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AssrRAcr

Microprobe analyses of two-phase chromium-bearing spinels from utramaflc rocks
at tJre Giant Mckel Ming Hopg B.C. coupled witl petrographic observations suggest
that "unmixingl' of originally homogeneous,.magrnatic spinels has taken place.

Analyses indicate that the inferred solvus in tlre magnetite-chromite-hercynite
systern appears to project outwards from tle magnetite-hercynite join ard io terminate
at approximately 15 mole perc€nt chrcraite at the temperaflre (wrknown) at whic}
wmrixing stopped. Both Ti and Ni appear to be partitioned more strongly into t-he
magnetite.rich phase whereas Mg is mncentrated rr the hercynite-rich phase.

Inrnoouruox

In a study of the'4600' orebody at the Giant Nickel Mine, Hope, B.C.
<< inhomogeneous-looking >> chromium-bearing spinel grains were observed
in olivine-bearing ultramafic rock (Muir 1971). This paper deals with an
optical description of these spinels and ofiers analytical evidence sup
ported by textural observations to substantiate the existence of a lirnited
sohrrs between magnetite-rich and hercynite-rich chromium-bearing spinels.

Opaque oxides are common accessory minerals in numetous rock types.
Until approximately ten years ago their phase relationships remained
obscule, pa*icularly those of spinels t whose composition lay in the system
MgO-FeO - CrrOu -A 1 rO, 

-FerOu. Recent investigators including lrvine ( 1 965,
1967), Thayer (1970), Turnock & Eugster (1962), Cremer (1969), and
Ulmer (1969) have provided from experimental work and/or investiga-
tions of natural occur?enc€s, insight into the complex nature of these
spinels.

In the above system six end-members are presently'recognized. Table I
summarizes current knowledge of the phase relations in each of the nine
possible binary joins (Irvine 1965) with particular emphasis on the exis-
tence or absence of solid solutions.

It is apparent from Table 1 that extensive solid solutions exist in all
geologically significant binary spinel systems at high temperatures (i.e.

* Present address : Falconbridge Metallurgical Laboratories, Thornhill, Ontario.'Throughout this paper the terminology of Irvine (1965) is used.
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^->9000 C) but that at lower temperatures miscibility gaps occur, Cremer
(1969) has construqted a theoretical temary solvus from experimental

work on the binaries in the system magnetite-hercynite-chromite, but to

date no analytical dlata on naturally occurring spinels are available to

suppo'rt his postulation. However, on the basis of an optical study, Ram-
dohr (1969) has reported a few natural occurrences of <unmixing> be-

tween magnetite and hercynite.

PsrnocRAPnv

rffithin the area of the '4600' orebody there are essentially four distinct
ultramafic rock types (Muir 1971) : (i) peridotite - defined as containing
more than 20 modatr per cent olivine with variable amounts of Ca-poor
pyroxene and hornblende ; (ii) olivine pyroxenite - containing less than
15 modal per cent olivine and variable amounts of Ca-poor pyroxene, horn-
blende and Ca-rich pyroxene; (iii) homblende pyroxenite - containing
variable amounts of Ca-poor pyroxene, hornblende and Ca-rich pyroxene;
and (iv) hornblendite - composed mainly of homblende and lesser
amounts of plagiocldie.

Tear.B 1. Cor"rlasNTs ox Bnrrany lons rll Stsrrr"r MgO-FeO-CaOs-Al2OrFezOs

Binary Join

FesO4-FeAl2O4 mrrlplete miscibility above -860'C, limited below -860'C1.

MgAl2Oa-MgCr2Oa comlplete miscibility between 510'-1600'C2, phase relations un-
knoivn at lower temperatures,

MgFe2Oa-FesOa corrlplete miscibility at 1400"C3, phase relations unknown at lower
temperalures.

FeCr2Oa-MgCr2Oa complete miscibility at 1300oCa, phase relations unknown at lover
lemperatures.

FeAl2O4-MgAlzO4 corrlplete miscibility at 1300"C4, phase relations unknown at lower
rcmperarures.

FeAl2O4-MgAlzO4 conJplete at all temperatures 6.

FeAl2Oa-FeCr2Oa conjplete at all temperatures 6.

FqOa-FeCr2Oa corriplete miscibility at > 900'Cz (at > 400"Cd), limited between
500..1900"c?.

FeCr2Oa-FeAl2Oa miscibility at > 900oC?, limiteal between 500'-900oC?.

l. Tumock & Eugster (1962). - 2. Warshaw & Keith (199). - 3. Muan & Osbom
(1956). - 4. Ulmer (1964).- 5. Deer, Howie & Zussman (1962). - 6. Muan & Somiya
(1960). - ?. Cremer (1969). References I to 6 inclusive are as reported in lrwine (1965).
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Spinels are in general ubiquitous in all of the above rocks (1 - 3%
of the rock) and occur either interctitially, or poikilitically enclosed in
olivine and/or Ca-poor pyroxene. Where enclosed in olivine the spinels
are sometimes rimmed by Ca-poor pfoxene.

Three optically different varieties of spinel have been identified :
(l) homogeneous-looking euhedral, isotropic grains ; (2) woven or rippled-
looking, subhedral to euhedral, isotropic grains ; and (3) inhomogeneous-
looking (mottled), subhedral, isotropic grains.

The fint variety shows no preferential development in any particular
rock type whereas the second and third types are found almost exclusively
in olivine-bearing rocks.

An inhomogeneous-looking spinel grain is shown in Figure 1. The
spinel grain is composed of two irregular, optically distinct, isotropic light
and dark grey phases. fn some spinel grains of this typg lamellae of il-
menite surrounded by a medlum g.cy spinel rim can also be obaerved
enclosed by both phases (see Fig. 2). Generally the light grey phase in
these inhomogeneous-looking grains is woven-looking. Figure 3 is a photo-
micrograph of a woven-looking variety of spinel which owes its texture to
minutg oriented (3 directional), exsolution(?) lamellae oI another oxidg
possibly ilmenite. Those spinel grains which contain ilmenite lamellae
partly resemble ilmenite-bearing chromites from the Merensky Reef as
desmibed by Legg (1969).

Frc. l. Photomicrograph (465X) of an inhomogeneous-
looking spinel grain-
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Analytical procedwd,
Individual grain analyses were performed on an ARL model EMX

electron microprobe in the Department of Geology at the University of
Toronto. A sample current of 0.15 pamps with an accelerating potential

hlc. 2 ( ). Photomicrograph (610X) of an inhomogeneous-
looking spinel

Frc. 3. Pl

TWO 933

spinel grain

grain containing an ilrnenite lamella.
rtomicrograph (1000X under oil) of a woven-looking
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of 15 kv was consisdently used on all samples. Pure elements were used
as standards. Countilpg times were controlled electronically using a current
digitizer. Raw data lvere processed using EMPADR VII, an IBM 360/65
computer prograrn #ritten by Rucklidge (1969).

Analgtical results
Averaged microprlobe results appear in Table 2. Since only total iron

(i.e. Fe'z+ * Fe3+) cluld be measured on the microprobe using the above
technique it was nec$ssary to recalculate in terms of Fe2+ and Fe8+ using
the procedure outlinled by Carmichael (1967). In the recalculation the
oxides were assumed to be stoichiometric (see Irvine 1965 for discussion)

D
r 2$3O

+ 2H7
r d 2e9?
^ L2g-7'8

x2e'7
X 7-t6o

F t o t  F t

of individual grains in spmples 29-11, 4-65, 29-62, and, n-3A, n-47" n-37,n-76, n-7,
7-560 respectively. Aver{ge compositions of inhomogeneous spind pairs fro,m samples
n-II, 23-65 ar.d n-62 {re plotted in 4D as well for comparison. Open symbols in 4D
represent woven-looking grairu. The symbols H1 

"trd 
H2 are explained in the text.

Frc. 44 B, C & D. Composition (in mole %) in the system Cr2Os-Fe2Os-AI2Os
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having the general spinel formula R'+R?+O* where R2* : Mg, Ni, Fe2+
and Ru+ : Fbu+, Cr, Ti, A1. Individual grain analyses were then recal-
culated on a basis of the number of moles of CrrOu, FerO, and A12Or,
respectively, and plotted in Figs. 4A,8, C and D.

Individual homogeneous-looking grains are slightly zoned from core to
rim. Cores are generally richer in chrome and alumina and poorer in tita-
nium, nickel and ferric iron. Within any one sample and between difierent
samples the composition of the grains as a whole varies, the major variant
being the CrrO" : FerO. ratio. The diameter of the microprobe beam was
too large to distinguish the difierent phases in the << woven-looking > grains
which are found to be on the average similar in composition to homo-
geneous-looking grains. The inhomogeneous-looking grains (samples 29-
ll,29-65 and 29-62) consist of two compositionally and optically difierent
phases ; the light grey phase is a spinel rich in chrome and ferric iron
and poor in alumina (i.e. magnetite-rich similar in composition to some
of the homogeneous and woven-looking grains; the dark grey phase is a
ferric iron-poor and chrome-magnesia-alumina-rich spinel (i.e. hercynite-
rich), compositionally unlike any other of the analysed grains. Both Ti
and Ni appear to be partitioned more strongly into the magnetite-rich
spinel than into the hercynite-rich spinel, rrhereas the opposite is true for
Mg.

Two samples (29-11 and 29-65) contain homogeneous-looking grains
which fall into two compositionally distinct groups (labelled H" and H,
in Table 2).

Dscussron

It is apparent from Figure 4 iltat a gap exists in the series of spinel
analyses from the '4600' orebody ultramafic rocks. These same rocks are
fresh and it is doubtful that the inhomogeneous-looking spinel grains are
the result of alteration, such as that proposed by Beeson & Jackson (1969)
for chromite from their study of chromite-ferritchromit pairs in the Still-
water complex.

As an altemative it is postulated that these inhomogeneous-looking
spinel grains are the result of << unmixing >> of originally homogeneous,
single phase magmatic oxide grains. A solvus similar to that found between
magnetite and hercynite by Turnock & Eugster (L962) appears to be
present in the chromium-bearing system, at least as far as bulk com-
positions with 10-15 mole per cent chromite.

The homogeneous-looking grains with a high chromium content (ie.
grains labelled H") in samples 29-11 and 24-65 are interpreted as grains



TWO PHASE CIIROMruM.BEARING SPINELS 937

whicl did not undergo <<unmixing >>; however, it is not known whether
the low drromium, low alumina grains (i.e. Hr) are also original homo-
geneous grains (a result of increased fractionation?), or the products of
complete << unmixing >>.

In some samples at least two generations of ilmenite are obnerved
associated with the chromium-bearing spinels. Relatively large ilmenite
lamellaq as illustrated in Figure 2, are believed to have formed by
'exsolution' from originally homogeneous titaniferous chromium-bearing
spinel. At lower temperatures and after << unmixing >> of the homogeneous
spinels into << hercynite-rich >> and <<magnetite-rich > phases ilmenite agpin
'er<solved' (by oxy-exsolution ?) as minutg oriented lamellae from the
latter (see Fig. 3).

It is interesting to compare the shape of the solws suggested by the
present study with that proposed by Cremer (1969) who suggested that
in the system magnetite-chromite-hercynite a solvus projects into the system
from the chromite-hercynite join. Although the exact shape of the solvus
and the temperature at which it appears are unhnown at present, the
solvus clearly projects into the system from the FerOr-AlrOu join and
appears to be quite incompatible with Cremer's. However, Cremeros solvus
is purely hypothetical and since Mg-bearing spinels were not considered
in his study a direct comparison of the two may be invalid.

There appears to be a correlation between average orientations (ar-
bitrarily measured as the angle ( * or - ) that the tie-line makes with
a line drawn parallel to the FerOr-AlrO, join) of tie-lines in Figure 4D

a a !

flioru)d/oio&lr + rcf /rc!-

Ftc. 5 (dt). Variation of average tie-line orientation with the average (MgO/
FeOldt : (MgO//FeO)tt ratio in inhomogeneous-looking pairs.

Ftc. 6 (righQ. Variation of the average tie-line orientation with the average
(TiOr)dk: (Tio2)lt ratio in inlomogeneousJooking pain.
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and both the distribution of magnesium and ferrous iron and the partition-
ing of TiO, between the << hercynite-rich phase (dark grey spinel) > and
dre.<<magnetite-rich phase (light grey spinel) > (see Figs. 5 and 6). If tie-
line orientation can be assumed to be a function of equilibrium tempera-
ture (i.e. the more <( negative > the orientation the lower the temperature)
then it would appear that with decreasing temperature the MgO:FeO
ratio decreases and the TiO, content increases in the << hercynite-rich
phase > relative to the << magnetite-rich phase > .
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