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ABSTRACT 

729 

Chromite. spine) and mag11etite compositions from a wide range of geological environments have been accumulated from 
published and unpublished sources in order to better characterize the spinel-group mineral as a function of environment of 
fonnation. Approximately 17 000 analyses have been included in a spine! database. The factors that control the crysrallization 
of spinel-group minerals from a basaltic melt are discussed, and their composition is compared for rocks from various 
terrestrial environments, including mid-ocean-ridge basalts. ocean-island basalts, boninites. ophiol ites, mantle xenol iths and 
kimberlites. The variation in composition of the spinel-group minerals from terrestrial sources are then compared to that in 
chondritic meteor ites. The composition of chromite in unequilibrated chondrites is consistent wirh crystall ization from a 
chondritic melt , whereas its composition in equilibrated chondrites is consistent with metamorphism at temperatures in the 
range of 600-800°C. 

Keywords: chromite, magnetite, spinet. analyses. database, basalt, chondrite. 

SOMMAIRE 

Des donnees portant sur la composition chimique de la chromite. du spinelle et de la magnetite provenant d' une tres grande 
diversite de milieux geologiques ont ete accumulees de sources dans la litterature ou non publiees. afin de micux caracteriser la 
composition des mineraux du groupe du spinelle en fonction du milieu de leur croissance. Environ 17 000 compositions se 
trouvent actuellement dans la banque de donnees. Les facteurs qui regissent la cristallisation de ces mineraux a pattir d'un 
liquide basaltique sont compares dans le cas de roches provenant de divers milieux terrestres, y inclus Jes basaltes de cretes 
medio-oceaniques, Jes basaltes d'Hes occaniques. les boninites. Jes ophiolites, les xenolithes du manteau, et Jes kimberlites. 
Les variations en composition des mineraux du groupe du spinelle de ces milieux sont ensuite compan:es aux variations qui 
caracterisent ces mineraux dans les meteorites chondritiques. La composition de la chromite des chondrites non equilibrees 
concorde avec sa cristallisation a partir d' un liquide chondritique. tandis que la composition de la chromite des chondrites 
equilibrees indique un re-equilibrage metamorphique dans l'intervalle 600-800°C. 

(Traduit par la Redaction) 

Mots-cles: chromite, magnetite. spinelle, donnees chimiques. banque de donnees, basalte, chondrite. 

1 Delivered as the Presidential Address, Mineralogical Association of Canada, at WaterlO(l, Ontario. on May 17th, 1994. at the 
annual joint meeting of the Mineralogical Association of Canada and the Geological Association of Canada. 



TIie CANADIAN ~lfNf-R.\Llll,J~I 

INTRODUCTION 

I have spent much of the last 1en years s1t1d} ing the 
composition of the spinel-group minerals and the geo­
logical conditions under which these minerals formed. 
This study has enabled me to use these minerals as the 
"vehicle'· to Lraverse four and a half billion years from 
the time of chondrule formation, predating the forma­
tion of the Earth, to the form:llion of the 1959 Ki lauea 
Iki lava lake. 

Chromite is one of the first minerals to crystallize 
from basaltic melts. and its stability under a range 
of geological conditions has made it useful as an 
indicator of mag mat ic conditi o ns at tl1e time o f 
initial crystallization. Chrom ite c rystalli zes w ith 
the spine! structure. Like magnetite and spine!. it can 

F10 . I . Photomicrographs in 
transmitted light of a 
sample from the Kilauea 
Iki lava lake (sample 
Kl75- l-1 41.S) drilled in 
1975 (Scowen er al. 
199 1 ) . W idth of fie ld: 
9 mm. A. Large pheno­
crysts of olivine comain­
ing small opaque crysrals 
of chromite and surround­
ed by small crys tals of 
clinopyroxene and plagio­
clase laths in a matrix o f 
gl:.ss. B . An opaque crys­
tal of chromite surround­
ed by a rim of clinopy­
ro xen e in a matr ix of 
glass. Large clear pheno­
crysts of olivine also are 
surrounded by clino­
pyroxene. 

b~ cxpres~ed us a con1p\e>.. ~olid-so\ution nf the ox\de~ .•• 
• ,r ..:lu -.7t11i\11U, '-'h,lllllllUIII, llhlt'lll":"llUIII. ll"I HlU~ llllll. 

ferric iron and ti1anium. The extensive ~nlid-solutinn 
among the spinc l-group minerals commonly kad~ , 
to con fus io n in naming these minerals. 1 w i ll 
generally use the term spi11<'i to indudc al l the spincl­
group minerals. and only rarely ,1 ill I m,c the rcnn 

spi11e/ for the t\lgAIP4-rich end member. There ha\'e 
been many attempts tn relate the composition 
or chromite to the co111positio11 nf the melt from 
which it crystallized. This paper will focus on the 
range in composition of chromite. nrngnctitc and 
~pine! found in nature. and on ho\\ the chromite that is 
normally fou nd in rocks on earth compares with that 
found in chondrites that prl!date the formation of the 
earth. 
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C11RmllTE 0:--l EARTH 

The chromite that crystallizes in basaltic rocks is 
almost always associated with olivine (Fig. I). The 
small size of the early crystals and the small amount of 
chromite relative to other early-crystallizing phases 
arc largely due to the very low solubility (a few 
hundred ppm) of chromium in most basaltic melts. 
The solubility in basaltic melts of chromium, and also 
iron, is very sensitive to the oxygen fugacity (Hill & 
Roeder 197-t Roeder & Reynolds 1991 ). The '.'.+ 
oxidation state of chromium. like iron. is more soluble 
(Roeder & Reynolds 1991) than the 3+ state. and thus 
the very low oxygen fugacity of the basaltic melts 
on thc lunar surface resulted in melts with higher 
chromium and iron contents. Chromite and olivine not 
only share the role of early cocry~tallizing phases. but 
both minerals tend 10 react with the melt at some stage 
and be replaced by pyroxene (Irvine 1965. 1967). An 
example of this reac1ion is shown in Figure I B, where 
both ol ivine anti chromite are surrounded by clinopy­
roxenc. As the melt produced by fractional cr}l>talliza­
tion of basalt becomes higher in iron. both a fayalitic 
ol ivine and a spinc::1 phase, magnc1i1e. can re1urn as 
crys tallizing phases. The reaction of early chromite 
with melt to produce a pyroxene. with a chromium 
content greater than that of the melt. was elegantly 
described by Irvine. and shown experimentally by Hill 
& Roeder (1974). Thus chromite in igneous rocks is 
more often found ussociated with fors teritic o livine 
and calcic plagioclase than with pyroxene. 

f,,Jy interest in chromite and the other spinet-group 
minerals has been mainly from the perspective of an 
experimental pe1rologist u·ying LO c.luplicatc and quan­
ti fy the relationship between the spine! and the melt 
from which it crystallized. Aftcr completion of an 
experimental study on the relationship of chromi1e 10 
basaltic melt (Roeder & Reynolc.ls 1991). I decided 
to examine the variabili ty of the composition of 
chromite, magnetic.:: and spine] found in nature by 
comparing analytical data for chromite. magnetite and 
spine) from as many different geological environments 
as posl>ible. Considerable time was spent writing suit­
able computer software for organizing and graphing 
thest: compositional parameters before entering the 
resu lts of 1he chemical analyses of spine). chromite 
and magnetite into the database. I hope that this data­
base can be used. by myself and others. to explore the 
po1cntial of spinel-group minerals for a determination 
of the environment of ini tial crystall ization and later 
processes that can modify spine! compositions. This 
ambitious goal has been enunciated by many 
researchers (e.g., Irvine 1965. 1967, Sigurdsson & 
Schilling 1976, Groves et al. ) 977, Eales et al. 1980. 
Kum,giza 1981, D ick & B ullen 1984, D ick 1989), and 
the present study i.~ one step toward this goal. 

At the present time. the results or more than 17 (JOO 
analyses of spine! have been included in this database. 

These analytical data are mainly from the published 
literature. although some are from unpublished theses 
and other unpublished sources. All the an:11) tical data 
were included in the database by myself. so that I 
coulc.l compare and judge their suitability. Only a very 
few analyses (< I%) were n:jccted. The survey of the 
litcra1ure is far from complete. mainly because of 
\\'Cariness of the author. but it is estimated that more 
than two thirds of the publi,hed compositions of 
spine! have been included. There wa, a specific 
attempt to sur\'ey the many diverse disc iplines in 
geology for data on spinel. The database and 1hc com­
puter software <DOS) to acce~~ both the compositional 
data and the references, anc.l the soft\\'are to plot 
various functions. arc avai lable on three disks (3.5'') 
from the author. The list of sources ( more than 900) of 
the analytical data is too long to be included in the 
reference list at the end of this paper: it i~ a,·ailable on 
di,k from the author. 

A useful method of comparing spine) composi1ions 
i~ to plot Cr/(Cr + Al) and Fe3+/(Feh + Al + Cr) 
rer.ws Fe~+/(Fe~+ + l\'lg). The distribution of spine) 
compositions ,hown in Figures '.'. and 3 i, probably a 
fair reflection of the variation of spine! found in 
n:iture. or at least of those spincls that geologists h:m: 
chosen to analyze.'!. The spine! structure is sufficiently 
flexible that solid solution is possible O\er much of the 
range in composition shown in the~e two diagrams. 
These diagram, c.lo not, however, show the varia1ion of 
other important subst ituting elements. such as T i. V 
and Zn. It is assumed in this paper that the chemical 
variation of ,pine) in the database is mainly a reflec­
tion of the chemical environment of the rocks in which 
spine! is a phase: an attempt b m,1de to suggest some 
generalizations ahout how th.: composition of spine! 
can be used as a guide to the general geological envi­
ronment in which it crystallizel>. 

The large concentration of points at thc left and 
cenler of Figure 2 anti at the bonom h:fl in Pigure 3 is 
due lo chromite f'rom igneou~ rocks. The most magnc­
, ian composition~ are those usually found in chromite 
a,sociatcd with forsteritic olivine in primitive basaltic 
rocks. mantle peridotite and chromitite. The concen­
lrntion of compo,itions at the upper right of Figure 2 
is due to magnetite from metamorphic rocks, and 
those compositions that fall in the lower right of 
Figure 2 are mainly due to magnetite found in fresh 
igneous rocks. The paucity of composition, between 
chromite and igneous magnetite is considered to be 
due to the hiaws in the crystallizution of chromite and 
magnetite caused by reaction and the crystallization of 
clinopyroxene. The lack of data points between alumi­
nous spine] [low Cr/(Cr + Al)) and igneous magnetite 
is due to the limited solid-solution between aluminates 
unJ ft:rrite~ ul Lhc tcmpcrmur..:~ found in mnure (SacJ.. 
& Ghiorso 1991 ), 

Irvine ( 1965. 1967) presented. in two clas,ic papers 
on the spine! minerals. a number of equations by 
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samples of spine! in the database. 

wh ich the variation in spinel compos1t1011 can be 
described. He showed how the composition of spine! 
in equi librium with olivine of fixed composition, at 
constant temperature and constant content of ferric 
iron, could be described by a line in a diagram of 
Cr/(Cr + Al) versus Fe2+/(Fe2+ + Mg). Four such lines 
are shown in Figure 4. These lines were calculated 
using the equations and computer program of Sack & 
Ghiorso (1991), and assuming Fe3+/(fe'>+ +Al + Cr) = 
0.05 for the spine!. The temperature and forsterite con­
tent of the coexisting olivine are shown at the top of 
each l ine. Irvine described how the composition 
of coexisting o ]jvinc an d spinel could be u sed as a 
geothermometer. An example is s hown by the two 
left-hand lines on Figure 4. Thus if a small amount of 
spine] is allowed to equilibrate with a large amount 
of olivine of composition Fo90 as the temperature is 
lowered from 1300°C to 1000°C, the Fe2+/(Fe2+ + Mg) 
of the spinel changes from that of the l 300°C line to 
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Fto. 3. Fe3•/(Fe3• + Al + Cr) versus Fe2+/(Fe2+ + Mg) plot of 

16 093 samples of spincl in the database. 

that of the 1000°C line on Figure 4. The left-hand line 
is essentially parallel to the most magnesian composi­
tion of spinel and chromite in the database; the com­
position of olivine in the mantle is probably the major 
control on the maximum Mg content of igneous 
chromite. Thus one might expect that the chromite that 
crystallizes from the most primitive basalt, that closest 
to being in equilibrium with the mantle peridotite from 
which it was derived, will have the lowest Fe2+/(Fe2+ + 
Mg). The composition of chromite depends on the 
composition of the melt. As the melt changes compo­
sition during the crystallization of olivine, plagioclase, 
pyroxene and chron1ite

1 
so a lso \\, i ll the chron,ite 

change composition. A~ an example, I have shown by 
three short anows on Figure 4 the change in chromite 
that might be expected by the cocrystallization from a 
basaltic melt of chromite and olivine (OL), chromite 
and plagioclase (PL), and chrom ite and pyroxene 
(PY). I have also showo. by the solid curve with fotu-
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& Ghiorso (1 99 1) and assumes that the spinet has a Fe3•/(Fe3• + A l + C r) value of 
0.05. See the text for an explanation of the other lines. 
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arrows. a possible path of chromite crystallization due 
to the cocrystallization of olivine. plagioclase and 
chromite. Once pyroxene becomes a dominant phase 
a nd thus removes chromium from t he melt. the 
chromite ceases to crystallize. as represented by 
the dashed curve with arrows. When the melt becomes 
e miched in clements such as Fe2+. Fe3+, Ti and V, 
magnetite may start to crystallize. as shown by the end 
of the solid curved line in the lower right of Figure 4. 
T he igneous magnetite will almost always have a low 
Cr/(Cr + Al) because the melt at this stage has a very 
low Cr (<100 ppm) content, but s till contains consid­
erable Al (>10 wt.% Alp3). The gap in composition 
between the crystal lization of chromite and magnetite 
is schematically shown in Figure 4 by the mt:dium­
heavy dashed lines labeled ··SPINEL GAP ... It should 
be emphasized tha t a spine! having a composition 
with in this gap can be a stable phase, but is not usually 
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island basalts (solid dots) and mid-ocean-ridge basalts 
(crosses). 

stable in the presence of clinopyroxene and melt. The 
trend in the composition of chromite and the gap in 
the composition of the spineb will be very di fferent 
for each melt and for different conditions of oxygen 
fugacity (Hill & Roeder 197-+) and pressure. Thus the 
trends shown in Figure 4 are only meant for illustra­
tive purposes. 

An example of spine! compos itions from three 
easily identifiable kinds of basalts found in ocean 
basins is shown in Figures 5 and 6 . The chromite from 
boninites has the highest Cr/(Cr+AI). and the chromite 
from mid-ocean-ridge basalt (MORB) has the greates t 
range and the lowest absolute Cr/(Cr + A l l.The 
common wisdom (e.g. . Dick 1976. 1977. Fujii 1989) 
is that the Cr/(Cr + Al) of chromite in primitive basalts 
is a reflection of the extent o r depletion of the mantle 
peridotite source. The lowest Cr/(Cr + Al) value of 
spine! in basalt reflects a peridotite source that has not 
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spine! samples from boniniLic basalt s (open squ.ires), 
ocean-island basalts (solid dots) and mid-ocean-ridge 
basalts ( crosse.s ). 
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seen a previous generation of melting, and thus there 
is considerable A l available in the peridotite. mainly in 
c linopyroxt:nc . for the melt. The high Cr/(Cr + Al) 
in chromite from boninitcs may reflect the large 
amount or melting in the mantle pcridotite that pro­
duced the boninitic melt. Note the low Cr/(Cr + Al) in 
the magnetite. and also note that there are some com­
pos itions in the n:gion of the so-called ~pine! gap. 
Most examples of spine! from volcanic rocks that fall 
in th is region crystallizetl during the cooling of the 

Fe3 

flow, when conditions are far from equilibrium . T hus 
spine! that has a composition within the so-called 
spine! gap can be a stable phase, but not stable at equi­
librium in the presence of melt and clinopyroxene. 
This gap in composition of spine] crystallization is 
also shown in Figure 6 by the few data points between 
Fe3+/(Fe3

+ + Al + Cr) values of 0.3 and 0.8. 
The range in composition of spine! in terms of 

Cr - Al - Fe3• is shown in Figures 7 and 8. There are 
few examples of ~pine! between Al and Fe3+ at low 
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FIG. 7. Cr - Al - Fe3+ plot of 
all spinel samples in the 
database. 

Fro . 8. Cr - Al - Fe3+ plot of 
spinel samples from 
bunini tic basalts (op en 
squa res). ocean- island 
basalts (solid dots) and 
mid-ocean-ridge basalts 
(crosses). 
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values of Cr because of limited solid-solution between 
aluminates and ferrites (Mattioli & Wood 1988, Nell 
& Wood l989, Sack & Ghiorso 1991) even at temper­
atures of the basaltic melt (Fig. 8). The few data points 
shown in this range o n Figure 7 are mainly due to 
spine) that is rich in Ti. The solid solution between 
aluminates and ferrites becomes quite limited under 
metamorphic conditions, and the spine) compositions 
along the Cr- Fe3+ join in Figure 7 are mainly from 
metamorphosed igneous rocks. One result of meta• 
morphic reactions that involve chromite is the forma­
tion of a rim of ·•ferritchromit" (Onyeagocha 1974, 
Bl iss & MacLean 1975). Such "ferritchromi t .. has 
a low-Al composition clo~e to the Cr- Fe3+ join; it 
is commonly fo und as a rim on chromite . with a 
sharply defined boundary between the chromite core 
and the rim. The difference in the Al content of 
magnetite from fresh igneous basalt and that from 
metamorphosed igneous rocks is shown by the differ-
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spine! samples from ophiol ites (solid dots) and chromi­
tites (open squares). 

ence in the concentration of points at the Fe3+ apex of 
Figures 7 and 8. Examples of magnetite from unal­
tered oceanic basalts (Fig. 8) all fall near the Fe3+ - Al 
join at the Fe3+ apex. whereas the large number of 
magnetite compositions in Figure 7 that are near the 
Fe.l+_Cr join at the Fe3+ apex are from igneous rocks 
that have been altered or metamorphosed to the green­
schist or amphibolite facies. 

Spine! compositions from some plutonic rocks are 
shown in Figures 9 and 10. The spine! present in the 
ophio li te samples (filled circles) is mainly from 
the mantle section and lower crust section of ophio­
litcs. The chromite in chromitilcs (squares) commonly 
has a high Cr/(Cr + Al) value and a low Fe2+/(Fe2+ + 
Mg) value. The chromite that occurs as disseminated 
grains in low concentration commonly increases in 
Fe2+/(Fe2+ + Mg) during slow cooling. by equil ibration 
with coexisting silicates, such as olivine, and thus does 
not reflect a magmatic composition (Roeder & 
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samples from xcnoliths found in alkali basalts and kim­
berl ites. 

Campbell 1985) . Most massive cbromitite has 
chromite with a low Fe2+/(Fe2+ + !Vig) value, which 
may be close 10 that produced at magmatic tempera­
tures. This inference can be made because of the large 
amount of chromite relative to the amount of silicate; 
thus there is little chance for subsolidus equilibration 
of Fe2+/(Fe2+ + Mg) in chromite. The best information 
concerning the composition of spinel found in mantle 
peridotite is that from ophio lites and from ma ntle 
xenoli ths brought to the surface of the earth by 
kimberlites and by alkali basalt volcanism (Figs. 11. 
12). Generally, lherzolite contains spine) wi th the 
lowest C r/(Cr + Al) value. and harzburgite and dunite 
contain chromite with the highest Cr/(Cr + Al) value. 
The major concentration of spine! a nd chromite in 
figure 11 is parallel to the lefl-hand line or {.;Un~ttrnt 
olivine composition shown in Figure 4. and is a reflec­
tion of how forsteritic olivine controls the Fe2+/(Fe2+ + 
Mg) value of dispersed grains of spine[ in mantle peri-
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spine! samples from xenoliths found in alkali basalts and 
kimberlites. 

dotite. The high concentration of spine! data points of 
very low Cr/(Cr + Al) found in lherzolite (Fig. 11) is 
considered to reflect samples that equilibrated at a 
temperature well below the peridotite solidus. Under 
these conditions, the solubility of Al in pyroxene is 
limited, and there is probably more spine!, and more 
aluminous spine!, than would be present in the same 
sample at the temperature of the peridotite solidus in 
equi librium with basaltic melt. The range in Fe3+/ 
(Fe3+ + Al + Cr) values of the spine! in the xenoliths 
(Fig. 12) is, surprisingly, quite similar 10 the range for 
that in oceanic basalts (Fig. 6). 

Many of the xenoliths whose spine! is plotted in 
Figures 11 and I 2 were transported to the surface by 
kimberlitic melts. The composit ion of spine! found in 
kin1berlite, other than that found in xenocrysts. is 
shown in Figures 13 and 14. It commonly is impos­
sible to distinguish spine! that crystallized from a 
kimberlitic melt from xenocrysts that resulted from the 
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breakup of xenoliths in the melt. Thus Figures 13 and 
14 contain a range of samples from xenocrysts to 
chromite that crystallized from the kimberlitic melt. 
The large concentration of chromite compositions in 
the ranges 0.6 < Cr/(Cr + Al) < 1.0 (Fig. 13) and 
0 < Fe3•t(Fe3+ +Al+ Cr) < 0.2 (Fig. 14) at a value of 
Fe2+/(Fe2+ + Mg) between 0.2 and 0 .6 probably 
pertains mainly to xenocrystic chromite. The change 
in compos ition of chromite (Pasteris 1980. Mitchell 
I 986. Hall 1991) crystallizing from kimberlitic melts 
is very different from the change in composition of 
chromite crystal lizing in basaltic melts. Chromite in 
basaltic melts usually increases in f'c'•t(Fe0

• -t Mg) 
(Fig. 4) during crystallization of the melt, and shows a 
gradual increase in Fe3+/(Fe3+ -t Al -t Cr) with increas­
ing Fe2+/(Fe2+ + Mg) . The major change in the 
chromite crystallizing from a kimberl ititc melt is a 
decrease in Cr/(Cr + Al) and an increase in Fe3+/ 
(Fe3+ + Al + Cr) at an almost constan t value of 
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spinel samples from kimberlites. 

Fe2+/(Fe2+ + Mg). This is probably due to a major oxi­
dation event during the late stages of crystallization of 
the kimberlitic melt. Thus much of the ferrous iron is 
converted to ferric iron while the Mg content of the 
melt remained relatively high. This oxidation is most 
likely due to the large evolution of gas during the late 
stage of kimberlitic intrusion near the Earth' s surface 
(Mitchell 1986). Thus some of the late-stage spine! 
from kimbcrlites changes toward magne.sioferrite. 
which is located at the upper-left corner of Figure 14. 
and magnetite, which is located at the upper-right 
corner. An important component of spine! in kimber­
lilc is Litanium. Figure l 5 shows Fe0+. Fe'• and Ti of 
kimberlitic and oceanic-basalt spine!. The line 
between ulvospinel and magnetite has been shown for 
reference. Most of the spine! compositions above this 
line (Fig. 15A) are strongly oxidized and thus contain 
a rnagnesioferrite component. 

The igneous evolution of chromite and magnetite in 
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FIG. 15. Fe1+ - Fe3+ - Ti plot of spine! samples from kimberlites (A) and from oce,mic: 
basalts (B). that include bon initic basalts (open squares). o..:ean-is lund basalts (solid 
clots) and mid-ocean-ri cJge hasal1s (crosses) . 

te rrestrial samples is in a b road sense fai rly well 
understood; many investigators have used the compo­
sition of chromite in igneous and metamorphic rocks 
in order to reconstruct the igneous history. C hromite is 
in many cases the o nly igneous mineral that seems to 
have survived serpentinization and other metamorphic 
reac tions; however, this may be more apparent than 
real. Thus in metamorphosed samples. the core of 
chromite that is surrounded by ·•ferritchromit" com­
monly is interpreted as having a composition that may 
be essentially unchanged in Cr/(Cr + Al) from that 
when it crystall ized from a melt. However. I believe 
that the Cr/(Cr + AIJ value of chromite may change in 
response to metamorphism and formation of the 
fcrrian c hromite rim. It is known that the Fe~+/(Fe2+ + 
Mg) of disseminated chromite re-equil ibrales quite 
readily with surrou nding sil icates . as shown in the 
d iscussion of Figure 4 . lt has also been shown 
(Scowen et al. 199 1) that the chromite trapped within 
olivine in the Kileaua lki lava lake has changed com-

posmon in response to the c hanging composition of 
the me lt outside the olivine as temperature dropped 
from about 120U°C to below I IU0°C over a period of 
about twenty years. l have been s low to realize that 
although chromite is usually thought of as an igneous 
mineral. the composition of c hromite has often had 
adequate opportunity to change its composition since 
initial crystal lization from a melt. This may be good 
news for metamorphic petrologists. but bad news for 
igneous petrologists. 

CI IRmllTE IN CHO.\JDRITI::~ 

When I started preparing for this Presidential 
Address, I decided to use my experience with the com­
position of chromite. magnetite and spine! tu examine 
these minerals in an environment completely new to 
me and to most mineralogists and igneous petrologists, 
that of chondrules in chondritic meteorites. Chondritcs 
are stony meteorites that represent the only material 
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F1G. 16. Type-II porphyritic olivine chondrules in the Semarkona unequilibratecl chondrite: back-scattered electron images. 
A. Chondrule Cl I . wirh zoned phcnocrysts of olivine set in a mesostasis of glass and fine crystallites. B. Chondru le 51. 
with zoned phenocrysts of olivine. a small crystal of chromite ("C") and a small crystal of augite ("A .. ) in mesostas is . Scale 
bar: 200 µm. The photos are reprinted from Jones ( 1991 ) with permission (see Acknowledgements). 

F1G. 17. Type-II porphyritic olivine chondrules in the Semarkona unequilibrated chondrite. A . Back-scattered electron image 
showing mesostasis texture between olivine phenocrysts in chondrule Cl I. B. Transmitted-light photomicrograph that 
shows olivine phenocrysts in a mesostasis containing smal l crystals of chromite (arrows). Scale bar: I 00 µm. The photos 
are reprinted from Jones ( 1991) with pem1ission (see Acknowledgements). 
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FIG. 18. A metamorphosed chondrule from the Bachmut chondrite. Reflected-light photomicrogragh showing radiating crystals 
of albite with small crystals of chromite between the albite crystals, set in a fine-grained matrix. The photo is reprinted 
from Ramdohr (1973) with permission (see Acknowledgements). 

available to help us understand the prepla netary 
history of the solar system. I would like to describe 
how the chemistry o f c hromite and spinet in these 
rocks bears on the processes involved. I will draw 
freely from the many excellent studies on chondritcs. 
particularly studies by Van Schmus er al. ( 1967). 
Snetsinger er al. (1967), Bunch et al. ( 1967). Ramdohr 
(1967, 1973). Dodd ( 1981), Wlotzka ( 1987), Jones 
( 1990), Wasson ( 1993) and Krot ei al. ( 1993 ) . 
Chondrites generally contain fragmental material and 
chondrules. which are round bodies (Figs. 16. 17) of 
millimeter and submillimeter size that were once 
molten and were heated rapidly and cooled rapidly. 
T he chondrules plus the fragmental matrix probably 
accumulated on asteroid-size bodies in a thick blanket 
that cooled slowly enough that many chondrites show 
signs of varying degrees of metamorphism and equili­
bration of the more volatile elements. such as Na. Fe 
and Cr, w ithin chum.lrilc ~ample~. Chondritcs cornain 
a range of materials of different volatility that may 
also provide evidence for the sequence of condensa­
tion of the early solar nebula. from a gas phase to dust 

particles. The first, and highest-temperature, conden­
sates of the nebula are rich in Ca. Al, Ti and Mg, and 
are represented by Fe- and Cr- free minerals such as 
corundum, spine!, anorthi te. melilite and hiboni te. 
which are found in CAI (calcium - aluminum - inclu­
sion) fragments both in melted o r partially melted 
chondrules. The elements Fe. Cr. Na. K and S are 
considered (Wasson 1993) to be concentrated in later 
condensates. whereas the carbonaceous chondrites are 
richer i n the more volatile carbon and water. and 
represent very late condensates. 

T he general sequence of events in the formation of 
chondrites is considered (e.g .. Dodd 1981, Wasson 
I 993) to be as follows : the gaseous solar nebula 
cooled and condensed to give a sequence of micro­
metric to millimetric condensates. from Ca- and Al­
rich minerals at higher temperatures to lower-tempera­
ture condensates enriched in Fe. Cr and S, to even 
lower-temperature condensates. There were a series of 
very sudden heating events that melted these dust 
particles and produced chondrules. which later were 
incorporated in a regolith on asteroid-size bodies. T his 
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regolith material was metamorphosed. and the meta­
morphism tended 10 even out compositional variations 
in olivine. pyroxene. plagioclase and chromite. Many 
chondrites show evidence of many repetitions of these 
events. 

Figures l6 and 17 show textllres and minerals that 
are familiar to igneous petrologists who study komati­
tites and the rapid cooling of other basic silicate melts. 
These unmeramorphosed (unequilibrated) chondrules 
contain small amounts of chromite that commonly arc 
found as small euhedral crystals in the groundmass. 
The large phenocrysts of olivine may be strong ly 
zoned. with a forsteritic core and more iron-rich rim 
(Figs . I 6. 17) . The oxygen fugacity at the time o f 
melting may have been quite variable because of the 
local presence of carbon (Connolly et al. 1994) that 
acted as a reducing agent during melting. Textural 
evidence and the large amount of olivine in some 
chondrules suggest that many chondrules were only 
partially melted, and cooled very rapidly. Rare chon­
drules contain unmelted iron- free minerals such as 
anorthite and spine!. whicb may be unmelted remnams 
of CAI frag ments (Bischoff & Kei l 1984). There is 
little doubt chat the minerals. and the mineral zoning 
and textures found in unmecamorphosed c hondrules. 
are explainable by igneous processes (Jones 1990). 
However, the majority of chondrites are interpreted as 
having been metamorphosed (equilibrated), so that the 
igneous textures become ragged looking. but st ill 
plainly visible, and the minerals both within and out­
side the chondrules tend to the same composition. The 
textures that result from this metamorphism (Fig. 18) 
are quite diffe rent from those fo und in most meta­
morphic rocks on Earth in that many of the primary 
igneous textures are preser ved, and there is no 
tendency for large-scale recrystall izatio n and grain 
coarsening. This difference in style of metamorphism 
may be due to the lower pressures and quite different 
role played by volatiles in the environment of chon­
drite metamorphism. 

The chromite in chondrules has a fairly distinctive 
composition. as shown in Figure 19. The Fe3+/(Fe3+ + 
Al + Cr) value of the spine! (Fig. 19B ) is very low. 
which is expected for samples that may contain Fe-Ni 
alloys and troilitc. The spine) in CAI fragm ents in 
unmetamorphosed carbonaceous chondrites (circles 
in Fig. 191 is commonly pure MgAl20-1 (lower- left 
corner in Fig. 19A), but there is also relatively pure 
magnetite reported. although none is present in the 
database. The chromite in unequilibrnted ordinary 
chondrites (crosses in fig. 19). such as Scmarkona 
(Jones J 990), h"s h igh Cr/(Cr + Al) und f-'c2+/(F.:2+ + 
Mg) values. The composition of the chromite in equi­
librated (metamorphosed) chondrites (fi lled squares in 
Fig . 19) is very distinctive in that the Cr/(Cr + A J) and 
Fe2+/(Fe2+ + Mg) values are quite variable. blll the 
points fall along a line (Fuda Ii & Noonan 1975, Krot 
et a l. 1993). In any one equi librated sample, the 
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olivine has a relatively constant composition, usually 
close to Fo70_80 . The temperature of equilibration for 
the coexisting chromite and olivine is in the range of 
600- 800°C, according to the equations of Sack & 
Ghiorso ( 1991 ); this is the reason for the linear varia­
tion shown in Figure 19. This is also proof that spine] 
can a nd does equilibrate or re-equilibrate at meta-

F1G. 20. Skeletal crystal o f 
chromite in chondrule 
from equilibrated Cavour 
meteori te, as seen in 
reflected light. The photo 
is reprinted from 
Ramdohr ( I 973) wi th 
permission (see Acknowl­
edgements). 

FIG. 2 1. Skeletal c rysta l of 
ch romite in a feldspar 
matrix in a chondrule 
from the equilibrated 
Salisbury chondrite, as 
seen in reflected lig ht. 
The pho to is reprinted 
from Ramdohr ( 1973) 
w ith permission (see 
Acknowledgements). 

morphic temperatllres, as suggested earlier in this 
paper for terrestrial examples. One of the puzzling 
aspects of the chromite in equilibrated chondrules is 
U1e large proponion and size or chromite crystals in a 
few rare chondrules (Ramdohr 1967, Krot et al. 1993). 
Some of these are skeletal crystals (Figs. 20, 2 1) that 
look as though they crystallized from a melt, but the 
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low solubility of Cr in melts ( Roeder & Reynolds 
1991 ), even at the low oxygen fugacities expected for 
chondrule melting, make it unlikely that the amount 
of chromite found in these equil ibrated chondrules 
(Figs. 20. 21) could have crystallized from the chon­
drule melt. One explanation proposed to explain the 
la rge amount of chromite in some equil ibrated 
chondrules is that the dust particles that were melted 
to produce these chondrules contained a large crystal 
of chromite. However, to my knowledge, no example 
of unequilibrated chondrule has been found with a 
high concentration of chromite. Another puzzling 
aspect of chromite in some equilibrated chondrules is 
the close association with sodic plagioclase and the 
intimate intergrowth of albite and chromite reported in 
some samples (Ramdohr 1967, 1973). Wlotzka (1987) 
and Ireland & Wlotzka ( 1992) suggested that al bite 
and chromite in equil ibrated chondrites may be 
formed by metamorphism of CAI containing anorthite 
and spine!. The intergrowth of chromite and sodic 
p lagioclase, which is only fo und in equilibrated 
chond rites, was interpreted by Ramdohr and by 
Brearley et al. (199 1) as possibly being due to exsolu­
tion of chromite and albite from some unknown pre­
cursor mineral. The most likely precursor mineral was 
considered by Ramdohr and Brearley et al. ( 1991) to 
be a kosmochlor-type mineral [Na(Cr,Al)Si20 6). 

However, no such precursor mineral has been found in 
either unequi librated or equil ibrated samples. T he 
association of sodic plagioclase and chromite, and 
the idea of Cr and Fe being mobile elements during 
metamorphism, are not familiar concepts to those 
of us who study terrestrial samples. However, the 
mobility of elements like Na, Fe and Cr may have 
been considerably enhanced by the low oxygen fugac­
ities prevalent at the time of chondrite metamorphism. 
T hese mobile elements acting on anorthite in CAI 
fragments may have replaced anorthite (CaAl2Si20 8) 

with albite (NaAISi30 8 ), and the excess alumina 
reacted with Cr and Fe to form chromite. 

The small amount of chromite and the associated 
minerals in unmetamorphosed chondrules is consistent 
with an origin of crystallization from a basic melt. The 
large amount of chromite in some metamorphosed 
chondrules and the associated sodic plagioclase are 
not considered consistent with growth from a basic 
melt. I do not believe that the intergrowths of chromite 
and sodic plagioclase represent exsolution from some 
unknown precursor minera l; instead, they represent 
replacement of anorthite by sodic plagioclase and 
crystalli zat ion of chromite by diffusio n into the 
anon hite of Cr. Fe and Mg during the so-called meta­
morphic event on some protoplanet or asteroid. Thus I 
interpret the c hromi te-albite intergrowths as a result 
of a metasomatic process. The large skeletal crystals 
of chromite (Figs. 20, 21) that look as though they 
crystallized from a melt, and that are found in rare 
chondrules (Ramdohr I 973) in equilibrated chondrites, 

may have originally crystallized as spine] (MgAlzO~), 
bu t were converted to chromite during metamor­
phism. 

Our knowledge of terrestrial igneous processes 
involving chromi te prepared me qu ite well to 
understand the pure igneous crystallization of 
chromite from basic melts in most unmetamorphosed 
chondrules. However, our knowledge of terrestrial 
metamorphic processes, where Cr seems to be fairly 
immobile, did not prepare me at all for the strange 
kind of metamorphism envisioned for a regolith on 
some asteroid where Na, Cr. Fe and Mg seem to be 
mobile, yet textures remained largely intact during 
metamorphism. 

C ONCLUSIONS 

One of the most satisfying aspects of accumulating 
the many analytical data on chromite , spine) and 
magnetite in my database was being able to examine 
the tremendous diversity of geological processes from 
the fairly na1.Tow platform of a very minor mineral, 
spine!. Although my platform was narrow, it was a 
platform which for me felt fairly secure. and I felt I 
could see far. There is a sense of satisfaction at being 
able to traverse four and half bil lio n years from 
chromite in a chondrule that lay in a regolith on some 
strange body to a chromite in olivine from the 1959 
Kilauea Iki lava lake (Scowen et al. 1991). The chemi­
cal rules are the same. but the geological processes 
were so different. 
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