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The volume %o, distribution, lexture and composition of coexisting
olwine, Cr-spinel and glass has been determined in quenched lava
samples_from Hawaii, Iceland and mid-oceanic ridges. The volume
ratio of oliine lo spinel varies from 60 to 2800 and samples with
>0-02% spinel have a volume ratio of olivine to spinel of approx-
mmately 100. A plot of wt % MgO vs ppm Cr _for natural and
expervmental basaltic glasses suggests that the general trend of the
glasses can be explained by the crystallization of a cotectic ratio of
olivine to spinel of about 100. One group of samples has an olivine
lo spinel ratio of approximately 100, with skeletal olivine pheno-
crysts and small (<50 wm) spinel crystals that tend to be spatially
assoctated with the olivine phenocrysts. The large number of spinel
crystals included within olivine phenocrysts is thought to be due to
skeletal olivine phenocrysts coming into physical contact with spinel
by synneusis during the chaotic conditions of ascent and extrusion.
A second group of samples tend to have large olivine phenocrysts
relatively free of included spinel, a few large (>100um) spinel
crystals that show evidence of two stages of growth, and a volume
ratio of olwine to spinel of 100 to well over 1000. The olivine and
spinel in this group have crystallized more slowly with little physical
interaction, and show evidence that they have accumulated n a
magma chamber.
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INTRODUCTION

Spinel (Cr-spinel and chromite) and olivine are often the
first phases to crystallize from basaltic magma containing

*Corresponding author. Telephone: (613)533-6185. E-mail: roeder@
geol.queensu.ca

>6 wt % MgO (Hill & Roeder, 1974; Thy, 1983; Roeder
et al., 2001). However, the textural and compositional
diversity of spinel and olivine that coexist in basalt 1s
suggestive of variable magmatic conditions. Olivine
phenocrysts are one to two orders of magnitude larger
in size than spinel microphenocrysts (Fig. la) and two
to three orders of magnitude greater in volume % than
spinel microphenocrysts. Wright (1973) calculated that
the volume ratio of olivine to spinel varied from 100 to
150 in a number of samples from the 1959 eruption at
Kilauea. The low volume % of spinel and small size of
spinel microphenocrysts in basalt is due to the very low
solubility of chromium (200-500 ppm Cr) in basaltic
melt (Hill & Roeder, 1974). It has been observed (e.g.
Wilcox, 1954; Thy, 1983; Roeder ¢t al., 2001) that spinel
in lava is often spatially associated with olivine pheno-
crysts (Fig. la), although there have been no published
quantitative data on the distribution of spinel between
olivine phenocrysts and melt (glass).

Thy (1983) suggested that the spinel-olivine spatial
association may be the result of crystallization of olivine
causing the nucleation of spinel at the olivine-melt
interface, with subsequent incorporation of the spinel
in the olivine phenocrysts. Roeder et al. (2001), however,
suggested that the olivine and spinel may nucleate
independently and that the larger olivine phenocrysts
incorporate spinel crystals that come into physical con-
tact with olivine during growth under dynamic mag-
matic conditions. Vogt (1921) introduced the term
synnuesis (swimming-together) to describe this process
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Fig. 1. Spinel octahedra in transmitted light. (a) Olivine with included spinel in crystallized groundmass that appears black, sample AG22-9-2.
(b) Reentrant in olivine containing five spinel crystals (arrow). (c) Spinel octahedron in a group of olivine crystals. (d) Spinel octahedra in glass.
(e) Chain of three oriented spinel octahedra in glass. (f) Small spinel and olivine attached to a vesicle. Note tiny sulphide blebs on inner surface of

vesicle. Scale bar represents 100 m in all figures except as noted.

and showed in a photomicrograph an example of olivine
in dunite that contained a group of approximately
20 chromite octahedra (Vogt, 1921, fig. 1). Synnuesis
would explain why groups of spinel crystals are often
associated with reentrants within olivine (Fig. 1b, present
study) or trapped by groups of olivine crystals (Fig. lc).
The majority of spinel crystals in lava are euhedral
octahedra in various orientations relative to the plane
of the thin section (Fig. 1d) and often occur well away

from olivine phenocrysts. However, some spinel crystals
are in chains of oriented octahedra (Fig. le) that are
independent of olivine, suggesting diffusion-controlled
growth (Roeder et al., 2001). Some of the chromite
octahedra in Vogt’s example (Vogt, 1921, fig. 1) seem
to be oriented and thus may be a chain, but the chain
plus other chromite octahedra probably came together
with olivine by synnuesis. It is also fairly common to
find small spinel octahedra that become attached to
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vesicles (Fig. 1f) during late-stage vesiculation prior to
eruption.

Our approach to evaluating the petrological diver-
sity of coexisting spinel and olivine in basalt entailed a
quantitative assessment of the distribution, size, volume
%, and composition of coexisting olivine, spinel and glass
in naturally quenched samples of olivine-tholeiitic basalt.
The measured relative amounts of olivine and spinel in
the lavas are compared with the relative amount expec-
ted during equilibrium cotectic crystallization. The devi-
ation from cotectic proportions is considered in light
of the textural relationship of olivine and spinel in the
samples, and what this can tell us about the pre-eruption
history of the magma.

SAMPLES

It was a necessary prerequisite that the basalts used in
this study had to have been rapidly quenched and thus
contain significant glass with >6 wt % MgO along with
olivine and spinel, and show little evidence of secondary
alteration. The samples that were chosen are shown in
groups in Tables 1 and 2. All are olivine normative, as are
the glass compositions, except for four quartz-normative
glasses indicated by ‘QQ’ in Table 2. The first group of
three samples are from Kilauea, Hawaii. Olivine and
spinel are the only crystalline phases in these samples.
The two Pu’u ‘O’o samples (Pu’u ‘O’o-Kupaianaha rift-
zone eruption) were quenched and collected (Thornber,
2001) on January 22, 1998. Sample 1998S is from vent
spatter and sample 1999T (Fig. 2a) is a ‘Pele’s Tear’
sample from tephra. These two Pu’u ‘O’o samples are
very similar in that they contain glass, olivine pheno-
crysts and spinel microphenocrysts up to 60 um in size
(Roeder et al., 2003). Some of the olivine phenocrysts
are skeletal (Fig. 2b) and include many small spinel crys-
tals (Fig. 2b—d). The highly vesicular sample labeled
1921 is from the 1921 Kilauea summit eruption in the
Halemaumau Crater. Experiments were conducted on
a portion of this sample by Fudali (1965) and Hill &
Roeder (1974).

The second and third group of samples in Tables 1
and 2 are mid-ocean ridge basalt (MORB) samples that
were archived at the Woods Hole Oceanographic Labor-
atory. Each polished thin section shows a gradation
from glass at a pillow margin to a devitrified or crystal-
lized pillow interior. The 12 AG22 samples were dred-
ged by the Argulas in 1981 from the Southwest Indian
Ocean (SWIO) Spreading Zone. It was only discovered
after the volume % measurements were completed that
seven of the 12 samples were from the same dredge
haul (AG22-5) and thus very similar in character. These
samples contain plagioclase microphenocrysts and have
about 1% euhedral olivine phenocrysts that are up to
400-500 um in length. The olivine crystals are often in

groups of 3-10 crystals (Fig. 3a) with only the rare
occurrence of included spinel microphenocrysts
(Fig. 3b). Two of the AG22-5 samples contain a single
relatively large (100-150 um) rounded spinel crystal
(Fig. 4a and b) that is associated with groups of olivine
phenocrysts. These two spinel grains are anomalous
because of their size and their rounded shape (Fig. 4d
and e). The third group of five SWIO samples shown in
Tables 1 and 2 are variable in character. Sample KN54-
51-17 from the Mid-Cayman Rise (MCR) was collected
by dredging from the R.V. Anorr in 1976 (Elthon et al.,
1995).

The samples labeled ALV were collected from the
Mid-Atlantic Ridge (MAR) using the submersible Alvin
as part of FAMOUS (French-American Mid-Ocean
Undersea Study) as reported by Bryan & Moore (1977).
These samples have a higher MgO content in the
glasses, and higher calculated temperature (Table 2),
than most of the other samples in our study. The olivine
crystals shown in Fig. 5a are almost in optical continu-
ity and are interpreted as part of a small mat of olivine
cumulate plus a large included spinel (Fig. 5a and b)
that was incorporated by the magma at the time of
extrusion. The three ALV519 samples have large
anhedral olivine phenocrysts (Fig. 5a). Some large spinel
crystals have vermiform overgrowths (Fig. 5b and c)
where the spinel is in contact with glass but not that
portion of spinel incorporated in olivine. This complex
vermiform zoning has been described in detail by
Roeder et al. (2001) and is thought to be the result of
diffusion-controlled crystallization.

Sample Mid-P is a hyaloclastite that is thought to
have been the product of a sub-glacial eruption in the
Western Rift Zone of Iceland (Hardardottir, 1986;
Tronnes, 1990; Hansteen, 1991). This sample (Fig. 6) is
mainly glass with large anhedral olivine phenocrysts
(Fig. 6b) relatively free of included spinel. Some of the
large spinel microphenocrysts (Fig. 6¢-¢) are zoned with
a complex vermiform overgrowth.

TECHNIQUES
Measurement of volume %

The volume % olivine in rapidly quenched basalts can
be easily determined either by point counting a thin
section or by calculation from knowledge of the MgO
content of the whole rock, olivine and glass. We have
chosen to measure the area of olivine, glass, vesicles and
other phases such as plagioclase, pyroxene and sulphide
on polished thin sections by using a computer program
named Image J that was placed in the public domain by
the US National Institutes of Health (Rasband, 2002).
This program allowed us to outline the area of the
vesicles and various phases using digital photomicro-
graphic images of uncoated polished thin sections.
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Table 1: Volume % and distribution of spinel and olivine in basaltic glasses

Sample Location Vol. %'  Vol. %' No. Sp?/cm? % No.® spinel  OI/Sp* vol. %  Vol. % Sp°® (size um) Vol. % Sp® (size um)
olivine spinel in olivine with olivine with glass
Pu'u ‘0’0 1998S |  Kilauea 3-4(3-5)  0-048(-060) 162 45% 70 0-047 (19)(18) 0-0012 (16)(15)
Pu'u ‘0’0 1999T |  Kilauea 37 0-042 110 40% 920 0-038 (22)(16) 0-0044 (12)(10)
1921 flow I Kilauea 6-3 0-016 77 60% 400 0-014 (15)(12) 0-0021 (11)(11)
AG22-5-7 I SWIO 1-0 0-0014 9 14% 710 0-0004 (10) 0-0011 (14)
AG22-5-10 I SWIO 12 0-0006 10 — 1900 0-0004 (18) 0-0002 (—)
AG22-5-13 I SWIO 0-6 0-0004 4 25% 1550 0-0002 (10) 0-0002 (10)
AG22-5-25 I SWIO 0-8 0-0014 17 12% 550 0-0006 (9) 0-0008 (10)
AG22-5-27 I SWIO 12 0-0004 4 18% 2800 0-0003 ( 12) 0-0002 (8)
AG22-5-31 I SwiIo 14 0-0006" 9 29% 2300" 0-0002 (7)*- 0-0005 (9)
AG22-5-35 I SwWIo 0-9 0-0010~ 9 35% 910~ 0-0004 (10)*- 0-0006 (12)
AG22-1-6 SWIO 1-4 0-0094 37 22% 140 0-0030 (17)(18) 0-0064 (14)(15)
AG22-7-1 SWIO 41 0-022 7 30% 190 0-021 (18) 0-0007 (14)
AG22-7-2 SWIO 23 0-013 49 42% 180 0-012 (17) 0-0010 (13)
AG22-8-12 SWIO NM 0-0003 49 6% — 0-0003 (16) 0-0001 (13)
AG22-9-2 I SWIO 49 0-051 329 42% 100 0-041 (13)(12) 0-0097 (11)(12)
KN54-51-17 MCR 23 0-0092 113 1% 250 0-0064 (9)(9) 0-0028 (9)(9)
ALV519-5-1 I MAR 34 0-042 16 12% 80 0-020 (49)* 0-022 (52)
ALV519-2-1A I MAR 2:4 0-041 14 1% 60 0-016 (48)* 0-025 (61)
ALV519-2-1B I MAR 19 0-012 5 27% 150 0-011 (58)* 0-0012 (26)
ALV520-1-1 I MAR 6-6(1-2) 0-074(-063) 16 9% 20 0-074 (53)* 0-0005 (32)
ALV528-2-1 MAR 3-8(2-5) 0-014(-060) 55 1% 270 0-011 (20)(15) 0-0031 (10)
ALV529-3-2 MAR 4.7 0-037 102 19% 130 0-031 (20) 0-0063 (17)
Mid-P Il Iceland 155 0-15 127 7% 100 0-096 (46)(42)* 0-056(26)(21)**

"Wolume % olivine and spinel are reported vesicle free. Number in parenthesis is volume % calculated from XRF analysis of

whole rock.

2Number of spinel crystals per cm? of the thin section vesicle free.
Percentage of number of spinels enclosed in olivine.
Ratio of volume % olivine to volume % spinel.
5Volume % spinel associated with olivine. Average size of spinel as measured in reflected light in parenthesis. Underlined
average size measured in transmitted light.
5Volume % spinel in glass well away from olivine.
*These samples have a spinel >100 um.
**This average width of 21 um (n = 62) is without one large spinel (Fig. 6¢) about 0-5mm long. If this spinel is included
the average is 45 um (n = 63).
YVol. % Sp associated with olivine are spinels either completely enclosed by olivine (Fig. 1a), attached to olivine (Fig. 3b)
or within a group of olivine phenocrysts (Fig. 1c).
Measured in transmitted light.
“The data for spinel do not include one large (>100 um) spinel out of the measurement area near the edge of the thin section.
of the thin section.
2NM, not measured because of complex olivine—plagioclase intergrowth.

The measurement of the volume % and distribution of
spinel microphenocrysts is much more difficult, however,
because of the small size of the spinel crystals (~25 pm)
and the small amount of spinel, normally <0-05 vol. %
(Gofton, 2002). The dimensions of the spinel crystals
were estimated directly on the polished thin section
using a scale in the microscope eyepiece. The area
of the phases was assumed to be proportional to the

volume % of the various phases (Chayes, 1956). The
volume % of olivine, spinel and glass is calculated relative
to a vesicle-free volume. The size of the spinel was meas-
ured on the polished surface of the samples, but because
many of the spinel crystals are smaller than the thickness
of the thin section this measurement may underestimate
the actual maximum dimensions of the crystals. The
size of the spinel crystals could only be measured in
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Table 2: MgO and Cr in glasses

Sample Location MgO (wt %) Cr (ppm) Temp." (°C) Log 7,,> Ol-glass K
Pu'u ‘0’0 1998 I* Kilauea Q® 7-41 362 1180 -9:4 0-26
Pu’u ‘0’0 1999 I Kilauea Q 7-50 337 1182 -92 0-26
1921 flow I Kilauea Q 6-59 270 1156 -93 0-26
AG22-5-7 I SWIO 7-54 305 1184 -89 0-25
AG22-5-10 I SWIO 8-06 283 1194 -83 0-28
AG22-5-13 I SWIO 7-46 296 1181 -89 0-24
AG22-5-25 I SWI0 7-70 296 1190 -85 0-26
AG22-5-27 I SWIO 778 273 1190 -9:4 0-24
AG22-5-31 I SWIO 7:38 308 1187 -9 0-24
AG22-5-35 I SWIO 7-63 295 1187 -87 0-25
AG22-1-6 SWIO 7-60 301 1183 —10-0 0-25
AG22-7-1 SWIO 7-47 318 1180 -93 0-25
AG22-7-2 SWIO 7:25 308 174 -95 0-23
AG22-8-12 SWIO 6-62 274 1165 -9:6 0-25
AG22-9-2 I SWIO 727 305 1169 -95 0-23
KN54-51-17 MCR 656 222 1165 -85 0-23
ALV519-5-1 I MAR 9:20 416 1207 -9 0-23
ALV519-2-1A I MAR 9:29 393 1212 -87 0-23
ALV519-2-1B I MAR 9:29 393 1212 —-87 0-23
ALV520-1-1 I MAR 959 409 1215 86 0-23
ALV528-2-1 MAR 978 486 1220 -87 0-24
ALV529-3-2 MAR Q 8-66 423 1195 -9.0 0-24
Mid-P I Iceland 9.17 380 1201 -9:3 0-23

"Temperature calculated using olivine—melt equations of Beattie (1993).
Log f,, calculated using equations of Poustovetov & Roeder (2001).
K4 for average olivine (core + rim) and average melt composition assuming Fe?t = 0.9 x Fe total for the melt.

Ky = (Mg/Fe +)QIBSS(F62+/Mg)o|ivme_

4l or Il signifies sample is in group | or Il as explained in the text.
*a signifies that the glass composition is quartz normative as compared with olivine normative for the other samples. The
CIPW calculation was from the computer program of K. Hollocher (Union College).

transmitted light for about a third of each sample because
the melt at some distance from the melt-seawater contact
partially crystallized during quenching (Fig. 4a). This
made it impossible to see in transmitted light many of
the smaller spinel crystals. The size difference of spinel
crystals as measured in reflected and transmitted light
is shown for some samples in Table 1. For ease of calcu-
lation and comparison, the final average size of the
spinel crystals is reported as the side of a square area.
The measurement of the area of spinel in a thin section
is difficult and very labor intensive because of the small
size and small amount of spinel, thus the final values are
at best semi-quantitative. It was not possible to measure
spinel crystals smaller than about 2 tm using these tech-
niques. The number of spinel crystals varied from only
11 crystals over 2:62cm?” of sample (minus vesicles)

for sample AG22-5-27 to 661 crystals measured over
2:00cm” of sample AG22-9-2. A total of 3151 spinel
crystals were measured. Samples 1998S and 1999T
were collected from the Pu’u ‘O’o vent on the same day
and the volume % and size measurements were made by
different operators (the first two authors). The similar
results for these two samples in Table 1 are an indication
of the reproducibility of the measurements. Although
the values of size and volume % are sometimes reported
to two significant figures, our level of confidence of the
values for spinel below 0-01% is not much better than
100% of their value. The volume % of spinel spatially
associated with olivine phenocrysts and the volume %
spinel isolated in glass were also measured (see Table 1).
Our definition of ‘spinel associated with olivine
phenocrysts’ is spinel that is either completely enclosed
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Fig. 2. Kilauca Pu’u ‘O’0o sample. (a) Polished thin section of sample 1999T in the shape of a tear. (b) Skeletal olivine with included melt
inclusions and opaque spinel. (c, d) BSE (back-scattered electron) images of spinel in olivine and glass. White lines added to accentuate the BSE
contrast between olivine and glass.

GTOZ ‘TE Yo uo Arliqi] 45N e /Biosieuinolp.o)xorAbojosed/:dny woiy papeojumoq

Fig. 3. AG22-5 samples. (a) Group of olivine in partially devitrified glass. (b) Euhedral olivine with small attached spinel plus two prismatic
plagioclase crystals surrounded by devitrification.
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by olivine (Fig. 1a), within a group of olivine phenocrysts
(Fig. 1c) or attached to olivine (Fig. 3b).

Electron microprobe analysis

The glass, olivine and spinel were analyzed by electron
microprobe using energy-dispersive analysis as described
by Roeder et al. (2001). A scanned electron beam
(20um X 20 um) was used for the glass analyses and a
focused beam for the spinel and olivine analyses. The
quality of the analyses was monitored by multiple ana-
lyses of three standards that include glass (VG-2 USNM
111240/52), olivine (S-68 analyzed by I. Carmichael,
Berkeley) and chromite (USNM117075). The average,
standard deviation and listed value for these stand-
ards, together with the other analyses, are in an Excel
Spreadsheet available for downloading from www.

100 im &

petrology.oxfordjournals.org. The difference between
the listed composition and the average (n = 23) value
for the olivine and for the average (in = 26) chromite
can be judged by the filled star and -circle-plus
sign symbols in Fig. 10. The average (n = 24) wt %
MgO of the VG-2 glass is 6:58 wt % (SD = 0-14)
compared with 6-71 wt % as listed by the Smithsonian
Institution.

The chromium values in the basaltic glasses of the
present study are all <500 ppm and were measured by
wavelength-dispersive analysis with careful attention
paid to the background using a technique described
by Poustovetov & Roeder (2001). An indication of the
accuracy of the technique is that over the 200-500 ppm
range of the glasses the results for five standards in this
range were within 10% of the listed value (Poustovetov &
Roeder, 2001, fig. 2).

Fig. 4. (a) Group of olivine crystals with spinel outlined in gray. AG22-5-35. (b) Group of olivine crystals with spinel outlined in gray. AG22-5-31.
(c) Relative size of olivine (SG = 3-4) and spinel (SG = 5-0) if they settled according to Stokes” Law in a Newtonian melt at equal velocities.
(d) BSE image of large anhedral spinel shown in (a). AG22-5-35. (e) BSE image of two anhedral attached spinels shown in (b). AG22-5-31.
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Fig. 5. Sample ALV519. (a) Group of olivine crystals with included
spinel in crystallized groundmass. (b) BSE image of spinel partially
enclosed in olivine. (c) BSE image of spinel with vermiform rim
partially enclosed in olivine.

Temperature and log f,,

The pre-eruptive temperatures given in Table 2 were
calculated using the equations of Beattie (1993) for
melt in equilibrium with olivine. The values for log f,,
in Table 2 were calculated using the equations of
Poustovetov & Roeder (2001) for melt in equilibrium
with spinel.

VOLUME 47 NUMBER 5 MAY 2006

VOLUME % SPINEL, SIZE OF SPINEL
AND GLASS COMPOSITION

The relative volume %, distribution and size of olivine,
spinel and glass for 23 thin sections are given in Table 1.
The Kilauea samples have a high concentration of
spinel per cm? (77-162), a high proportion of spinel
included within olivine phenocrysts (>40%), a high vol-
ume % of spinel associated with olivine phenocrysts and
a small average size of spinel (10-22um). The largest
measured spinel in the three Kilauea samples is 59 um.

All seven AG22-5 samples from the same SWIO
dredge haul (second group in Tables 1 and 2) have a
very low volume % spinel (<0-002%), a very low number
of spinel crystals (4-17 per em?), a low percentage of
spinel included within olivine phenocrysts (<40%) and
a very small average size (7-18um) of spinel with a
maximum size of 29um. The MgO in the glass for
the AG22-5 samples varies from 7-38 to 8-:06% and the
Cr in the glass is in the range 270-310 ppm. This range
of values of Cr is within the estimated analytical error.
Calculated temperatures are in the range 1184—1194°C.
The similar results for these seven samples leave little
doubt that these samples are from the same lava flow
and are a demonstration of the reproducibility of the
measurements.

The results for the third group of five AG22 samples in
Table 1 are variable. The last member of this group,
AG22-9-2, has a very high concentration of small spinel
grains (329 per cm”) and a high proportion (42%) of
spinel within olivine phenocrysts, both characteristics
in common with the Kilauea samples.

The first four of the group of ALV thin sections have
relatively high volume % spinel, low % of spinel included
in olivine phenocrysts (<30%), a relatively large aver-
age size of spinel, and each thin section contains a
spinel larger than 100 um (see asterisk in next to last
column of Table 1). Many of the spinel crystals have a
vermiform rim where the spinel is in contact with glass.
All of the ALV sections have a higher MgO and Cr
content in the glass (Table 2) than the Kilauea and
SWIO samples, and thus a higher calculated temperature
before quenching.

The Icelandic sample (Mid-P) is similar to the first
four ALV samples in that it has a very low volume %
of spinel associated with large olivine phenocrysts, con-
tains a large spinel (Fig. 6¢) and the spinel crystals have
vermiform overgrowths where exposed to glass.

Three bulk samples were available for X-ray fluores-
cence (XRF) analysis. The volume % olivine and spinel
for these samples was calculated by using the composi-
tion of the whole rock, the glass, the olivine and the
average spinel in the samples (see values in parentheses
in the third and fourth columns, Table 1). There is gen-
eral agreement between the calculated and measured
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glass

vesicle

Fig. 6. Iceland sample MID-P. (a) Whole thin section with large irregular olivine crystals in glass. Two arrows connect a spinel shown in (a), (c)
and (d). (b) Large irregular olivine (4 mm X 4 mm). (c) Large spinel in glass. (d) BSE image of portion of zoned spinel shown in (a) and (c). (¢) BSE

image of olivine with attached zoned spinel and vesicle in lower right.

volume % except for a large difference in the value of
spinel in sample ALV528 and olivine in ALV520. The
most likely explanation for these differences is either
heterogeneous distribution of phenocrysts between the
polished thin section and the bulk sample analyzed by
XRF, or errors in the measurement of volume %. The

volume % and composition of the phases for sample
AG22-9-2 were used to calculate a whole-rock composi-
tion. The calculated results (MgO 9-95%, Cr 561 ppm)
compare very favorably with the whole-rock analysis of
the same sample (MgO 10-02%, Cr 551 ppm) reported
by Mahoney et al. (1992).
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Fig. 7. Volume % olivine vs volume % spinel for 22 samples.
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¥ MORB AG22-5 (N=7)
X MORB KN54-51-17
/\ ALV 519 (N=3)
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Fig. 8. Logarithm of volume % olivine/volume % spinel vs volume % spinel.

The volume % spinel is plotted vs volume % olivine in
Fig. 7. Aline representing a 100:1 ratio of olivine to spinel
has been added for future reference. Figure 8 is a semi-
log plot of the olivine to spinel ratio vs the volume % of
spinel and includes lines representing ratios of 300:1,
100:1 and 50:1. Below about 0-02 vol. % spinel the
olivine to spinel ratio increases with decreasing volume
% spinel. This may reflect a real difference in the ratio
or reflect some unknown difficulty in measurement for

samples with a very low amount of spinel. It should
be noted that the seven AG22-5 samples (asterisks) have
very low volume % spinel and thus high olivine to spinel
ratios (>500). The volume % measurements were made
on a rectangular part of each polished thin section. After
the volume % measurements were completed it was
discovered that two of the AG22-5 samples (AG22-5-31
and AG22-5-35) contained one large spinel (Fig. 4a
and b, d and e) near the edge of the thin section. It
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Fig. 9. Average size of spinel associated with olivine connected by a line to the average size of spinel isolated in glass vs volume % spinel for each
sample. Sample name or number key is shown for each sample. AG22-5 data do not include the two large spinels found outside the measurement

area.

happened that the measurement area that was chosen for
volume % measurement did not include these two large
spinel crystals. When these crystals are included the
average size of spinel and the volume % spinel for these
two samples is considerably larger and the olivine to
spinel ratio 1s much lower (188 vs 910 and 287 vs 2300)
had they been included. The number of spinel crystals
in the measured area for the seven AG22-5 samples
was 197 and the largest was 29 um. This is in contrast
to the size (>100um) for the two spinel crystals that
were outside the area chosen for the volume % measure-
ments. It should be noted that although these two
spinel crystals are large by the standard of spinel in
lavas they are still very small. The ramifications of the
presence of the two large spinel crystals are considered
in a subsequent section.

Figure 9 shows the average size, as measured in reflec-
ted light, of spinel crystals that are associated with
olivine and those isolated in glass plotted versus the
volume % of spinel. A tie-line connects the two values.
The average size of the spinel associated with olivine is
larger than that of the spinel isolated in glass, except for
two ALV519 thin sections.

COMPOSITION OF OLIVINE
AND SPINEL

Olivine and spinel in 23 thin sections (22 samples)
have been analyzed. The complete results of the
electron microprobe analyses are available as a supple-
mentary data file, available online at www.petrology.
oxfordjournals.org. The Cr/(Cr + Al) vs Fe?/(Fe” +Mg)

values for 332 spinel analyses are plotted in the lower part
of Fig. 10. The spinel analyses plot in three distinct
groups of Cr/(Cr + Al). The three spinel crystals with a
Cr/(Cr + Al) of <0-05, shown at the bottom of Fig. 10,
are totally enclosed by olivine phenocrysts, one of
which 1s rounded. It is thought that the olivines that
enclose these three spinel grains are exotic wallrock
samples that were incorporated by the lava and repre-
sent a lower temperature environment. These three
spinel analyses were not included in calculations that
involved the average spinel composition. The spinel crys-
tals in the MORB samples have Cr/(Cr 4+ Al) values
within the range of 0-2-0-6, which is consistent with
the results for MORB spinel as reported by Dick &
Bullen (1984) and Roeder et al. (2001). It should be
noted that the spinel crystals from the seven samples
(AG22-5) from the same dredge haul all have higher
Fe?/(Fe” + Mg) values than the other MORB samples.
The spinel crystals from the three Hawaiian samples
are higher in both Cr/(Cr + Al) and Fe?/(Fe” + Mg),
and have a composition that is consistent with the
spinel reported for other samples from Hawail (e.g.
Evans & Moore, 1968; Scowen et al., 1991; Clague et al.,
1995; Roeder et al., 2003).

The average Fe?/(Fe® 4+ Mg) values of the olivine in
the samples are in the range 0-1-0-2, and are plotted
in the top part of Fig. 10 with the scale expanded, to
show the individual values. The higher Fe?/(Fe® 4+ Mg)
of the olivine in the three Kilauea samples is consistent
with the higher Fe?/(Fe? 4+ Mg) of the spinel in these
samples. The Fe?/(Fe? + Mg) of the olivine in the seven
AG22-5 samples is higher than that of most of the
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Fig. 10. Cr/(Cr + Al) vs Fe?/(Fe” + Mg) for 332 spinel analyses in the 22 samples. The average Fe’/(Fe? + Mg) of olivine in cach sample is
shown at the top of the figure. The filled star shows the listed values for the olivine (S-68) and spinel (USNM 117075) secondary standards. The
circle with cross is the average of 23 analyses of the olivine and 26 analyses of the spinel secondary standards, and the radius of the symbol is equal

to two times the standard deviation.

MORB samples and is consistent with the higher
Fe’/(Fe® + Mg) of the spinel in these samples.
The most forsteritic olivine are from the ALV samples,
which is consistent with the higher calculated liquidus
temperature for these samples (Table 2). The average
olivine composition and average glass composition were
used to calculate a Ky for each sample (Table 2). The Ay
values (0-23-0-28) are all less than the expected value of
0-30 (Roeder & Emslie, 1970) because the average olivine
composition (core + rim) is more forsteritic than the
olivine in equilibrium with melt.

CORRELATION OF VOLUME %
OLIVINE AND SPINEL WITH MgO

AND Cr CONTENT OF GLASSES

We wish to test the hypothesis that the approximate
100:1 ratio of olivine to spinel found in samples with

>0-02 vol. % spinel is close to the cotectic ratio of
olivine and spinel that crystallize from basalt with a
drop in temperature. The change in the composition
of basaltic melts in response to the crystallization of
olivine and spinel is best shown on a plot of MgO vs
Cr. Figure 11 is a plot of wt % MgO vs ppm Cr in
glass for a number of natural and experimental
samples that are assumed to contain olivine and
spinel. A lower limit of 6 wt % MgO was chosen because
experimental evidence (Hill & Roeder, 1974) and evid-
ence from natural samples (Scowen et al., 1991) suggests
that spinel may not be a stable phase below about 6 wt %
MgO in the melt because of reaction with melt to give
pyroxene. The large range of MgO and Cr in Fig. 11 was
chosen to include both natural glasses and glasses from 12
experiments on basalts and komatiites. Only those
experiments (Murck & Campbell, 1986; Roeder &
Reynolds, 1991) that were made at an oxygen fugacity
close to the quartz—fayalite-magnetite buffer were
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35 -
Curve from polynomial fit { (MgQ) =5.26+0.00812(Cr)-8.0(10)(Cr)* )
T of 74 glasses with MgO == 6.0 wt.% (CC=0.93). The fit
30 does not include the 22 glasses of the present study.
25 -

[*]
o
s 1 s

wt. % MgQ in glass
o

The glass samples included in pelynomial fit are:
[J 62 Natural glasses

5 =1 -+ 12 Experimental glasses
Glasses of the present study:
p ¥ 22 Natural glasses of present study
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T
2000

T ]
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ppm Crin glass

Fig. 11. MgO in glass (wt %) vs Cr in glass (ppm). The curve was calculated by a least-squares fit of 12 experimental glasses (Murck & Campbell,
1986; Roeder & Reynolds, 1991) and 62 natural glasses that include 11 Pu’u ‘O’o glasses ( Roeder et al., 2003), seven Kilauea Iki glasses (Scowen
etal., 1991, and unpublished data), 17 Hawaiian glasses (Wagner ¢/ al., 1998), three Iceland and MORB glasses (Roeder ez al., 2001) and 24 Blanco

Trough glasses (Gaetani ef al., 1995).

chosen. This minimizes the effect that a variation in
oxygen fugacity has on the Cr content of glasses in equi-
librium with spinel as reported by Hill & Roeder (1974)
and Berry & O’Neil (2004). The continuous curve is a
polynomial fit to those natural (open squares) and experi-
mental glasses (+ symbols) shown in Fig. 11. This poly-
nomial fit does not include the 22 glasses of the present
study (asterisks), to allow independent comparison of the
results for these 22 glasses with the polynomial fit. The
polynomial fit shows a strong positive correlation (cor-
relation coefficient = 0-93) between MgO and Cir for the
74 natural and experimental glasses. This correlation is
believed to reflect the change in melt composition as a
result of the crystallization of olivine and spinel as a
function of decreasing temperature.

It has been demonstrated (i.e. Presnall, 1969; Morse,
1980; Morse et al., 2004) that on a ternary liquidus
diagram, the tangent to a cotectic liquidus curve can be
used to determine the ratio of solid phases that crystal-
lize at equilibrium at any temperature along the cotectic
curve. The curvature of the cotectic curve is a function
of the changing ratio of crystalline phases. Irvine
(1974) used this to some advantage in describing the
liquidus in the MgCroO4-MgoSi04-Si0y system and
estimating the changing ratio of olivine (forsterite) to
spinel (magnesiochromite) for liquid compositions on
the cotectic curve. The curvature of that cotectic suggests
an increasing ratio of olivine to spinel as the temperature

is lowered. Irvine reported that the value of this ratio
was close to 100 (weight ratio of 99 or a volume ratio
of 143) at a temperature just above the reaction point
(peritectic) where magnesiochromite reacts with melt
to give pyroxene.

The polynomial curve in Fig. 11 can also be considered
to be a cotectic curve for olivine and spinel in mafic
and ultramafic magmas. This curve, however, is much
more complex than the cotectic curve in the three-
component MgCroO4—MgoSi0,-SiOy system because
it combines a range of melt compositions and a range of
composition of both olivine and spinel. It i1s thus sur-
prising how well the data plotted in Fig. 11 conform
to a relatively simple relationship. This was shown by
Barnes (1998) for wultramafic magmas containing
>15 wt % MgO. The curvature of the cotectic shown
in Fig. 11 is a complex function of both changing crystal
composition and the relative amounts of the crystal-
line phases. The increasing slope of this curve with
decreasing MgO 1is consistent with the crystallization of
an increasing ratio of olivine to spinel with decreasing
temperature. The exact ratio can only be determined if
the composition of the olivine and spinel is known.

The composition of the glass for the 22 basalts of
the present study is re-plotted in Fig. 12 over a much
narrower range of MgO and Cr content than shown in
Fig. 11. The polynomial curve of Fig. 11 is also included
in Fig. 12. Associated with each point in Fig. 12 is a
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100:1 with lowest Cr203 spinel
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MORB AG22-1,7,8,9

MORB AG22-5 (N=T)

MORB KN54-51-17

ALV 519 (N=3)
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Fig. 12. MgO in glass (wt %) vs Cr in glass (ppm) for the 22 samples of the present study. The fine straight line through each point shows how the
composition of the glass changes by the addition or subtraction of the olivine and spinel analyzed for each sample in a ratio of olivine to spinel of
100:1. The bold line is part of the polynomial curve shown in Fig. 11. The three straight lines shown for the sample point ALV528 indicate how
the composition would change as the olivine to spinel ratio is changed from 150:1 to 50:1.

straight-line segment that represents the change in MgO
and Cr of each meltif'a 100:1 volume ratio of the average
composition of olivine and spinel found for that sample is
either added to or subtracted from that melt. Three line
segments are drawn for glass ALV528 to demonstrate the
sensitivity of the slope to a varying volume ratio of olivine
to spinel of 150:1, 100:1 and 50:1. Also shown are two
line segments for sample 1998S to demonstrate the
sensitivity of the slope with varying spinel composition.
The fine line was calculated assuming the average spinel
composition (42:75 wt % CryOs) found in the 19985
sample whereas the bold line was calculated using
the average spinel with the lowest average CryOj3 of all
22 samples (26-15 wt % CryO3 of AG22-5-27). The
slopes of the line segments are relatively insensitive to
the narrow range of olivine composition for the 22 sam-
ples. The slopes of the fine-line segments are very close to
the slope of the independently developed polynomial
curve.

We conclude that for most basalts an approximate
100:1 volume ratio of olivine to spinel is consistent with
cotectic proportions. The volume ratios of olivine to
spinel that were measured in the present study (Fig. 8
and third from right column in Table 1) show a
large range but the ratios for those samples having
>0-02% spinel are consistent with crystallization of the
cotectic proportions of approximately 100:1. The
very large ratios for some samples, such as the seven

samples of the AG22-5 dredge haul, are due to either
measurement problems or a geological process that
selectively adds olivine or removes spinel from the
magma.

In Fig. 13 the MgO and Cr contents of glasses are
compared with the bulk composition of basaltic rocks.
Three straight lines that radiate from the glass composi-
tion of sample ALV529 (+ symbol) have been drawn
to demonstrate the effect of adding to a glass that lies
on the curve the ratios of 300:1, 100:1 and 50:1 of olivine
to spinel. The majority of glass (blue squares) and rock
samples (green circles) with <10% MgO lie close to the
so-called polynomial cotectic curve whereas those rock
samples with >10% MgO (green circles) follow an
approximately linear trend that deviates from the trend
of the glasses (blue squares). This suggests that many of
the volcanic rocks involved an addition of olivine and
spinel in a ratio larger than the cotectic ratio of 100:1,
presumably by accumulation of olivine phenocrysts
with or without accompanying spinel microphenocrysts.
It should be noted that if the olivine to spinel ratio is
100:1 for the bulk sample then the olivine to spinel
ratio for the olivine phenocrysts has to be >100, as
many spinel crystals are isolated in the glass. Let us
consider an example where olivine phenocrysts and spi-
nel crystallized in a cotectic ratio of 100:1 in a quiescent
magmatic environment with the volume % spinel divided
equally between olivine and melt. The total sample would
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Fig. 13. MgO (wt %) vs Cr (ppm) for the glasses of the present study (asterisks), natural glasses from other volcanic rocks (blue squares) as listed in
Fig. 11 caption, and for the bulk composition of volcanic rocks (green circles) from Wright (1973), Garcia et al. (1992, 1996) and Clague et al.
(1995). The bold curve is the same as shown in Figs 11 and 12. The three straight lines show how sample glass ALV529 would change by the

addition of olivine to spinel ratios of 300:1, 100:1 and 50:1.

have a cotectic ratio of 100:1 whereas the phenocrysts
would have an olivine to spinel ratio of 200:1. If these
olivine phenocrysts were then added by crystal settling
to a magma with cotectic proportions of olivine and
spinel this magma would then lie on the 200:1 line relat-
ive to the melt composition. Thus rocks that contain
added phenocrysts plus included spinel should always
lie above the cotectic ratio of olivine to spinel. This can
be used to distinguish volcanic rocks that crystallized
from a melt composition from those rocks that have
added olivine phenocrysts plus enclosed spinel micro-
phenocrysts. Barnes (1998), in a very neat study, showed
the relationship between the so-called olivine—spinel
cotectic curve for komatiites and the bulk composition
of komatiites. Barnes was able to demonstrate that
komatiites with >25% MgO may be undersaturated
with respect to chromite.

RELATIONSHIP OF SPINEL TO
OLIVINE

The volume % spinel, the distribution of spinel and the
size of spinel vary greatly between the samples of basalt.
We believe, however, that some of the samples can
be separated into two broadly identifiable groups that
are identified as I or II in the Sample column of
Tables 1 and 2. Group I samples (1998S, 1999T, 1921,

AG22-9-2) have a very large number of euhedral spinel
crystals, all smaller than 60 um, with a large percentage
of spinel (>40%) included within olivine phenocrysts that
are sometimes skeletal. The calculated number of spinel
per cm” of melt is very high and varies from about 60 000
to 300 000. The olivine to spinel ratio for samples in this
group is close to the estimated cotectic ratio of 100:1.
We suggest that the olivine and spinel of this group
crystallized relatively rapidly under fairly chaotic condi-
tions during ascent and flow of the magma. The relatively
rapid growth gave rise to skeletal olivine and the chaotic
conditions led to significant olivine—spinel physical
interaction. The relative motion of the large olivine
phenocrysts and the huge number of very small spinel
microphenocrysts led to the incorporation in olivine of
the slightly larger spinel microphenocrysts, thus con-
centrating the smaller spinel crystals in the melt. It is
also possible that the smaller spinel crystals in the glass
nucleated later than the spinel crystals enclosed within
olivine. Another indication of fairly rapid spinel growth
in these samples is the presence of spinel chains.

The group II samples (ALV519, ALV520, MID-P,
7 samples of AG22-5) contain olivine phenocrysts that
are relatively free of included spinel and the samples
often contain a few significantly larger spinel crystals
(>100 wm). The calculated concentrations of spinel per
em” of melt are lower (<20 000) for the group II samples.
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We believe that some of the olivine and spinel crystallized
more slowly under quiescent conditions with much less
olivine—spinel interaction during growth. Some of the
olivine and spinel crystallized well before extrusion and
may have been part of a settled sediment layer of olivine
and spinel near the base of a magma chamber. A portion
of the sediment layer may have been ultimately swept up
during the extrusion event. The spinel crystals in some
(ALV519, ALV520, Mid-P) of the higher temperature
samples have a distinct anhedral core surrounded by a
vermiform rim where the spinel was exposed to melt.
This is evidence of two distinct stages of growth. The
cores of these spinel crystals have higher Cr/(Cr 4 Al)
whereas the vermiform rim is often zoned to lower
Cr/(Cr + Al). Spinel with vermiform rims has previously
been described (Dick & Bryan, 1978; Graham et al., 1979;
Fisk & Bence, 1980; Allan et al., 1988, 1996; Natland,
1989) as a reaction texture, possibly caused by decom-
pression. Roeder et al. (2001) described this texture as due
to ‘the breakdown of the relatively smooth interface
between chromian spinel and melt to a type of cellular
growth because diffusion in the melt is no longer able to
support growth of a smooth interface’. This cellular
growth probably represents a major increase in growth
rate because of supercooling, and thus diffusion-con-
trolled crystallization caused Cr depletion in the nearby
melt, which led to Al-rich rims (Fig. 6d and e).

The AG22-5 samples from the same dredge haul
have groups of olivine phenocrysts that are almost
completely free of included spinel as well as a low num-
ber of small euhedral spinel crystals and thus belong to
group II. Two of the samples contain a large (>100 pum)
anhedral spinel crystal that is included with a group of
olivine crystals (Fig. 4a and b). The calculated concentra-
tion of spinel in the melt is 4000-14 000 per cm”, only
about a tenth that of samples in group I. Figure 4c
shows the calculated relative size of olivine and spinel
assuming they had settled at equal velocity according to
Stokes” Law. We suggest that a new magma pulse
picked up groups of settled olivine that in two cases
included a large anhedral spinel. The magma was
extruded relatively quietly on the ocean floor with little
new olivine or spinel nucleation and growth. The very
high olivine to spinel ratio for these seven samples
may be because the olivine phenocrysts are free of
included spinel, and some spinel crystals were left
behind. We suggest that in most magma chambers
where olivine and spinel crystallize contemporaneously,
the olivine and spinel tend to crystallize independently,
thus giving rise to olivine relatively free of included
spinel. It has been observed that where olivine and
spinel (chromite) occur together in large layered intrus-
ions such as the Muskox (Roach et al., 1998) and the
Jimberlana (Roeder & Campbell, 1985) the olivine
crystals are relatively free of included spinel. This may
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also be due to textural maturation and expulsion during
recrystallization.

CONCLUSIONS

The volume % and distribution of olivine, spinel and
glass has been measured in 22 rapidly quenched basaltic
lavas. The maximum volume % of spinel is 0-15% and
the average size of spinel is in the range 10-60 Wm,
measured as the side of a cube. The majority of the
spinel is associated with olivine phenocrysts and these
spinels tend to be larger than spinel found isolated in
glass. The calculated number of spinel crystals in the
melt is enormous and ranges from thousands to hundreds
of thousands of crystals per cm” of melt. For example, if
it is assumed that there is 0-02 vol. % spinel in a sample,
the number of calculated spinel crystals per em® of melt
varies from 1600 for 50 pm spinel to 200 000 for 10 um
spinel. The ratio of vol. % olivine to spinel for the
22 samples varies from 60 to 2800 and those samples
containing >0-02 vol. % spinel tend to have olivine to
spinel ratios of approximately 100.

The composition of olivine, spinel and glass in the
22 samples has been determined. A plot of MgO vs Cr
in the 22 glasses has been compared with that of glas-
ses from experiments made near the quartz—fayalite—
magnetite buffer and with that of a number of other
natural basaltic glasses. There is a positive correlation
between Cr and MgO in the natural and experimental
glasses, which can be explained by the co-crystallization
of olivine and spinel in a ratio of approximately 100:1,
with the ratio increasing slightly with lowering tem-
perature. Thus it is concluded that those samples with
an olivine to spinel ratio of approximately 100:1 crystal-
lized olivine and spinel in approximately cotectic pro-
portions. A plot of MgO vs Cr for volcanic rocks, as
compared with volcanic glasses, shows a marked
deviation from the so-called cotectic curve above about
10% MgO, which suggests that many of the volcanic
rocks do not reflect melt compositions but melt plus
added olivine + spinel phenocrysts.

The relative distribution and amount of olivine and
spinel can be used to give valuable information on
pre-eruptive conditions. It was found that many of the
samples could be divided into two discernible groups.
One group had spinel with an average size of 25um
and maximum size of spinel of about 50 pm, >40% of
the spinel included within olivine phenocrysts, and
an olivine to spinel ratio of approximately 100. It is
concluded that the olivine and spinel in this group
crystallized during the chaotic conditions during extru-
sion. These conditions promoted the skeletal growth of
olivine, which facilitated the inclusion by synneusis of
the tiny spinel crystals within the much larger olivine
phenocrysts. The second discernible group includes
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those samples where there are few spinel crystals inclu-
ded within olivine phenocrysts, a larger size of spinel
with some >100 wm, some spinel with vermiform over-
growths, and olivine to spinel ratios that are sometimes
very high. This second group of samples is thought to
have partially crystallized under more stable conditions
where both olivine and spinel crystallized with little phys-
ical interaction under the relatively quiescent conditions
within a magma chamber. Some samples in this second
group contained groups of olivine crystals that may have
been part of a mat of crystals that settled within a magma
chamber. It is suggested that the magma upon extrusion
picked up both olivine and spinel from the floor of
the chamber, but not necessarily in cotectic proportions.
The vermiform and zoned rims on spinel in the higher
temperature samples reflect a second stage of growth
of spinel that occurred upon supercooling during the
extrusion event.
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