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GROWTH FORMS AND COMPOSITION OF CHROMIAN SPINEL IN MORB MAGMA:
DIFFUSION-CONTROLLED CRYSTALLIZATION OF CHROMIAN SPINEL
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ABSTRACT

Microphenocrysts of chromian spinel in glass from an East Pacific Rise lava and three Icelandic subglacial lavas show a
variety of complex skeletal, hopper, vermiform and chain textures. These grains of chromian spinel arelarger than those found in
most basalts. Many crystals show significant zoning in Cr/(Cr + Al), and the variation in Cr/(Cr + Al) with respect to Fe?*/(Fe?*
+ Mg) isdistinctive for each sample. The four samples are relatively primitive, with between 9 and 10 wt.% MgO in the glass.
One very distinctive texture, acore surrounded by avermiform rim, has been interpreted by anumber of researchersasareaction
texture caused either by changesin pressure or magmamixing. The variety of chromian spinel textures, including the vermiform
rim, has been duplicated in an experimental run using the sample from the East Pacific Rise. The sample was held at 1225°C for
67 hours and then cooled slowly over 8 hoursto 1147°C. We conclude that the vermiform texture and the other chromian spinel
textures in the experimental run and the lavas are growth textures and not reaction textures. The change in growth habit that
producesthe vermiform rimisinterpreted as diffusion-controlled growth, leading to what metal lurgistsrefer to ascellular growth.
Chromian spinel is susceptible to diffusion-controlled growth because of the very large difference in concentration of Cr in the
melt (0.02-0.06 wt.% Cr,O3) and in chromian spinel (30-50 wt.% Cr,03) at equilibrium. Although the chromian spinel in the
glass of each natural sample shows alarge variation in Cr/(Cr + Al), and thus was not in equilibrium with the bulk melt, its Fe?*/
(Fe?* + Mg) may have been close to equilibrium with the bulk melt before quenching. The chromian spinel crystallized over a
span of hoursto days before arapid water quench upon eruption. The complex textures and zoning probably reflect the turbulent
conditions during passage of the magma toward the Earth’s surface.

Keywords: chromian spinel, chromite, basalt, texture, vermiform, hopper, diffusion-controlled crystallization.
SOMMAIRE

Des microphénocristaux de spinelle chromifére sont présents dans une matrice vitreuse d’ une lave basaltique provenant dela
ride Est-Pacifique et de trois échantillons de coulées mises en place sous un glacier en Icelande. Ces cristaux contiennent une
vari été de textures compl exes en entonnoir, vermiformes et en chalnes; ils sont plus grossiers que ceux qui caractérisent laplupart
des basaltes. Plusieurs cristaux montrent une zonation importante en Cr/(Cr + Al), qui varie de fagon distincte avec Fe?*/(Fe?* +
Mg) dans chaque échantillon. Les quatre échantillons sont relativement primitifs, le verre contenant entre 9 et 10% (poids) de
MgO. On agénéralement interprété la présence d' un coeur entouré d’ un liseré vermiforme comme résultat d’ une réaction suite a
des changements en pression ou & un mélange de magmeas. La diversité texturale du spinelle chromifére, y inclus la bordure
vermiforme, a été reproduite dans un série d’ expériences faites avec le basalte de la ride Est-Pacifique. Nous avons maintenu
I" échantillon 2 1225°C pour 67 heures, et nous |’ avons refroidi lentement sur huit heures jusqu’a1147°C. A notre avis, latexture
vermiforme et |es autres dével oppements texturaux dans les résultats d’ expériences et dans les laves résultent de |a croissance et
non d'une réaction. Le changement en morphologie qui mene a la bordure vermiforme résulterait d’' une croissance régie par la
diffusion, menant a ce que les métallurgistes appelent une croissance cellulaire. Le spinelle chromifere est susceptible de croitre
par un mécanisme régi par la diffusion a cause de latrés grande différence en concentration de Cr dansle liquide silicaté (0.02—
0.06% Cr,Os, poids) et |e spinelle chromifere (30-50% Cr,03) al’ équilibre. Quoique | e spinelle encaissé danslamatrice vitreuse
de chague échantillon fait preuve de variations importantes en Cr/(Cr + Al), et donc ne serait pas en équilibre avec le liquide a
grande échelle, la valeur du rapport Fe?*/(Fe?* + Mg) semble étre proche de I’ équilibre avant le refroidissement final de
|"assemblage. Le spinelle chromifére s'est formé sur un intervalle de quelques heures a quelques jours avant que les laves aient
été trempées dans I’ eau a |’ éruption. Les textures complexes et la zonation témoignent probablement des conditions turbul entes
au cours du passage du magma vers la surface d' épanchement.

(Traduit par la Rédaction)

Most-clés: spinelle chromifére, chromite, basalte, texture, vermiforme, entonnoir, cristallisation régie par diffusion.
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INTRODUCTION

Chromian spinel and olivine are generaly the first
phases to crystallize from basaltic lavas. Chromian
spinel is usually found as small octahedra of 5-20 pum
or as clusters of crystals within or associated with oliv-
ine phenocrysts (Fig. 1a). Some of these clusters (Fig.
1b) contain octahedra of chromian spinel that are ori-
ented with respect to each other to form chains (Wil cox
1954, Dick & Bryan 1978, Bannister et al. 1998). The
growth forms of chromian spinel in Figure 1 aretypical
of basaltic and some andesitic lavas from varied tectonic
regimes. The microphenocrysts found within olivine
phenocrysts and in glass matrices are usually euhedral,
whereas the crystals of chromian spinel found in the
groundmass of lavaflows, such as at Paricutin (Bannis-
ter et al. 1998), are commonly larger, and either sub-
hedral or anhedral, owing to continued growth upon
cooling of the lava flow.

A very distinctive texture involving chromian spinel
(Fig. 2) has been found in anumber of basaltic lavas. A
core of chromian spinel is surrounded by a vermiform
rim that has usually been interpreted (e.g., Dick & Bryan
1978, Graham et al. 1979, Fisk & Bence 1980, Allan et
al. 1988, 1996, Natland 1989) as due to resorption or
reaction of an earlier-formed chromian spinel with melt.
Implications of such an interpretation are that the core
of the chromian spinel has crystallized in one chemical
or physical environment, and that a significant change
in environment has caused the chromian spinel to react
with adifferent melt, thus producing the vermiform tex-
ture in the rim. Allan et al. (1988) also suggested that
rapid growth of chromian spinel could lead to local
depletion in Cr. Since this vermiform texture has been
noted in lavas from many diverse localities, including
the Cascades (Brandon & Draper 1996), the CostaRica
Rift (Furuta & Tokuyama 1983), the Mid-Atlantic Rift
(Bryan & Moore 1977, Dick & Bryan 1978, Fisk &
Bence 1980) and the Lamont chain of seamountsin the
eastern Pacific (Allan et al. 1988), the process that has
led to this texture must be fairly common.

The presence of skeletal and complex growth-forms
of chromian spinel have also been reported in plutonic
rocks. Greenbaum (1977) described large dendritic crys-
tals either in isolation or within nodules of chromian
spinel in podiform chromitites of the Troodos ophiolite
complex in Cyprus. Christiansen & Olesen (1990) aso
reported dendritic chromian spinel from the Vourinos
ophiolite in Greece. These dendritic and skeletal crys-
tals are much larger than those found in volcanic
samples, but many of the shapes are similar. Both
Greenbaum (1977) and Christiansen & Olesen (1990)
concluded that the skeletal nature of the chromian spinel
was due to a magmatic process.

The crystallization of chromian spinel from basaltic
magma has a very small influence on the composition
of the melt because of the small amount that crystal-
lizesfrom that melt. It has been suggested (Irvine 1965,
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Dick & Bullen 1984, Roeder 1994) that the composi-
tion of the chromian spinel may be a very good indica-
tor of the conditions of crystallization because of the
significant rangeinitscomposition in basaltic lavas. The
range in Cr/(Cr + Al) and Fe?*/(Fe?* + Mg) of
magnesiochromite, chromite and magnetite found in
lavas that include boninites, mid-oceanic-ridge basalts
(MORB) and lavas from Hawaii are shown in Figure 3.
The majority of chromian spinel from MORB plot
within the area of Figure 3 outlined by the dashed lines.
Chromian spinel within a single lava flow, and even
within a very small crystal, can show alarge range in
Cr/(Cr + Al), Fe?*/(Fe** + Mg), Fe*/(Fe** + Al + Cr)
and Ti content. The common trends in chromian spinel
and chromite from MORB lavas are shown by the solid
linesin Figure 3. The R-Sand T-U trends are limited to
slowly cooled lavas, where the rim of some chromian
spinel crystals may approach titaniferous magnetite
(lower right-hand corner of Fig. 3). Thevariation of Cr/
(Cr + Al) and Fe?*/(Fe* + Mg) in rapidly quenched
samples (i.e., trend P—-X and X-Y, Fig. 3) isusualy as-
cribed to changing melt composition owing to crystalli-
zation of olivine, plagioclase or chromian spinel before
extrusion, or to magmamixing (Allan et al. 1988, 1989).
It has also been suggested (Bryan 1972, Sigurdsson &
Schilling 1976, Sigurdsson 1977, Dick & Bullen 1984)
that zoning with respect to Cr/(Cr + Al) may be due to
changes in pressure during growth of the chromian
spinel, the more aluminous chromian spinel being stable
at higher pressures.

Here, we document a number of different growth-
forms of chromian spinel from four MORB glasses and
the relationship between these growth forms and the
composition of the crystals. The focus is on magmas
that have cooled rapidly enough that significant glassis
present. Thus the discussion is limited to chromian
spinel textures that are considered to be present at the
time of extrusion and not those formed during slow cool-
ing of magma. One of the major observations of the
present study is that some of the Cr/(Cr + Al) composi-
tional variation and the variety of growth forms of
chromian spinel may be due to changesin rate of crys-
tal growth and of diffusion-controlled growth, and not
to changesin bulk composition of the magma. Chromian
spinel may be particularly susceptible to diffusion-con-
trolled growth because of the very large difference in
chromium content of chromian spinel and the coexist-
ing melt (Thy 1983). Thus significant changes in the
composition of the chromian spinel need not reflect
major changes in bulk-melt composition or changesin
lithostatic pressure.

SAMPLES AND TECHNIQUES

The samples of basalt described in the present study
have been chosen because they were quenched rapidly
enough that glass is the dominant phase. The three
samplesfrom Iceland (Mid-P, Mid-2, KBS-1) represent
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Fic. 1. a Olivine (Ol) phenocrysts containing small opague crystals of chromian spinel
(Chr) in avesicular glass (Gl). Sample is a basalt from Iceland (HS-774) provided by
H. Sigurdsson. Transmitted light. b. Olivine phenocryst with enclosed opaque grains
and chains of chromian spinel in a groundmass of plagioclase and pyroxene
microphenocrysts and glass. Sample is a basaltic andesite from Paricutin, Mexico.
Transmitted light. The width of the field of view is approximately 1.3 mm.
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Fic. 2. Back-scattered electron images of crystals of chromian spinel (CHR) with a vermiform rim in basaltic glass (GL)
together with olivine (OL) phenocrysts. Theletters A, B and C refer to stages of growth asdescribed inthetext. Sample ALV -
520 from the Mid-Atlantic rift zone. The white scale bar represents 20 pm.

subglacia eruptionsin the Western rift-zone of Iceland.
In thisregion of Iceland, the Mid-Atlantic Ridge is off-
set to the east along a leaky transform fault that runs
75 km along the Reykjanes Peninsula until it connects
to the Western rift-zone of Iceland. At the intersection
of the southern termination of the Western rift-zone and
thetransform structure, there are aseries of hyaloclagtite
ridges of late Quaternary age that make up the Hengill
Volcanic Centre. The Hengill suite ranges from picritic
basalts to quartz tholeiites. Maglifell (sample KBS-1)
is a hyaloclastite pillow ridge on the center of the fis-

sure, and Midfell (samples Mid-P, Mid-2) is a hyalo-
clastiteridge at the northern termination of the marginal
fissure, where abundant gabbro xenoliths are dispersed
in the pillow breccia. The three Icelandic samples are
picrites containing olivine phenocrysts (Fogg o), Some
clinopyroxene phenocrysts, microphenocrysts of chro-
mian spinel and abundant glass. The petrography,
chemical composition and phase composition of the
picritesfrom thisregion have been described by Hardar-
dottir (1986), Tronnes (1990) and Hansteen (1991).
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FiG. 3. Cr/(Cr + Al) versus F&?*/(F&?* + Mg) of magnesio-
chromite, chromite and magnetite from boninites, Hawai-
ian lavasand MORB lavas. N = no. of samples. Analytical
data from the spinel database described by Roeder (1994).
The solid curves represent common trends of chromian
spinel foundin MORB lavas. Seetext for details. Symbols:
A chromian spinel from boninite (N = 157), + chromian
spinel from Hawaiian basalt (N = 704), o chromian spinel
from mid-ocean-ridge basalt (N = 1010).

The F2 samples (F2-1, F2-2) are dredged samples
of apillow margin quenched by seawater from just west
of the East Pacific Rise. These samples were described
in detail by Allan et al. (1988, 1989) and were found to
contain about 15% phenocrysts of olivine and plagio-
clase and less than 0.1% by volume of chromian spinel
microphenocrysts. The olivine (Fog7—go) iS generally
skeletal, and some rims are reversely zoned by 1-2%
Fo. The plagioclase phenocrysts may be very large,
skeletal and filled with glassinclusions, which suggests
relatively rapid growth of the phenocrysts. Careful
broad-beam electron-microprobe analysis of the matrix
glassin F2-1 and F2-2 led Allan et al. (1988) to sug-
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gest that the majority of the Cr measured for the bulk
samples (440-460 ppm Cr) isin the glass.

The electron-microprobe analyses and the back-scat-
tered electron (BSE) images for the present study were
collected using an ARL SEMQ electron microprobefit-
ted with an energy-dispersion detector and a Robinson
BSE detector. The microprobe analyses of the glasses
and chromian spinel were made by energy-dispersion
spectrometry (EDS) at 15 kV, except for the concentra-
tion of chromium in the glass, which was established by
wavelength-dispersion (WDS) analysis at 25 kV, as
described by Roeder & Reynolds (1991). The EDS elec-
tron-microprobe analysis of glasswas of ascanned area
(20 X 20 p.m), whereas the chromian spinel was ana-
lyzed with a focused beam. Standards included
chromian spinel and olivine from the Smithsonian In-
stitution, glass from the U.S. National Bureau of Stan-
dards, and basaltic glasses from Gaetani et al. (1995).
The proportion of Fe* and Fe3* in chromian spinel was
calculated assuming stoichiometry.

GRowTH FOrRMS AND COMPOSITION
oF CHROMIAN SPINEL

The dominant crystal forms of chromian spinel in
al four samples are octahedra and rare chains of at-
tached octahedra. The small size of most crystals and
the translucent to opague nature of the chromian spinel
make it very difficult to visualize the shape of the crys-
tals, and thus the combination of aview in transmitted
light and a BSE image is useful. The grain of chromian
spinel in Figure 4 has a core and vermiform rim very
similar to that shown in Figure 2, except that in this case,
the chromian spinel has a hole in the center. This mor-
phology suggests that thisis a hopper crystal. Figure 5
shows examples of chains of chromian spinel crystals
that are oriented with respect to each other. The trans-
mitted-light view (Fig. 5a) gives the impression of a
chain of three simple octahedra, whereas the BSE im-
age (Fig. 5b) shows the rim of the crystals to be much
more complex and zoned. The rim and the hole in the
center of the chromian spinel are similar to those of the
crystal shown in Figure 4. An example of a chromian
spinel chain attached to a small crystal of olivine is
shown in Figures 5¢—d. The crystals in this chain have
skeletal extensions that are zoned, and the crystals are
considerable larger than the average crystals of chains
in volcanic rocks, for example those in Figures 1a and
1b. Note that the scale bar in al figures represents 20
wm, whichisthe usual size of chromian spinel involca-
nic rocks. There is a great variety of crystal shapes
within individual samples and even within the same
crystal grouping. Thus within the individual crystals
shown in Figures 5¢ and 5d, the texture can be described
as euhedral to anhedral, containing both rational planar
crystal faces and irregular shapes that give part of the
crystal awormy or vermiform appearance. Many of the
chromian spinel crystalsin the four basalts are skeletal
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Fic. 4. a Crystal of chromian spinel with a vermiform rim attached to an olivine
phenocryst in a basadltic glass. Transmitted light. b. Back-scattered electron (BSE) im-
age of above. Sample F2-2 from East Pacific Rise (Allan et al. 1988). The white bar

represents 20 pm.
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Fic.5. a Chain of three octahedra of chromian spinel in basaltic glass. Sample F2-1 from East Pacific Rise (Allan et al. 1988).
Transmitted light. b. BSE image of above. c. Olivine crystal with an attached chain of chromian spinel in glass. Sample Mid-
2 from Iceland. Transmitted light. d. BSE image of above. The white bar represents 20 pm.

and contain areas of included glass that are considered
to be contiguous with the matrix glass in three dimen-
sions. Some of these crystals are hopper crystals, in
which the growth rate of corners and edges was faster
than that of the crystal faces, thus accounting for the
apparent hole in the crystals as seen in two dimensions.
A sample from arecent Hawaiian eruption (Fig. 6) has
been included because it shows the development of
chain texturein chromite and how the continued growth
of the chain (left of Fig. 6) could lead to areas of glass
surrounded by chromite. There is little doubt after ex-
amining hundreds of chromian spinel crystals that hop-
per crystals, chains and planar and vermiform crystal

surfaces are commonly juxtaposed and that they formed
during the same crystallization event.

The magjority of the chromian spinel crystals in the
four samples that are in contact with glass are zoned
with respect to Cr/(Cr + Al) and Fe?*/(F&? + Mg), but
display only asmall variation (not shown) in Fe3*/(Fe?*
+ Al + Cr) or Ti. The contrast in brightness of the BSE
image of the crystals depends mainly upon differences
in average atomic number of the elements Mg, Al, Cr
and Fe. The BSE images of these crystals reflect subtle
changesin composition which involve the coupled sub-
stitution of thelight elementsof Mg and Al (darker BSE
image) for the heavier elements Feand Cr (brighter BSE
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Fic. 6. Chain of chromian spinel octahedra in glass sample (KE53-1740) collected in
1996 from lava-tube skylight at Kilauea, Hawaii (courtesy of Carl Thornber). Note the
vesicle to the right of the chain and the small crystals of olivine on the Ieft side of the
chain. The white bar represents 20 um. Transmitted light.

TABLE 1. REPRESERTATIVE COMPOSITIONS OF CHROMIAN SPINEL
AND OLIVINE IN SAMPFLES OF MID-OCEAN-RIDGE BASALT

1 2 3 4 5 & 7 &

F2-1 F2-1 KBS-l KBS-| MID-2 MiD-P MID-P MID-P
Mineral Chr Che  Chr ol Chr Chr Chr 0l
Taation glass  plass  glass  rim plass Ol Gl cone
SiD, wi.%% 062 034 037 3970 023 046 036 4032
Tily, 048 Q15 046 D09 0I5 026 02%F 000
ALO, 2362 4908 3635 040 3628 2759 3290 025
Cry0, 4331 1504 2674 000 2633 1646 3108 008
Feld 1490 1182 1894 13323 1771 1721 1484 997
MnQ 013 000 034 034 01F 0357 034 025
MgO 16.15 2049 1647 4640 1718 1540 1718 4815
Cald 024 035 020 047 0JF 013 006 041
Total 9945 G687 9987 10054 LHIE URGE 9701 9543

Cations per 24 atoms of oxygen

5 0112 0036 D064 S$914 0M0 00983 0564 5597
Ti 0.065 0015 0.05% 0000 0033 0M6 0034 L0000
Al 5013 9414 7304 00Vl 7352 5335 6825 O0M
Fe 0586 0561 0909 0000 0961 (813 0735 Q000
Cr 6167 1936 3605 0000 3579 5191 4326 G0L0
ke 1658 1922 1792 1649 1.586 1.780 1451 1210
Mn 0,020 0000 0050 0043 0022 0087 0051 G032
Mg 4335 4970 4185 10302 4401 4134 4508 106327
Ca G047 0027 0037 0076 0028 0016 0012 L0686
Mg# 0723 0,830 0700 0862 0735 04697 0757 DBV
Cr+ 0552 @171 330 - 0327 0470 0388 -
Mgl — MgitMp + Fe™); Cré =Cri(Cr - Al).

TARLE 2. FLECTRON-MICRGPROBE DATA ON CGLASS COMPOSITION
TN SAMPLES OF MID-OCTAN-RIDGE BASALT

N 1 2 3 4 1 2 3 4
Sample  MID-PMID-2 KBE-1 F2-1 MID-P MID-2 KBS-1 F2-1

Si0, wt% 4768 4746 4831 4835 §i* TO06Y TO057 7120 7058

TiD, 073 074 0u8 07 T 0082 D082 0.108 0.087
AL, 1529 1505 1475 1666 Al 2670 2634 2561 1867
Cr,0, 0.0555 0.0546 0.0571 0.0422 Cr 0007 0.007 0.007 ©.005
FeD 908 004 953 E01 Fe 1125 1124 L1753 0977
Mnt} 015 034 016 018 Mo O0I 0017 0020 0.023
MO @17 967 90T 966 Mp 2024 2132 1981 210
Ca0 1466 1439 1452 1282 Ca 2328 2295 2202 2.00
Na,0 133 138 157 213 Na 0383 D306 0447 0.601
K,0 G005 002 005 001 K 0009 DS 0009 000
MMg/(Mp + Fe™) 0643 D655 0628 0.683

Total 98.17 97383 989 O8sZ L] 4 6 7

* Cations per 24 atoms of vxygenl. Proportion of Cr,0, established by wavelength-
dispersion spectrometry,

image). The complex variation in the crystal form and
chemical zoning of the chromian spinel in the four
basalts are shown in Figures 7-11. The scale of Cr/(Cr
+ Al) versus Fe?*/(Fe?* + Mg) in these figures is indi-
cated by the dashed rectanglein Figure 3. Selected com-
positions of chromian spinel and olivine are given in
Table 1, and the composition of the glass in the four
samples is given in Table 2. The Cr/(Cr + Al) versus
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FiG. 7. Cr/(Cr+ Al) versus Fe**/(Fe** + Mg) for chromian spinel in samples F2—1 and F2—2. Open triangles represent chromian
spinel in lava, crosses (+), chromian spinel in experimental runs, and small symbols are the same as in Figure 3. Photos a—f
are BSE images of chromian spinel; the letters designate the location where the analyses were made. Figure 7a displays an
immiscible sulfide (SUL) bleb. The two solid curves were calculated assuming equilibrium (Poustovetov 2000) between
olivine (Fog; and Fogz) and chromian spinel at 1213°C (seetext for details). The dotted line connectsthe core (R) and rim (S)
compositions of a chromian spinel in the experimental run. The white bar represents 20 pm.

Fe?*/(Fe?* + Mg) values of chromian spinel for each
basalt are shown onthe graphs by thelarge opentriangles
and circles. The very small circles on these graphs rep-
resent the compositions of chromian spinel from the
MORB-type basalts in the spinel database (Fig. 3;
Roeder 1994) and are shown for comparison. Each of
the graphsis accompanied by anumber of BSE images;
these demonstrate the diversity of growth formsin each
of the samples. The upper-case letters on the BSE im-
ages show the position of an electron-microprobe analy-
sis, which corresponds with the labeled symbol on the
graph. The two solid curved lines on each graph were
calculated using the equations described by Poustovetov
(2000) assuming an equilibrium between olivine and
chromian spinel at a constant temperature. These lines

arethe equivaent of the“ equipotential” linesintroduced
by Irvine (1965). The olivine composition used for the
calculation is shown beside each line; therangein oliv-
ine composition used for each sample coversthe major-
ity of olivine measured for that particular sample. The
average Ti and Fe** in the spinel for each sample were
used for the calculation. The temperature used for each
“equipotential” line was cal culated from the glass com-
position using the method of Beattie (1993) and isgiven
in each figure caption.

Basalts F2-1 and F2-2

The MORB samples F2—1 and F2-2 (Fig. 7) arefrom
the flank of the East Pacific Rise and have the highest



406

THE CANADIAN MINERALOGIST

Fic. 8. BSE images of chromian spinel in experimenta run for sample F2—1 cooled from 1225 to 1147°C over eight hours.
Other phases are glass (GL), olivine (OL) and plagioclase (PL). Lettersrefer to the locations where the analyses (crosses Fig.
7) were made. The white bar represents 20 pm.

amount of Mg in the glass (9.66 wt.% MgO) of the four
samples, and the chromian spinel from F2-1 and F2-2
are lowest in Fe**/(Fe** + Mg). Note that the chromian
spinel in sample F2 has Fe**/(Fe** + Mg) values com-
parable to the lowest Fe?*/(Fe** + Mg) of the whole
“MORB spinel” database (tiny circles). The skeletal
chromian spinel attached to olivine shown in the BSE
image of Figure 7aiszoned from aCr/(Cr + Al) of 0.46
inthe core (A) to 0.21 at therim (B), which isthe maxi-
mum range of Cr/(Cr + Al) measured for asingle crys-
tal of chromian spinel in al four basalts. Thiscrystal is
also interesting because the crystallization of the
chromian spinel may have been responsible for the
nucleation of the bleb of an immiscible sulfide melt
shown in Figure 7a. The chromian spinel shown in
Figure 7bispart of therim of the chromian spinel shown
in Figure 4. The difference in composition between the
core (Cin Fig. 7b) and the vermiform rim (D) isdistinct,
but quite small. Note in Figure 7b and 7d the develop-
ment of planar outer edges of the vermiform chromian
spinel near the glass. Thereis anatural tendency to as-
sume that concentrically zoned crystals start to form at
the core and that crystallization proceedstoward therim.
The chromian spinel in Figure 7c may indeed have crys-
tallized from the center outward, but crystals such asin
Figures 7e and 7f appear to be hopper shaped. In this
case, crystallization may well have started in the higher
Cr/(Cr + Al) zone (J) and proceeded both inward and
outward, leaving a crystal that appears in two dimen-
sions to have a hollow center. Thus one can imagine
that a concentrically zoned crystal, as seen in two di-
mensions, may have been a hopper crystal that became

filled in and that the center, the so-called core, formed
|ater than the rim.

Experimental run on F2—1

Roeder & Reynolds (1991) conducted a number of
experiments on sample F2-1 at different temperatures
and using various cooling regimes. The samples from
these experiments were re-examined as part of the
present study, and one experiment was found that has
growth habits of chromian spinel very similar to those
in the -2 lavas. Examples from this experiment are
shown in Figure 8 (a-h). Note that the crystals from the
experiment are an order of magnitude smaller than those
in the lava sample. The experiment was held at 1225°C
for 67 hours and then cooled slowly over eight hoursto
1147°C [at an f(O,) extrapolated to be the QFM buffer]
and then the sample was quenched. The results of this
experiment were not published by Roeder & Reynolds
(1991) because it was a dynamic (slowly cooled) ex-
periment.

The morphology of the grains of chromian spinel in
the experimental run are complex and varied, but com-
parable to that of crystals in the MORB samples. The
solid core and vermiform rim in Figures 8d and 8e are
very similar to those of the chromian spinel shown in
Figure 2 and Figure 7b. The complex combination of
planar faces and the openness of theinterior of thegrain
with rounded vermiform shapes are similar in the run
product (Fig. 8g) and in Figure 7a. The similarity in
form between the chromian spinel of Figures 8b, f, and
g and the chromian spinel from the podiform chromitite
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FiGc.9. Cr/(Cr + Al) versus Fe**/(Fe* + Mg) for chromian spinel in sample KBS-1 from Iceland. Photos a—f are BSE images of
chromian spinel. Open circles represent chromian spinel completely enclosed in olivine, and triangles represent chromian
spinel beside glass. Dotted line in photo a has been added to enhance the olivine—glass boundary. The two solid curves were
calculated assuming equilibrium (Poustovetov 2000) between olivine (Fogy and Fogs) and chromian spinel at 1200°C (seetext

for details).

shown in Figure 5a of Christiansen & Olesen (1990) is
striking, although they differ in size by afactor of about
1000. It was difficult to document the composition of
the vermiform part of the chromian spinel in the experi-
mental run because of the very small size of the crys-
tals. However, the vermiform parts of the chromian
spinel in the run (e.g., Fig. 8e) have a significantly
higher Fe?*/(Fe** + Mg) than the core, as shown by the
trend R-Sin Figure 7.

Basalt KBS-1

The sample KBS-1 hasthe lowest Mg content in the
glass (9.02 wt.% MgO) of the four basalts, and the

chromian spinel in KBS-1 (Fig. 9) has a higher Fe?*/
(Fe** + Mg) than the chromian spine! in the other three
samples. The chromian spinel crystalstend to be smaller
and more compact, and the range in Cr/(Cr + Al) is
lower than in the other samples. Some of the crystalsin
KBS-1 appear in transmitted light to be simple com-
pact octahedra, but the BSE images (Figs. 9a, d) show
that part of each octahedron has a vermiform texture
with ahigher Cr/(Cr + Al) value. The very local change
in habit and Cr/(Cr + Al) of thesetwo crystalsissimilar
to that of the chromian spinel in the experimental run
(Figs. 8a, b). The chromian spinel in Figure 9c seemsto
be euhedral where enclosed in olivine and plagioclase,
but vermiform and smaller where exposed to the glass.
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FiG. 10. Cr/(Cr + Al) versus Fe**/(Fe?* + Mg) for chromian spinel in sample Mid-2 from Iceland. Photos a—f are BSE images
of chromian spinel. Dotted line in photos d and f have been added to enhance the olivine—glass boundary. Symbols as in
Figure 7. Thetwo solid curveswere cal cul ated assuming equilibrium (Poustovetov 2000) between olivine (Fogo and Fogy) and

chromian spinel at 1215°C (see text for details).

The chromian spinel completely enclosed in olivine
(large circles) commonly has alower Fe2*/(Fe** + Mg)
than the chromian spinel in glass, and this is consistent
with olivine cores having a higher forsterite (FOgo-go)
content than the olivine rims (Fogs).

Basalt Mid-2

The chromian spindl crystals in the Mid-2 sample
(Fig. 10) aretypically skeletal and combine planar faces
with a vermiform texture. The planar faces commonly
are oriented toward the large open areas of glass,
whereas the vermiform texture is commonly found in
re-entrants (Figs. 10b, d—f). Careful examination of
the so-called irregular interface with the glass in

Figures 10e—f indicates aparallelism of planesthrough-
out, and thus both of these irregular chromian spinel
grains are single crystals. These two crystals seem to
have nucleated at the olivine-glassinterface and grown
outward toward the glasswith contemporaneous growth
of olivine and chromian spinel. The contrast in the BSE
images has been set to accentuate the chromian spinel
zoning; as a result, the boundary between olivine and
glass is not always easily seen. Thus a dotted line has
been added in some cases to accentuate the olivine—glass
boundary (i.e., Figs. 10d, f). Note that the measured
compositions of chromian spinel appear to form an a-
most linear array parallel to, and between, the so-called
“isopotential” curves.
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Fic. 11.  Cr/(Cr + Al) versus Fe?/(F&#* + Mg) for chromian spinel in sample Mid-P from Iceland. Open triangles represent
chromian spinel in contact with glass, and open sguares represent chromian spinel enclosed in olivine. Photos a—f are BSE
images of chromian spinel. Symbolsasin Figure 7. The two solid curves were cal cul ated assuming equilibrium (Poustovetov
2000) between olivine (Fogy and Fogy) and chromian spinel at 1202°C (see text for details).

Basalt Mid-P

Figure 11ashowsasmall portion of arelatively large
(700 wm) crystal of chromian spinel that is uniformin
composition (A, B and C) except for anarrow rim that
is strongly zoned (D—G). The other grains of chromian
spinel inthis sample vary from small octahedrato some-
what skeletal crystals. The round chromian spinel in
Figure 11c is completely surrounded by olivine, with
radial fractures that extends well into the surrounding
olivine. These fractures are commonly developed and
are caused (Wendt et al. 1998) by differentia contrac-
tion of olivine and chromian spinel upon cooling of the
rock. The chromian spinel included in olivineis almost
alwaysround or euhedral and does not display the skel-
etal, planar faces and vermiform texture that are char-

acteristic of chromian spinel directly exposed to glass.
Where the chromian spinel isonly partially included in
olivine, it is often lobate or smooth toward the olivine
(Figs. 11e-f), but skeletal and zoned toward the glass.
Also, chromian spinel shows atendency toward the ver-
miform texture in the narrow selvage of glass between
olivine and chromian spinel. The chromian spinel com-
pletely enclosed in olivine commonly has alower Fe?*/
(Fe?* + Mg) than chromian spinel exposed to glass.

Cringlass

The Cr content of the glass was carefully measured
at least 100 wm from the nearest interface with chromian
spinel for each sample. The measured Cr and standard
deviationintheglassfor thethree Icelandic samplesare
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373 (SD 30), 380 (SD 40) and 391 (SD 15) ppm. The
measured Cr for the F2 glassis 289 (SD 10) ppm. Elec-
tron-microprobe analyses were made of the glass adja-
cent and at some distance from the chromian spinel
crystals. We were particularly interested to determine
whether there were variations in the Cr content of the
glassin close proximity (10-100 pwm) to different parts
of the chromian spinel crystals. This could not be veri-
fied using the electron microprobe because of signifi-
cant secondary fluorescence of Cr in the chromian spinel
by Fein the glasswithin 100 pm of the chromian spinel
crystals. The elements other than Cr showed no signifi-
cant variation within 100 wm of the chromian spinel.

Discussion

The amount, size and shape of chromian
spinel in basaltic lava

The chromian spinel in the four lavas described in
the present study arelarger thanisfound in most basalts,
and there is also amuch greater variety of habits. These
habits, described as planar, skeletal, dendritic, vermi-
form and hopper, are in some cases found on one crys-
tal or chain of crystals. The appearance of thetexturein
two dimensions is very dependent upon the orientation
of the section through the crystal. Thus Figures 2d and
10a are considered to be sections that cut through the
vermiform portion of acrystal such asshownin Figures
2a or 4. Although the chromian spinel grains found in
thesefour lavas arerelatively large, the crystals are still
significantly smaller than the accompanying olivineand
plagioclase phenocrysts.

The small volume proportion and size of chromian
spinel in basaltic lavas have been explained (Hill &
Roeder 1974) by the large difference in solubility of Cr
in chromian spinel and coexisting melt. Thus chromian
spinel that contains 3040 wt.% Cr,O3 can be in equi-
librium with a melt that contains only 0.02-0.06 wt.%
Cr,03 (Roeder & Reynolds1991). Only asmall amount
of chromian spinel can crystallize from a melt contain-
ing so little Cr, and thus a relatively large volume of
melt isnecessary in order to crystallize chromian spinel.
For example, assuming aratio of Cr between chromian
spinel and melt of 900, and assuming that the crystalli-
zation of a grain of chromian spinel 10 wm in radius
reduces the Cr in the nearby melt by 10% (e.g., 400 to
360 ppm), it would take a sphere of melt of approxi-
mately 200 wm radius to supply the requisite Cr for the
chromian spinel. The distribution coefficients for the
other mgjor elements (Fe, Mg, Al, Ti) between chromian
spinel and melt are more than two orders of magnitude
lower than that for Cr.

Factors that control crystal morphology

The factors that are important in determining the
morphology of crystals that grow from a melt are very
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complex. Sekerka (1993) has described crystal growth
interms of the three processes, transport, capillarity and
interface kinetics. The transport processes include the
diffusion of heat and matter to and from the growing
crystal, whereas capillarity includes the forces that de-
termine the curvature and relative surface-free energy
of the various surfaces of the growing crystal. The term
interface kinetics includes those processes that deter-
mine the attachment and re-arrangement of molecules
and atoms at the crystal interface and are sensitive to
step size on thefaces. One of the most important factors
that controls both the size and shape of chromian spinel
in lavas is the very high distribution coefficient of Cr
between chromian spinel and melt. This factor in turn
makes crystal size and morphology very dependent on
the transport of Cr from the melt to the growing faces of
the crystal.

As stated in the Introduction, chromian spinel in
lavas most commonly form 5-20 wm octahedratogether
with the occasional chain of small octahedra where the
individual octahedra are attached at corners or edges.
Sekerka (1993) described how crystal growth can
change from growth on simplerational planes or facets,
to growth at corners and edges when a crystal getsto a
critical size. For a certain set of conditions, the differ-
ence in supersaturation of the melt at the corners and
the center of afacet becomes so large asto favor corner
growth. Corner or edge growth ultimately produces the
chains of chromian spinel grains. Each octahedron of
the chain is considered to grow to a certain size until
corner growth is favored, and a new octahedron of the
chain nucleates. Thus we might expect the octahedra of
achain to grow to asimilar size, except where altered
by some change in conditions, for example post-extru-
sion crystallization of groundmass (Bannister et al.
1998). Note that the chromian spinel octahedrain each
chain shown in Figure 5 are of a similar size, whereas
the octahedrain the chain shown in Figure 6 are of quite
different size. Lofgren (1974, 1980), Kirkpatrick (1975)
and Donaldson (1976) described how the morphology
of plagioclase and olivine changes from planar or tabu-
lar growth to skeletal, hopper or dendritic growth asthe
degree of undercooling increases. They explained this
change from planar to edge and corner growth by the
increased rate of growth with undercooling and the de-
creased rate of diffusion in the melt as temperature is
lowered.

The single crystals and chains described in the
present study arelarger and more skeletal than chromian
spinel found in most volcanic rocks. We ascribe this
differenceto therelatively high Mg content of the lavas
(9-10 wt.% MgO) as compared to most basalts (6-8
wt.% MgO). The higher Mg content of the melt implies
ahigher liquidustemperature, decreased viscosity of the
melt and more rapid diffusion in the melt. The differ-
ence in size of chromian spinel for different lavas must
also depend upon significant differences in the cooling
regime. For example, the large difference in size of
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chromian spinel inthe F2 lava (Fig. 7), compared to the
experimental run (Fig. 8) using the same F2 composi-
tion, is presumably dueto adifferencein cooling regime.

The metallurgical and material science literature
contain many papers that deal with facet stability and
the change from planar to cellular to dendritic growth
(e.g., O'Hara et al. 1968, Sekerka 1993, Federov &
Zhivolub 1996). Many of thetextural features described
in the present study asvermiform are very similar to the
cellular growth described for constitutional supercool-
ing of metals and for faceting on quartz and sapphire
crystals (O'Hara et al. 1968). We suggest that whereas
smaller crystals may respond to supercooling by a
change of planar to edge or corner growth, larger planar
faces may sometimes respond to increased supercool-
ing by a change to cellular growth, such as that shown
in Figures 2 and 4. The cellular growth involves mul-
tiple protuberances from the origina smooth interface.
Thus much of the center of the chromian spinel in Fig-
ures 2, 4 and 7b, d are considered to have crystallized
fairly rapidly, whereas at a greater degree of supercool-
ing, the growth of the smooth face became unsustain-
able, and growth proceeded by vermiform or cellular
growth. Thisvermiform or cellular growth was the last
stage of growth of the chromian spinel, asit is always
found as the outer rim. The faceted vermiform growth
seen in Figures 7b and 7d is consistent with that de-
scribed by O’ Hara et al. (1968) and Kirkpatrick (1975)
for cellular growth. The Cr/(Cr + Al) of the vermiform
rim is usually higher (Fisk & Bence 1980, present
study), but the change in Cr/(Cr + Al) is small.

Composition of chromian spinel and
of the coexisting melt

The relationship between the composition of
chromian spinel and the melt from which it crystallized
at equilibrium has been the focus of many experimental
studies (e.g., Hill & Roeder 1974, Walker et al. 1976,
Fisk & Bence 1980, Maurel & Maurel 19823, b, Barnes
1986, Murck & Campbell 1986, Roeder & Reynolds
1991). These experimental studies have been used to
develop thermodynamic and empirical modelsto relate
the composition of chromian spinel to a melt composi-
tion, assuming equilibrium under a certain set of condi-
tions (Sack & Ghiorso 1991, Allan 1992, Ariskin &
Nikolaev 1996, Poustovetov 2000). The goa has been
to use the composition of chromian spinel to infer its past
history assuming equilibrium between crystal and melt.

A Cr/(Cr + Al) versus Fe?*/(Fe¢* + Mg) plot of the
chromian spinel in the East Pacific Rise lava and the
three I celandic lavas has been shown in Figures 7, 9, 10
and 11. Thetemperature for each sample was cal cul ated
from the composition of the glass in equilibrium with
olivine using the equations of Beattie (1993). Since the
array of measured compositions fall within the calcu-
lated isopotential curves for the equilibrium between
olivineand chromian spinel, and assuming olivine-melt
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equilibrium in terms of Fe?*/(Fe** + Mg), we conclude
that the chromian spinel in contact with glass in these
four samplesiscloseto apparent Fe?*/(Fe** + Mg) equi-
librium with the final melt or glass composition (Roeder
& Emdlie 1970). It isalso obvious, from the varying Cr/
(Cr + Al) of chromian spinel in the glass for each
sample, that these spinel grains could not have grownin
equilibrium with the final melt composition. We sug-
gest that the chromian spinel in the glass crystallized
from amelt with aFe?*/(Fe** + Mg) close to that of the
glass, or, more likely, the Fe*/(Fe** + Mg) of the
chromian spinel in contact with glass re-equilibrated
with that melt before quenching. The major control on
the Fe?*/(F&?* + Mg) of the melt was the crystallization
of olivine or the mixing of lavas of different composi-
tion. Either very little olivine crystallized during crys-
tallization of chromian spinel or, morelikely, chromian
spinel crystallized together with olivine and the earlier-
formed chromian spinel exposed to the melt continu-
ally re-equilibrated with the changing Fe?*/(Fe?* + Mg)
of the melt. Natland (1989) described compositions of
chromian spinel from the East Pacific Rise that showed
variable Cr/(Cr + Al) but that were essentially parallel
to the calculated olivine—spinel isopotential lines of
Irvine (1965). Natland suggested that such chromian
spinel either crystallized from melts having a narrow
range of Fe?*/(Fe** + Mg) or as a result of mixing of
melts having a similar Fe*/(Fe* + Mg).

Allan (1994) found very large crystals of chromian
spinel (up to 2 mm) in glass of lavas of the Lau Basin;
the chromian spinel having a very high Cr/(Cr + Al)
value, 0.7, shows a large increase in Fe**/(Fe?* + Mg)
from core to rim without change in Cr/(Cr + Al). Allan
suggested that the Fe**/(Fe** + Mg) of the chromian
spinel partially equilibrated with the melt, but the triva-
lent cations were unable to re-equilibrate with the melt
in the available time. The data of the present study sup-
port this observation. The chromian spinel completely
enclosed in olivine commonly has alower Fe2*/(Fe** +
Mg); it is reasonable to assume that some of the
chromian spinel in contact with glass was present when
the chromian spinel in olivine was formed. Thus only
chromian spinel protected by olivine did not change its
Fe?*/(Fe** + Mg). The change in Fe2*/(Fe** + Mg) of
chromian spinel in glass occurred in response to a
changing composition of the melt primarily because of
olivine crystallization or magma mixing.

We have attributed the variety of growth formsin
these lavas to kinetic processes. Thusit is also reason-
able to assume that some of the variation in Cr/(Cr +
Al) of the chromian spinel might also be due to kinetic
processes (Thy 1983, Allan et al. 1988). We have not
seen any evidence of significant variation of glass com-
position within any of these lavas. If complete equilib-
rium had been established, al chromian spinel in the
glass should have the same Cr/(Cr + Al). If the trans-
port of Cr to the growing crystals were a rate-control-
ling variable that influenced both the morphology and
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composition of the chromian spinel, then the chromian
spinel with the lowest Cr/(Cr + Al) would not be ex-
pected to have grown in equilibrium with the bulk com-
position of the melt.

Zoning in crystals of chromian spinel

The variation of Cr/(Cr + Al) in the chromian spinel
in the four lavasis significant both within and between
crystals. This zoning may be due to magma mixing
(Allan et al. 1988, 1989), fractional crystallization, ki-
netic factors (Thy 1983, Longhi et al. 1993) or, more
likely, some combination of these processes. Webelieve
that some of the Cr/(Cr + Al) zoning is due to avaria-
tionin rate of growth in response to the degree of super-
cooling and to the rate of transport of Cr to the growing
crystal. The changing rate of crystal growth was most
likely dueto thermal perturbations, but it may also have
been due to changing liquidus temperature because of
small changes of pressure and loss of volatile compo-
nents (Hort 1997, 1998), or by magmamixing. The zon-
ing in the chromian spinel isin some cases oscillatory,
indicating turbulence and disruption of the boundary
layer surrounding the chromian spinel. Oscillatory zon-
ing also may have resulted from complex interaction
between the rate of crystal growth and rate of diffusion
through the boundary layer. The factors that are impor-
tant in describing diffusion-controlled crystallization,
such as diffusion coefficients in the melt, distribution
coefficients of elements between crystal and melt, and
rate of crystal growth have been addressed in equations
developed by Albaréde & Bottinga (1972) and Lasaga
(1981). There are, however, too many unknown factors
to be able to quantify the processes that led to the zon-
ing described in the present study.

The maximum extent of Cr/(Cr + Al) zoning of
chromian spinel for the four lavasis amost 0.30, found
in the F2 samples (Fig. 7). The Cr/(Cr + Al) zoning in
the F2 lavasissignificantly greater than that for the other
three lavas. The F2 lavas are also different in that they
contain asignificant number of plagioclase phenocrysts
that are filled with melt inclusions and contain growth
formsindicative of rapid growth (Kuritani 1999). Thus
the cooling regime of this sample may have been more
extreme than that for the other samples. We also sug-
gest that given the relative difficulty of nucleating new
crystals of plagioclase (Longhi 1992), the melt adjacent
to crystals of chromian spinel may have become super-
saturated with respect to plagioclase upon lowering tem-
perature, or changing liquidus temperature, and the
chromian spinel became much more aluminous than that
assuming local equilibrium crystallization. Thusthe Cr/
(Cr + Al) zoning in chromian spinel may have been
accentuated by the lack of local nucleation of plagio-
clase. Allan et al. (1988, 1989) explained much of the
textural and chemical complexitiesin the F2 samplesas
due to magmamixing between an evolved melt contain-
ing high-Cr/(Cr + Al) chromian spinel and amore primi-
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tive melt with lower-Cr/(Cr + Al) chromian spinel. This
hypothesis does not explain, however, the distinctly
lower Ti and Fe** in most chromian spinel with a high
Cr/(Cr + Al) value in sample F2 as compared with
chromian spinel from the more evolved samples.

Petrological implications of morphology
and zoning of chromian spinel

The use of textural criteriato explain magmatic pro-
cesses is fraught with danger because many of the de-
scriptions and arguments are qualitative. Thus atexture
such as that shown in Figures 2, 4 and 10h had previ-
ously been interpreted as areaction texture, whereaswe
have interpreted it as a growth texture. This difference
in interpretation also extends to whether the Cr/(Cr +
Al) zoning in chromian spinel is due to variation in the
bulk composition of the melt or, as we contend, duein
part to very local (micrometer scale) diffusion-con-
trolled crystallization that accompanies variation in de-
gree of supercooling.

The solid curves shown in Figure 3 represent the
common trends of changing composition of chromian
spinel in basaltic and andesitic lavas. The P-X trend
represents the change expected in chromian spinel if the
crystallization of olivine significantly increasesthe Fe?*/
(Fe* + Mg) of the melt. The evidence for thistrend in
the present study is the lower Fe?* /(Fe** + Mg) of
chromian spinel completely enclosed within olivine as
compared to chromian spinel in contact with glass. The
position and extent of the X-Y trend in Figure 3 have
been drawn consistent with the olivine (Fogg) —
chromian spinel equipotential curve for the chromian
spinel in the F2 lava, which is the most primitive, hav-
ing the lowest Fe**/(Fe?* + Mg) of the four lavas. The
large range of Cr/(Cr + Al) in the chromian spinel of a
single lava, X-Y for sample F2, is striking when com-
pared to the range found for al the MORB samples
(Fig. 3). The XY trend of variable Cr/(Cr + Al) at ap-
proximately constant Fe?*/(Fe?* + Mg) of the melt could
be attributed to diffusion-controlled crystallization of
chromian spinel, fractional crystallization of plagioclase
or chromian spinel, or to mixing a more primitive melt
with amore evolved melt of equal Fe**/(Fe** + Mg). Thus
the change in Cr/(Cr + Al) of chromian spinel could
represent only avery local change in melt composition
due to growth of chromian spinel or to a more genera
change in magma composition. Although the chromian
spinel may have a composition that now lies along an
X=Y trend, it may have partialy formed at lower values
of Fe*/(Fe?* + Mg) but continually re-equilibrated its
Fe?*/(Fe?t + Mg) with the melt before quenching. Re-
peated turbulence and disruption of the melt boundary-
layer around chromian spinel and changing growth-rate
may produce what appears to be oscillatory zoning.

The R—-Sand T-V trends on Figure 3 are not seenin
the samples used in the present study because these
trends are only found in lavas that cooled relatively
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slowly. The R-S trend is very common for chromian
spinel in volcanic rocks (Roeder 1994) and is consid-
ered to result from simultaneous crystallization of pla-
gioclase and olivine, commonly due to groundmass
crystallization (Bannister et al. 1998). The experimen-
tal run using the F2 composition resulted in significant
crystallization of olivine and plagioclase, which pro-
duced the R-Strend in chromian spinel (dashed linein
Fig. 7). Once pyroxene crystallizes and removes Cr from
the melt, the chromian spinel changes composition
along atrend similar to T-U (Fig. 3) toward magnetite,
with a low Cr/(Cr + Al), or at some stage the spinel
phase becomes unstable and ceases to crystallize (Hill
& Roeder 1974).

The large difference in Cr/(Cr + Al) of chromian
spinel in zones within 5 wm of each other suggests that
the crystals of chromian spinel in the lava could not have
remained very long at the high temperatures (1150—
1225°C) at which the chromian spinel formed. There
are no reliable quantitative data on the magnitude of the
diffusion coefficients for Cr and Al in chromian spinel
at magmatic temperatures. However, from experience
observing experimental runs, we concludethat the sharp
Cr/(Cr + Al) discontinuity seen in some crystals could
not have been maintained for many hours before
guenching. This conclusion also implies that the
chromian spinel crystallized over arelatively short time-
interval. We have concluded that diffusion-controlled
crystallization wasresponsible for the variety of growth
forms and may also have been responsible for some of
the zoning of the crystals. Therelatively rapid diffusion
of speciesin the basaltic melt (assuming D in the range
10 — 108 cm?s at 1200°C) leads to the conclusion
that the growth of some of these crystals probably
happened over atime span of hoursto afew days. This
inference is consistent with the much smaller growth-
formsfound in chromian spinel in the experimental run,
which was cooled over 8 hoursfrom 1225°Cto 1147°C.

It has been suggested that some of the variation in
Cr/(Cr + Al) of the chromian spinel may be due to ki-
netic factors, and not to changes in the bulk composi-
tion of the melt. If this explanation is correct, then it is
necessary to re-evaluate the role of zoning as a petroge-
netic indicator of changing bulk-composition of the melt
or changing total pressure. Although the zoninginterms
of Cr/(Cr + Al) in chromian spinel may not be as useful
in evaluating changing bulk-composition of the melt, it
may, in the future, enable petrologists to better under-
stand the immediate pre-eruption thermal and composi-
tional history of basaltic lavas. Knowledge of the
differential diffusion-coefficientsfor Cr and Al, and Fe
and Mg, in both basaltic melt and in chromian spinel,
should enable petrologists to estimate the maximum
time needed for the crystals to grow and the maximum
timethat the crystalsremained at closeto liquidus tem-
peratures before quenching, using equations similar to
those developed by Albaréde & Bottinga (1972) and
Lasaga (1981).
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According to our interpretation of the crystallization
of chromian spinel in these lavas, there are three fairly
distinctive textural modes of chromian spinel that can
be placed in a temporal sequence. The earliest period
(A) is represented by the crystallization of olivine and
relatively small euhedraof chromian spinel under fairly
stable thermal conditions from amagma of lower Fe?*/
(F&#* + Mg) than the glass. The lines of evidence for
this period are the lower Fe?*/(Fe** + Mg) of the
chromian spinel within magnesian olivine and the high
Cr/(Cr + Al) core (A) of crystals, such as shown in Fig-
ures 2a, b and 7a. The second period (B) is one of rapid
growth of both olivine and chromian spinel, leading to
large skeletal and zoned olivine and chromian spinel,
which is interpreted to reflect the period when the
magma is moving toward the Earth’s surface. An ex-
ample of simultaneous growth of olivine and chromian
spinel during stage B is shown in Figure 2c. The crys-
tallization of olivine increases the Fe?*/(F&2* + Mg) of
the magma and of the chromian spinel crystals. It is
during this period of fairly rapid growth and zoning to a
lower Cr/(Cr + Al) that the cores such as B in Figure 2
are formed. Some cores (Fig. 4) have holes, which re-
flect relatively rapid growth of hopper-like crystals. The
third period is one of a change in the rate and style of
growth, leading to the vermiform rim (C in Fig. 2). We
believethat this stage results from the breakdown of the
relatively smooth interface between chromian spinel and
melt to a type of cellular growth because diffusion in
themelt isno longer able to support growth of asmooth
interface. This change in growth rate may happen when
the magmaiis relatively closeto, or on, the Earth’s sur-
face. Thethird period, involving vermiform growth (C)
may be dueto agreater undercooling of the melt, and is
the last period of growth before quenching. All three
zones of chromian spinel may re-equilibrate in terms of
Fe?*/(Fe?+ + Mg) with the last melt, depending upon the
shape of the crystals, the proximity and local mixing of
melt and the length of time exposed to that melt.

The variation in composition of chromian spinel in
lavas can give valuable information about the changing
state of the whole magma due to processes such as dif-
ferentiation and magma mixing. However, it is also
important to consider the effect of local environment
around the chromian spinel and kinetic processes, such
asdiffusion-controlled crystallization. The useful ness of
the morphology and composition of chromian spinel as
apetrogenetic indicator also appliesto chromian spinel
that crystallizesfairly rapidly in chondrules from mete-
orites (Ramdohr 1973, Jones 1990, Johnson & Prinz
1991, McCoy et al. 1991, Krot et al. 1993) and in
kimberlites (Pasteris 1983, Armstrong et al. 1997). Al-
though the crystals of chromian spinel are very small
and few in number, this mineral has much to tell us
about the magmatic history of asample. This statement
also applies to the much larger skeletal crystals of
chromian spinel that have been reported (Greenbaum
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1977, Christiansen & Olesen 1990) from podiform
chromitites associated with ophiolites.

CONCLUSIONS

The four MORB lavas considered in the present
study are unique in the variety of growth forms of the
chromian spinel, therelatively large size of the crystals
compared to those in most basaltic lavas, and the large
range in their Cr/(Cr + Al) values. The four lavas are
also distinctive in that the Mg content of the glass is
high compared to other basalts, and thus the tempera-
turewasrelatively high and the viscosity relatively low.
The textural and compositional variability of the
chromian spinel in these lavas is mainly the result of
relatively rapid crystallization over afew hoursto days
before eruption. We contend that the chromian spinel
shows a large variation in Cr/(Cr + Al) in part because
of diffusion-controlled crystallization due to the large
difference in distribution coefficient of Al and Cr be-
tween chromian spinel and melt. It isnot possible, how-
ever, to say how much of the variability in the Cr/(Cr +
Al) of chromian spinel in these samplesisdue to diffu-
sion-controlled crystallization and how much is due to
mixing of magmas just prior to eruption or fractiona
crystallization of the phenocryst phases. During thetime
that the chromian spinel crystallized there was achange
in the Fe?*/(Fe** + Mg) of the bulk melt due to olivine
crystallization; the chromian spinel in contact with melt
re-equilibrated, leading to changesin Fe?*/(Fe&?* + Mg).
Thisreconstruction is confirmed by the close correspon-
dence of the composition of chromian spinel to the cal-
culated olivine-spinel “equipotential” curves on the
graphs of Cr/(Cr + Al) versus Fe**/(F€®* + Mg). The
presence of chains of chromian spinel in these and other
basdltic lavasis another indication of the common ten-
dency for diffusion-controlled crystallization of
chromian spinel in lavas.
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