the thermal
arrest temperature of 1140°C is reached, the two cool-
ing curves diverge sharply (Fig. 8), indicating a larger
input of latent heat input, and thus a much larger
amount of crystallization. Although it is not possible to
estimate the relative percentages of crystallization as
a function of temperature using this model, the relative
importance of latent heat input due to crystallization
before the thermal arrest is insignificant compared to
that once the thermal arrest has begun. The MELTS
model suggests that the system is 56% crystalline at
a temperature of 1142°C, reinforcing the conclusions
that a large amount of crystallization takes place dur-
ing the thermal arrest. Although based on thermal
behavior of the melt alone, it is not possible to predict
when crystallization ends, MELTS suggests that crys-
tallization is nearly complete by ~ 1000°C. This temp-
erature is used as the solidus temperature for the fol-
lowing calculations of crystal growth rates.

Crystal growth rates

Estimates of the growth rates for pyroxene and plagio-
clase crystals from the center of the ISV melt can be
made based on timing of cooling anomalies interpreted
to be the result of crystallization, and size of crystals.
The largest pyroxene crystals in any sample are as-
sumed to begin growth at 1202°C (t = 136.5 h), based
on the change in melt cooling rate and MELTS ther-
modynamic calculations, and the plagioclase and
groundmass pyroxene crystals are assumed to begin
growth at the beginning of the thermal arrest period, at
approximately 1140°C (t = 143 h). Significant growth
of both phases is assumed to cease slightly after the end
of the thermal arrest period, at ~1000°C (t = 190 h).
The largest single pyroxene crystals observed in the
core of the rock body are ~9mm in length, and
~1 mm in width. The thermal history of samples from
the core of the melt is best known, because of the
presence of 4 type-C thermocouples and this is where
growth rates can be determined with the greatest de-
gree of accuracy.

The growth rates estimated for the ISV crystals
(Table 4), between 10~ 7 and 10~ 8 cm/s, are slower than
experimentally-determined maximum growth rates for
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Table 4 Crystallization rates from the center of the ISV body

Sample Crystal  Size® Start End Growth Growth

position type time rate
(cm) (h) CYRNCY; (cm/s)

Determined based on thermocouple record

Center FG pyrox® 0.1 136.5 190 535 1x1077

Center GM pyrox©°0.002 143 190 47 1x1078

Center GM plag® 0.003 143 190 47 2x1078

*The crystal sized reported are crystal widths, not lengths, for
tabular crystals

®Large “first generation” pyroxene crystals

°Groundmass pyroxene

4 Groundmass plagioclase

crystals in some similar systems (e.g., Dowty 1980), and
are faster than, or similar to, rates determined for
natural systems (Cashman and Marsh 1988), reflecting
cooling rates and degree of undercooling for the central
part of the ISV melt intermediate between small experi-
mental and large natural systems. The growth rate for
the ISV crystals falls on a curve of growth rate vs
cooling rate defined by a set of natural systems (Cash-
man 1993). The size of the ISV body provides a good
analog for a small magma body, such as a dike, or the
edge zone of a larger magma body. The change in the
character of the rock at about 50 cm from the rock
body’s edge (Fig. 2), from friable and less crystalline to
harder and more crystalline agrees quantitatively with
that predicted by Hort and Spohn (1991) in a dike
setting. They ascribe the crystallinity difference to equi-
librium versus disequilibrium crystallization, and in the
ISV case, a higher proportion of uncrystallized residual
glass also appears to be present in the outer 50 cm.

The fastest observed growth rates are for the largest
pyroxene crystals that grew in the central part of the
body. The size used for calculation is the maximum
observed size, and many of the large central pyroxenes
are smaller, but still yield growth rates higher than the
groundmass phases. These pyroxene crystals in the
center of the melt would have begun to grow during
a time of rapid cooling, but low degree of undercooling,
during which the nucleation rate was apparently low
and the growth rate high. The smaller, but more nu-
merous groundmass pyroxene crystals in the center of
the melt, which nucleated and grew during the thermal
arrest at a high degree of undercooling relative the their
liquidus temperature would have a high nucleation
rate, but lower growth rate (1x 10”8 cm/sec), and
hence many, very small crystals. This behavior is con-
sistent with known nucleation and crystal growth be-
havior (e.g., Winkler 1947).

According to the MELTS model, plagioclase
should have begun to nucleate very shortly after the
FG pyroxene crystals. However, textural evidence sug-
gests that this did not happen, but that plagioclase
nucleation was suppressed until an undercooling of 55°
was reached (thermal arrest temperature), at which

time a large pulse of nucleation occurred. Plagioclase
nucleation has been reported to occur at high degrees
of undercooling in natural systems as well, due to
a reluctance to nucleate (e.g., Lofgren 1980). The appar-
ently faster growth rate of GM plagioclase relative to
GM pyroxene (Table 4), although similar growth rates
might be expected, suggests that the GM pyroxene may
have begun to nucleate and grow later that the plagioc-
lase. This growth sequence would be consistent with
a renewed supersaturation of the melt with respect to
pyroxene following the major episode of plagioclase
growth. Petrographic evidence supports this conclu-
sion, because the groundmass pyroxene crystals appear
to grow interstially between the groundmass plagioc-
lase.

Crystal chemistry
Comparison with MELTS modelling

Equilibrium phase relations calculated with the ther-
modynamic model MELTS (Ghiorso 1987; Ghiorso
and Carmichael 1987) provide estimates of the initial
crystallization temperatures in the ISV system, but also
estimates the mineral composition and modal propor-
tions are made with MELTS, which can be compared
to measured compositions. Only these two phases cry-
stallize during the first 60°C of cooling to 1142°C,
producing solidification of 56 wt% of the system, which
is consistent with widespread crystallization of the
large artificial melt inferred from the observed thermal
arrest over the range 1147-1137°C. The model also
predicts crystallization of leucite at 1142°C and sub-
sequent resorption at 1017°C, and resultant precipita-
tion of sanidine (An,AbsOr,,) beginning at 1022° from
liquids having silica contents of 62 wt%, which is in
agreement with the observed presence of a potassic
feldspar in silica-rich interstitial glass in the ISV melt
(Dunbar et al. 1993). In summary, the phase assemblage
and proportions predicted by MELTS at 1002°C (14%
pyroxene + 27% plagioclase + 14% potassic feldspar
+ 11% glass) are in very good agreement with the
observed mineralogy and phase proportions calculated
from the observed bulk and mineral compositions from
Dunbar et al. (1993) (50% pyroxene + 28% plagioc-
lase + 10% potassic feldspar + 12% glass).

Effect of growth rates on crystal composition

The phenocryst phases in the ISV melt are surprisingly
homogeneous, particularly considering the rapid rates
of crystallization. Although there are some variations
in pyroxene composition, as will be discussed later,
there does not appear to have been any progressive
buildup or depletion of compatible or incompatible
components at the crystal-melt interface during growth



of individual crystals, as has been suggested to occur
during rapid crystal growth (Burton et al. 1953; Al-
barede and Bottinga 1972). In all cases where crystals
are large enough to analyze, the compositions of pla-
gioclase and K-feldspar appear to be independent of
location within the melt, and therefore of growth rate.

Despite the overall homogeneity of individual crys-
tals, some systematic variations in pyroxene composi-
tions are observed. The first type of variation observed
is the presence of Fe-rich rims on pyroxenes, mainly
from the interior portions of the melt (Fig. 5). These
rims are present on both FG and GM pyroxene indic-
ating that deposition occurred during latest-stage crys-
tal growth. The Fe-rich rims are also characterized by
high Ti and slightly low Al with respect to Mg-rich
compositions (Fig. 5). Ti is incompatible in all crystal-
line phases, so would be enriched in the evolved melt.
The Al composition of the melt remains the same
throughout, so the lower Al content of the Fe-rich
pyroxenes is not a result of increasing Al in the melt,
but may be instead related to charge balance associated
with Ti substitution. Coupled substitution of TiV2AI"Y
for RV12Si" has been noted in other cases, particularly
in lunar rocks (Bence et al. 1970). The rims may be
a result of Mg depletion in the melt due to large-scale
diopside growth. However, the sharp nature of the
transition, rather than gradual transition to more
hedenbergitic composition suggest that other factors
may be involved in the rapid compositional change.
Because the temperature remained constant for a long
period of time during the thermal arrest, a single com-
position of pyroxene would be expected to crystallize as
long as the Mg content of the melt remained relatively
constant. Although the pyroxene crystals preferentially
incorporate Mg, the Mg content of the residual melt
may have remained relatively constant initially due to
plagioclase crystallization. However, when the ground-
mass pyroxene began to crystallize, Mg in the melt
would become strongly depleted. Modal calculations
and analyses of residual glass (Dunbar et al. 1993)
indicate that this is the case. As the Mg content of the
melt became depleted, but temperature of the melt
remained constant, pyroxene growth may have slowed,
or even ceased. However, without the input of latent
heat of crystallization, melt temperature dropped,
reaching a temperature at which an Fe-rich pyroxene
composition was stable (Deer et al. 1994). At this point,
the final rim of hedenbergite would have been depos-
ited.

The second type of compositional variation noted
in pyroxene is a decrease in the Mg content and in-
crease in Al content as a function of distance of the
sample from the edge of the melt (Fig. 6). The Al con-
tents of pyroxenes which grew nearer the edge of the
melt are proportionately higher than those which grew
in the core, although all pyroxenes which grew in
a given part of the melt are homogeneous. This type
of chemical variation, explained as substitution of
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ATV'ATY for Mg"'Si'", has been observed in lunar sam-
ples (Gamble and Taylor 1980), and has been experi-
mentally shown to be related to crystal growth rate
(Grove and Bence 1977). In situations where crystal
growth is rapid, slow-diffusing compatible elements,
such as Mg, are not able to diffuse to the crystal-melt
interface fast enough to maintain equilibrium, and rela-
tively incompatible elements, such as Al, substitute into
the pyroxene structure (Grove and Bence 1977). The
higher Al contents of crystals near the edge of the melt
suggests that crystal growth rates were faster near the
melt edge. These rates were not directly measurable,
but faster growth rates are consistent with the more
dendritic nature of crystals near edge of the melt (Lof-
gren 1980).

The observed patterns of systematic pyroxene com-
positional variation with distance from the center of the
melt, but homogeneity within a given sample, plus the
overall homogeneity of plagioclase crystals, suggests
that the diffusion profiles of compatible and incompat-
ible elements relative to the crystal-melt interface are
established early in the growth of a single crystal, and
do not change significantly during crystal growth. This
observation can help explain the lack of compositional
zonation in very large crystals in magmatic systems,
such as large (up to 10 cm) anorthoclase feldspar crys-
tals, which grow in a convecting lava lake at Mt.
Erebus, Antarctica (Kyle 1977). The cores of these crys-
tals are thought to grow rapidly in a single growth
episode, possibly as a result of H,O loss from the melt
(Dunbar et al. 1994), but show no systematic progres-
sive chemical zonation. By analogy to the large, chemi-
cally-homogeneous crystals observed in the ISV melt,
although it is possible that a chemical gradient was
present at the crystal/melt interface of the growing Mt.
Erebus anorthoclase crystals, this gradient may be es-
tablished very soon after the crystal growth began, and
may remain constant throughout the time that the
crystal grew.

Conclusions

In-situ melting of a soil and limestone mixture produc-
ed a chemically and thermally homogeneous magma
body, large enough to allow occurrence of processes
that would occur in a large magma chamber, but small
enough for thermal monitoring during cooling and
sample in detail after cooling, thereby providing an
intermediate link between natural and experimental
crystallizing systems. During cooling of the melt, exten-
sive crystallization occurred, producing an assemblage
composed dominantly of pyroxene and plagioclase,
with subordinate potassic feldspar and residual glass.
The proportions of phases and phase compositions
agree well with those predicted by the MELTS ther-
modynamic model (Ghiorso 1987). The observed
porphyritic texture is interpreted to be a result of
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progressive saturation of different crystalline phases as
the melt cooled, with an initial stage of pyroxene
growth, followed by plagioclase growth at undercooled
conditions, triggering a second episode of pyroxene
growth. Crystal shape varies as a function of position
within the rock body, and shapes characteristic of dis-
equilibrium cooling are dominant near the edge. Crys-
tal growth rates for the largest pyroxene crystals within
the central portion of the melt are estimated to have
been near 10”7 cm/s, and the growth rates for the
groundmass phases are around 10~ % cm/s. The high
growth rate, but low nucleation rate of FG pyroxenes
from the center of the melt is consistent with the high
cooling rate, but low degree of undercooling, whereas
the slower-growing, but easily nucleated GM pyroxene
crystals would have been formed at slower cooling
rates but higher undercooling. Textural and thermal
evidence suggests that once the large acicular pyroxene
crystals began to grow, convection in the melt was
virtually non-existent, although up until that point, the
melt had been convecting vigorously.

During melt cooling, a marked cooling hiatus,
termed “thermal arrest” is observed, where the temper-
ature of the melt remained constant for approximately
24 h. This cooling pattern is interpreted to be the result
of exothermic heat of crystallization, and suggests that
the crystallization patterns within a magmatic system
can have a strong effect on the cooling behavior.

Compositions of individual crystals in the ISV rock
are remarkably uniform, although there is some evid-
ence of chemical disequilibrium at the crystal-melt in-
terface observed in pyroxene compositions, seen by
comparing pyroxene compositions from the core and
the rim of the melt. No chemical variability is observed
within any plagioclase crystals, although the growth
rates were vary fast, indicating that no progressive
chemical disequilibrium at the crystal-melt interface
developed as a function of time. Although individual
pyroxene crystals are generally homogeneous (dis-
counting Fe-rich rims formed at low temperature), py-
roxene compositions are more magnesian in the core of
the melt body, and more alumina-rich nearer the edges.
This is consistent with observations of Grove and
Bence (1977) that faster growth rates should favor more
aluminous, less magnesian pyroxene compositions.
Furthermore, the observed variations in pyroxene
composition illustrate the wide compositional vari-
ations possible in crystals grown from a single melt
composition, as a result of some variable controlling
crystal growth, such as cooling rate or degree of under-
cooling. These observations also highlight the point
that all crystal composition variation in natural sys-
tems is not necessarily a result of magmatic composi-
tional variation. :
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