
American Mineralogist, Volume 68, pages 777-789, 1983

Exsolution in metamorphosed chromite from the Red Lodge district, Montana
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Abstract

Chromite in ultramafic rocks near Red Lodge, Montana has undergone exsolution during
upper amphibolite facies metamorphism. Three textural types of exsolved chromites were
found. Type A grains consist of an Al-rich host that contains blebs and rare smaller
lamellae of an Fe-rich guest. Type A grains are lowest in bulkXc.(:Crl(Cr+At+Fer+)),
with values less than 0.3. Type B grains have an Fe-rich host that contains blebs and dense
networks of lamellae of an Al-rich guest. In Type B, bulk X6, values are between 0.26 and
0.45. Type C grains contain a very fine intergrowth of Al- and Fe-rich lamellae. Bulk
compositions of Type C have Xg1 : 0.47 to 0.61. All of Type A and many Type B samples
show textural evidence of multiple stages of exsolution, such as exsolution within guest
phases and abrupt size differences between blebs and lamellae.

On the basis of experimental work and compositional data on the exsolved Red Lodge
chromites, a miscibility gap was constructed inside the spinel prism. This miscibility gap is
tunnel-shaped and extends from the Fe3Oa-FeAl2Oa-FeCr2Oa face to the MgFe2Oa-
MgAl2Oa-MgCrzO+ face.

If exsolution began at or near the peak temperature of regional metamorphism in the
eastern Beartooth Mountains, the temperature of unmixing was near 600"C.

Introduction
The presence of a miscibility gap in the spinel prism,

between iron- and aluminum-rich chromite, has been
postulated from the occurrence of two coexisting Cr-
spinels in some metamorphosed ultramafic rocks (Spring-
er, 1974; Frost, 1975; Berg, 1976; Pinsent and Hirst,
1977). Actual exsolution in chromite is rare, however,
and has only been reported in chromite from two loca-
tions: the Giant Nickel mine, British Columbia (Muir and
Naldrett, 1973) and the Fiskenaesset Complex, Green-
land (Ghisler, 1976:' Steele et al. 1977).

This report describes the textures and compositions of
exsolved chromites from metamorphosed ultramafic bod-
ies near Red Lodge, Montana. The exsolution in the Red
Lodge chromites is unique because of the variable tex-
tures, some of which have not previously been described
in chromite. The compositions of the exsolved phases
define an extensive miscibility gap in the spinel prism
which extends to more chromium-rich compositions than
have previously been reported.

Location and general geology

The Red Lodge chromite district is located in the
eastern part of the Beartooth Mountains (Fig. 1). Chro-
mite occurs as a ubiquitous accessory mineral and as
local segregations in small ultramafic bodies which range
from a few tens of meters up to as much as 350 m in
maximum dimension. Chromite was discovered in the
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district in l916 and was mined from some of the deposits
during the early 1940's. Detailed descriptions of the
deposits and production figures are given by James (1946)

and Simons et al. (1979).
The Beartooth Mountains form a northwest-trending,

rectangular block about 65 by ll5 km that was uplifted
along high-angle reverse faults during the Laramide orog-
eny. Most of the eastern part of the range consists of
Archean granitic gneisses, generally thought to have an
igneous origin, migmatites, and pegmatites. The ultramaf-
ic rocks form concordant lenses in an interlayered se-
quence of amphibolite, quartzite, biotite schist, and band-
ed ironstone (Eckelmann and Poldervaart, 1957; Casella,
1969; Simons et al., 1979\, which form isolated roof
pendants in the granitic gneiss.

The ultramafic rocks and contained chromites were
subjected to regional metamorphism to upper amphibolite
and locally to granulite facies about 2800 m.y. ago (Eckel-
mann and Poldervaart, 1957; Gast et al., 1958; Casella,
1969; Skinner,1969; Simons et al.1979), and to green-
schist facies metamorphism about 1600-1800 m.y. ago
(Nunes and Tilton, 197 I ; Rowan and Mueller, 197 | ; Page,
1977). The ultramafic rocks consist of hornblendites,
serpentinized dunites, and serpentinized peridotites. In
the ultramafic rocks, the relict prograde metamorphic
minerals are hornblende, orthopyroxene, clinopyroxene,
and olivine. Retrograde minerals include serpentine, talc,
chlorite, phlogopite, carbonate minerals, and magnetite.
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Fig. l. Geologic map of the eastern Beartooth Mountains
showing the location of the study area (A) (modified from page,
1979).

Retrograde alteration, especially serpentinization, has
been extensive in many of the rocks.

The origin of the ultramafic bodies is uncertain. On the
basis offield evidence, especially the isolated occurrence
and lense-like shapes ofthe bodies, James fi946) conclud-
ed that they were alpine-type. Other evidence, however,
indicates strong similarities to stratiform-type deposits.
This evidence includes: (l) the fine grain size of chromite
(generally less than I mm diameter) and the absence of
nodules; (2) the high-Fe content of the single phase
chromite; (3) the absence of rock-types commonly associ-
ated with alpine ultramafic rocks; and (4) the Archean age
and the geologic setting. It is believed rhat the Red Lodge
ultramafic bodies were originally parts of a stratiform-
type complex that was tectonically disrupted and em-
placed as fragments during the regional metamorphism
(Loferski, 1980a). The ultramafic rocks in the nearby
Highline Trail Lakes area, Wyoming, may also be frag-
ments of a disrupted stratiform intrusion (Skinner, 1969).

Methods

Samples were collected from open-pit chromite mines
on Silver Run, Hellroaring, and Line Creek plateaus.
Samples collected by H. L. James in 1942 were also
analyzed in the present study. The rocks were studied by
standard optical techniques using both transmitted and
reflected light. Individual mineral grains were analyzed
with an electron microprobe and data were reduced by
the method of Bence and Albee (1968). In the microprobe
analyses, Fe is reported as total FeO and as calculated
Fe2O3 and FeO, along with the resulting new totals.
Calculation of Fe3+ in the mineral formulae was done
assuming ideal spinel stoichiometry.

Nomenclature

Nomenclature of spinel-group minerals is ambiguous
because of extensive solid solution among many end-
members and because end-member names are applied to
solid solutions. Traditionally, the name chromite has
been used for a wide variety of spinel compositions, the
only requirement being that Cr2O3 content is greater than
about 15 weight percent (Thayer, 1973). We have modi-
fied Thayer's definition for the purposes of this paper,
and consider any spinel having Xc. > 0. 15 as chromite
regardless of its Mg/(Mg+Fe2*) (see Table l). Under this
system the name magnesiochromite would apply only to
pure MgCr2Oa. For compositions in which Xc, < 0.15,
Al/Fe3+ and Mg/Fe2+ ratios determine the name.

Some of the exsolved chrome spinels from Red Lodge
have Xq, < 0.15, and in this paper, when referred to
individually, they are named according to the system in
Table L However, for convenience, we refer to the entire
group of exsolved chrome spinels as the Red Lodge
chromites or exsolved chromites, and we include those
few that do not meet our definition of chromite.

It should be pointed out that the exsolution discussed
here is quite distinct from the typical ferritchromit (Span-
genberg, 1943) type of chromite alteration found in many
ultramafic rocks. Ferritchromit is an Fe-rich, Mg- and Al-
depleted oxide (Table 2), commonly accompanied by
chlorite, that forms along chromite rims and cracks in

Table l. Spinel (A2*B]*Oa) nomenclature based on divalent
and trivalent cations

EndneDber  nanes (Deer ,  Hos te ,  and Zu6soan,1966)

Sp lne l

l le rcyn l te

Magnes io fe r r i !e

Uagnet i te

Uagnes lochron i le

Chron l te

Uork lng  de f in l t lons

*xa.  
>o. ts

Xgs (0.15 and

l)  Mg>Fe2+, Al>Fe3+

2) Fe2bMs, AI>re3+

3) Mg>Fe2+, Fe3+2A1

4) Fe2+>u8, Fe3bAr

fo r  th l6  paper

chroDi te

sp lne l

hercyn i le* *

Mgnes io fe r t l !e* *

mgnet l te

g}}

A1

AI

Fe

Cr

Cr

l'2+

MC

Fe

Ug

Fe

*x". = c.71c*11+r.&;

**Conpobltlons not encountered ln thls study.



Table 2. Ferritchromit analyses from other locations
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and Loferski, 1980b). Within single thin sections, exsolu-
tion ofonly one ofthe three types is found. Ragged, late-
stage magnetite rims are common regardless of exsolution
type.

Type A exsolution consists of a weakly reflective, Al-
rich chromite host and a highly reflective, Fe-rich guest
(Fig. 2a). The Fe-rich guests are variously rounded,
square, hexagonal, and irregularly shaped, and their size
ranges from a few micrometers to as much as 100 pm in
diameter. The guest phase (hereafter called blebs) com-
monly shows a variety of sizes within single grains' In
some grains, large Fe-rich blebs are concentrated near the
rims and finer ones in the cores, whereas in other grains,
the guests are more randomly distributed. The Fe-rich
blebs themselves have undergone subsequent unmixing
and contain Al-rich(?) lamellae, less than 0.5 g.m wide
(Fig. 2b), that are exsolved along three directions within
the blebs. The Al-rich host may have undergone the
beginning of a second unmixing because tiny isolated
needles that may be lamellae of an Fe-rich(?) phase are
scattered throughout the Al-rich host.

The texture of Type A grains clearly indicates at least
two stages of unmixing. First, the Fe-rich blebs exsolved
from the host. At a later stage (or stages): (l) the fine Al-
rich lamellae exsolved from the blebs, and (2) the tiny
rodlike lamellae(?) exsolved from the host. Type A
grains occur in four samples that contain the assemblage
hornblende + orthopyroxene * olivine * serpentine *
talc + magnetite, and in one serpentinite. The chromite
grains are commonly rimmed and veined by late-stage
magnetite (Fig. 2a).

In Type B exsolution, many of the blebs are elongated
along crystallographic directions, in contrast to Type A in
which the blebs are rounded. Chromite with Type B
exsolution occurs in five samples, including two serpen-
tinites and three hornblende-bearing rocks. Of the five
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t .

cr2o3 56.0 42.O
A r 2 o 3  t . 8  3 .  I
F e 2 0 3  1 3 .  I  2 2 . 4
F e o  1 4 . 7  3 0 .  1 6
l t g o  l 0 . l  2 . 1
N l o  0 . 4 9  n . d .
T ! o 2  0 . r 2  1 . 0 4
M n o  O . 4 7  n . d .

Total  96.78 t00.80

3 8 . 8  3 7 . 8
0 . 2 9  0 . 3

3 0 . 4
25.2  52 .1
3 . 0 9  3 . 3
0 . 4  3  n .  d .

<0 .02  n .d .
0 . 6 9  n . d .

98 .92  93 .5

2 8 . 1 0  1 4 . 8 7
0 . 2 6  0 . 0 6

39.30  55 .05
27.90  25 .97
2 . 2 9  3 .  1 5
0 . 3 9  0 . 4 7
0 . 3 1  o . 4 2
O . 7 5  n , d ,

99 .1  99 .99

1 3 . 9
1 . 0

7 6 . 2
3 . 0

0 . 6

9 5 . 0

n.d. -  not delemined.
l .  onyeagocha, 1974, ana1ysl6 2-4A#1.
2. Beeeon 6 Jackson, 1969.
3. Hoff@n & Walker,  1978, enalysls 6-7-8, p.  7O5,
4 .  U l r e r ,  1 9 7 4 .
5 .  P l n s e n t  &  H t r s t ,  1 9 7 7 ,  a n a l y s l o  6 0 1 8 6 ( F ) ,  p .  5 8 9 .
6 .  B l i s €  &  M a c l € a n ,  1 9 7 5 ,  a n a l y 6 l s  1 7 ,  p .  9 7 7 ,
7 .  S p r l n g e r ,  1 9 7 4 ,  a n a l y s l s  A 4 l B ,  p .  1 7 7 .

lower grade rocks and as homogeneous grains in high-
grade metamorphic rocks. Discussions of the occurrence
and genesis of ferritchromit are presented elsewhere
(Beeson and Jackson, 1969; Onyeagocha,1974; Springer,
1974; Ulmer, 1974; Bliss and Maclean, 1975; Hoffman
and Walker, 1978; Loferski, 1980a).

Compositionally, much of the chromite reported in this
study is in the range ofwhat others have called ferritchro-
mit. However, we avoid the term in this paper because
ferritchromit compositional limits are not well-defined.

Chromite exsolution textures

Of the 63 thin sections and polished sections studied, 15
contain chromite showing exsolution features. Three tex-
tural types of exsolved chromite, designated A, B, and C
were found, and they fall into three different composition-
al ranges with respect to Cr, Al, and Fe3* (see Table 3,

Table 3. Characteristics of the exsolved Red Lodge chromites

Exaolut loo
Eype

Nunber of

aaDpleg

Bulk
crl ( Cr+Al+Fe3+)

Texture(s )
o f  gues t (e )

AI-rlch

Fe-r lch

Fe-r lch

A1-rlch

50.:o

o.26-0.45

a) Rouoded, aquare, and
hexagoml blebs that
contalD A1-r lch
l a n e l l a e  ( f t g 8 . 2 a ,

2b).
b) MlNte lod- l lke

lanel lae.

a) vartably Bhaped blebs

cmnly vl th or lented
e x t e n a l o o a  ( f t g s . 3 a ,

3 c ) .
b) Ftne larel lae betseen

t h e  b 1 e b 8  ( f t g s .  3 b ,
3 d ) .

a) Blebs wlth or lented
extenalona.

a) Extrerely flne luellar
lntergroYth.

Al-r lch Pe-r lch

Larellae of boEh
Fe- and Al-rich

0 .35

0.47-0.6t
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Fig. 2. Photomicrographs of a chromite grain in reflected light
from sample HP-20A showing Type A exsolution. (a) Dark-gray
Al-rich chromite host with small rounded to rectangular and
hexagonal blebs ofwhite Fe-rich guest near the middle, and large
irregular masses along the border. The grain is cut by many white
magnetite veins (M); the gray silicate matrix is hornblende. (b) A
SEM photomicrograph of a bleb, showing fine gray (Al-rich?)
lamellae within the bleb. The dot in (a) is adjacent ro rhe bleb
shown in (b).

Type B samples, four have a highly reflective Fe-rich host
and a weakly reflective Al-rich guest; in the fifth sample,
the compositional relationships are reversed (Table 3). Of
those samples which have Al-rich guests, the guests have
two modes of occurrence. First, they form coarse blebs,
commonly 10-20 irm in diameter, and as much as 150 pm
in greatest dimension. The shape of the blebs varies from

irregular, to round and sub-rounded, to square and hexag-
onal forms, and to cruciform and rod-like forms that show
sub-parallel orientation along crystallographic directions
in the host (see Fig. 3a and 3b near the dot).

Within individual chromite grains, the blebs are vari-
ously: (l) randomly scattered throughout grains; (2) con-
centrated at the grain's rim; or (3) arranged in strings and
festoons that have the appearance of defining sub-grain
boundaries within the chromite grains. Some of the
strings are parallel to the edges of the chromite grains
(Fie. 3a).

The second mode of occurrence of the Al-rich guest is
as very fine lamellae between the blebs (Fig. 3b). These
lamellae have a reflectivity similar to that of the blebs.
Like the blebs, the lamellae are Al- and Mg-rich as
indicated by X-ray images of a grain for these elements.
In Figure 3a, a photomicrograph taken at low magnifica-
tion, the central area of the chromite grain has a shaded
appearance because the fine lamellae are arranged in
dense networks. Near some of the coarse blebs, there is a
narrow lighter zone that is relatively depleted in lamellae.
Optical examination at high magnification reveals that the
fine lamellae are intergrown in three directions along
{100} of the host (Fig. 3b). Most of tlre lamellae range
from about 0.5 pm down to about lfi)A, as indicated by
transmission electron microscopy. Sub-grain boundaries
in chromite grains are defined by the fine lamellae,
because their orientation is slightly skewed in adjacent
areas within some chromite grains.

Some samples contain grains in which there is an
abrupt size discontinuity between the blebs and lamellae
(Fig 3b). Other Type B samples contain grains that show a
gradation in size between the blebs and the lamellae (Fig.
3c and 3d). In Type B, therefore, some samples show two
distinct stages of exsolution in which the coarse blebs
exsolved first and were followed by exsolution ofthe fine
lamellae. In other Type B samples, there was a more
gradual change from the large blebs to the small lamellae.

Some of the Al-rich blebs in Type B have a mottled
texture which suggests that they may be composed of
more than one phase (Fig. 3b). A few ofthe largest blebs
do, in fact, contain highly reflective, high-Fe lamellae
(Fig. 4). Figure 4 shows three and possibly four different
phases: (l) the highly reflective Fe-rich host; (2) the
weakly reflective Al-rich bleb; (3) high-Fe lamellae within
the bleb, which may or may not be of the same composi-
tion as the host; and (4) a phase that rims the bleb and is
intermediate in reflectance between the host and guest
phases. This fourth "intermediate" phase, which com-
monly occurs around the Al-rich blebs near the rims and
along cracks of Type B chromite grains, is discussed
further below.

One of the Type B samples has an Al-rich host and Fe-
rich guest, which is the opposite of the other Type B
samples. The exsolution in that sample has nevertheless
been classified as Type B rather than Type A because of
the subparallel elongations of the guest blebs.
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Fig. 3. Photomicrographs of chromite grains in refle cted light showing Type B exsolution. (a) From sample SR-2, white Fe-rich
chromite host with medium-gray Al-rich blebs, some of which show crystallographic orientation. The blebs form strings in the grain,
and some appear to define sub-grain boundaries. The grain has a thin double rim; an inner zone of lighrgray Fe-rich chromite (I), and
an outer thin zone of lacy magnetite (M). The matrix is serpentine. (b) A close-up of the grain showing fine Al-rich lamellae (gray)
between the blebs, intergrown along {100} of the host. Note the abrupt size discontinuity between the blebs and lamellae. The mottled
texture in the blebs suggests that they may be composed of more than one phase. (c) A grain from sample HP-14 showing a gradation
in size between the blebs and the lamellae. (d) A close-up of the grain in (c), showing the intergradation between coarse and fine
intergrowths of Al-rich chromite in Fe-rich chromite. The dots in (a) and (c) correspond to those in (b) and (d), respectively.
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Type C exsolution consists of an extremely fine inter-
growth of Al-rich chromite lamellae in an Fe-rich chro-
mite host. The intergrowth is just barely visible at magni-
fications of 1500x and probably continues down to the
submicroscopic level. Chromite with Type C exsolution
occurs in five samples, including three serpentinites and
two hornblende-rich rocks.

Exsolved chromites from the Giant Nickel mine in

British Columbia have various textures (Muir and Nal-
drett, 1973), some of which appear to be similar to those
of Types A and C. The exsolved chromites from the
Fiskenaesset Complex, reported by Ghisler (1976) and
Steel er al. (1977), appear to be similar to Type A
exsolution, having a weakly reflective host, and small
rounded highly reflective blebs that contain fine, weakly
reflective lamellae.
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Fig. 4. Photomicrograph in reflected light from sample SR-2
of a large Al-rich bleb (dark-gray) in a Type B grain. The bleb is
cut by white (high-Fe?) lamellae and is rimmed by an
intermediate medium gray phase.

Compositional relations

The general characteristics of each of the three textural
types of exsolution are shown in Table 3. Electron
microprobe analyses are given in Table 4 and illustrated
in Figures 5 and 6. As noted above, coarse Type A guests
and Type B hosts have undergone a second unmixing
resulting in extremely fine intergrowths (see Fig. 2b, 3b,
and 3d). Type C chromites have undergone only a single
unmixing episode, but they too are composed of extreme-
ly fine lamellar intergrowths. The lamellae in these sam-
ples are too small to analyze separately. Therefore, Type
A guest, Type B host, and Type C bulk analyses were
carried out using a broad beam in order to obtain the
"bulk" composition of these phases.

The compositions of coexisting pairs are plotted on two
projections of the spinel prism (Fig. 5). Although there is
some overlap, compositional diferences between exsolu-
tion types exist. The average bulk composition of Type A
exsolution is highest in Mg/(Mg+Fe2*;. Type A also
spans the widest compositional gap. Type B and C
compositions do not show any appreciable difference in
Mg/(Mg+Fe2*); however, Type C chromites are general-
ly higher in Cr/(Cr+Al) than even rhe most Cr-rich Type
B guests. Note the general tendency for the slopes
of the tie lines to become closer to the vertical as Mg/
(Mg+Fe2+) decreases (more pronounced in Fig. 5a than
5b). The nearly vertical tie lines are subparallel to and
very close to the FeAl2Oa-FeCr2Oa-Fe3Oa side of the
spinel prism.

A plot of the microprobe analyses of the Red Lodge

chromites with respect to Cr-Al-Fer* is shown in Figure
6. The compositions of Types A, B, and C define a
miscibility gap with respect to Cr-Al-Fe3+, extending
from the Fe3*-Al join toward the Cr corner of the
diagram. The diagram shows the compositions of the
single-phase Red Lodge chromites as well as the exsolved
pairs. Most of the single-phase chromites plot closer to
the Cr-Al join than to the Cr-Fe3+ join; none of them plot
within the miscibility gap described by the exsolved
spinels.

The three types of exsolved chromite fall in different
areas in the miscibility gap. Type A pairs, which have the
Al-rich hosts and Fe-rich guests, plot in the region where
Xc, < 0.30. Type B pairs, which most commonly have the
Fe-rich hosts and Al-rich blebs and lamellae, plot in the
region where Xc,: 0.26-0.45. Type C bulk compositons
plot in the region where Xc,: 0.47-0.61.

The exsolution textures appear to be controlled by the
bulk compositions. Exsolution in Type A compositions
results in intergrowths in which the guest forms rounded
blebs, a texture in which there is no apparent crystallo-
graphic control on the guest shape. There is increased
crystallographic control on the guest shape for Type B
compositions, as seen in the blebs with elongate exten-
sions along {100}. The Type C exsolved pairs show the
greatest degree of shape control, with the very fine
lamellar intergrowths.

Of all the exsolved spinels, only two pairs (LC-5 and
LC-6) have Xc. < 0.15, and are not chromites by our
definition (c/. Tables I and 4). The exsolution in those
two pairs of Type A is between Cr-spinel hosts and Cr-
magnetite guests. The group of three Type B tie lines that
are anomalously short may be the result of the broad
electron beam analyses that included the Al-chromite
lamellae in the Type B host analyses. A notable feature of
the compositions in Figure 6 is that at Xs, ) 0.2, the tie
lines change orientation from being nearly parallel to
Fe3*-Al to sloping toward Fe3*, indicating that Cr parti-
tions preferentially into the Al-chromite rather than the
Fe-chromite. On the basis of their study of exsolved
chromite from British Columbia, Muir and Naldrett
(1973) showed compositions projected onto the Cr-Al-
Fe3+ plane, but no exsolved chromite had X6, > 0.4. The
Red Lodge chromites show a more extensive miscibility
gap, to X61 = 0.61.

Experimental work in systems along the faces and
edges of the spinel prism has shown that a miscibility gap
exists between Fe3Oa and FeAl2Oa below 860t l5'C at 2
kbar (Turnock and Eugster, 1962) and between MgAl2Oa
and MgFe2Oa to above 1300'C at I atm (Kwestroo, 1959;
Ulmer, 1969). Cremer (1969) reported extensive immisci-
bility in the FeAl2Oa-FeCr2Oa-Fe3Oa plane below 900'C
at I atm and miscibility gaps along the FeAl2Oa-FeCr2Oa
and FeCr2Oa-Fe3Oa joins. However, the tie lines predict-
ed by Cremer's experiments do not agree with those
shown by natural exsolved spinels (see, for example,
Muir and Naldrett, 1973; Steel et al., 1977: and the
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Table 4. Microprobe analyses of exsolved chromite

lYpe A Exsolution

SaDple
Locat lon

LC-5
HLghltne

host guest

HP-2OA
callon Jug I Htghltne

host guest

LC-6 LC-9
ll lgh1lne Htghllne

host guest host guest hos t 8uegr

c9 o?  5 .48(  .05)*
Ar2q 60 .30( .03)
FeO** L7.29(.78,
Mgo 18.06( .33)
N l o  0 . 4 1 ( 0 . r )
T10 0 .00
Tota l  101.54

3*i*

FeO ca1c .  14 .07
Fe2O3 ca lc .  3 .57
New Tota l  10 f .89

C r  0 . 1 1 1
Al  1 .820
Fe*  0 .069
Fe2+ 0 .302
uc 0 .689
Ni  0 .009
T l  0 .000

cr lx$  0 .06
pe3+7x3+ 0.03
cr l (Cr+Al )  0 .06
ugl(ug+Fe2+) o.7o

16.65 3r .46
3 .79  57 .O5

100 .42  10 r . 57

o.253 0 .259
1.666 0 .086
0 . 0 7 5  1 . 6 0 7
0 . 3 6 8  0 . 9 6 7
0 . 6 3 4  0 . 0 4 1
0.004 0 .016
0 . 0 0 0  0 . 0 2 4

0 . 1 3  0 . 1 3
0 . 0 4  0 . 8 2
0 . 1 3  0 . 7 5
0 . 6 3  0 . 0 4

1 4 . 8 0 (  1 . 2  )
2 , 3 6 (  . 4 5 )

76 . t r ( .26)
0 . 6 2 ( . 0 4 )
0 . 6 3 (  . 0 8 )
1 . 4 9 (  . 0 r )

9 6 . 0 1
3

3 t . 9 7
49.06

r 0 0 . 9 3

0 . 4 3 5
0 .  r 0 3
I .379
0 . 9 8 8
0 . 0 3 4
0 . 0 2 0
0.041

o . 2 3
0 . 7 2
0 . 8 1
0 . 0 3

4 . 6 4 ( . 3 3 )  1 2 . 1 1  8 . 9 1 ( . 0 4 )
0 .52( .13)  5L .52  L .99( .22 '

8 8 . 5 3 ( . 3 7 )  2 0 . 0 6  8 2 . 8 0 ( . 9 3 )
0 . 1 8 ( . 0 6 )  1 6 . 1 0  0 . 7 5 ( . 0 8 )
0 . 5 0 ( . 0 1 )  o . 2 s  0 . s 4 ( . 0 1 )
0 . 4 1 ( . 0 7 )  0 . 0 0  0 . 8 7 ( . 0 9 )

9 4 . 8 8  1 0 0 . 0 4  9 s . 8 6
4 1 3

23.63  L4 .74  2r .97( .22)
35 .68  O.44 37 .28( .L6)
26 .98  78 .24  30 .50( .85)
1 1 . 8 8  r . 6 7  1 0 . 5 9 ( , 0 0 1 )

0 . 3 1  0 . 5 5  o . 2 ' l ( . o 4 )
o . 0 3  0 . 1 6  0 . 0 6 ( . o l )

9 8 . 5 1  9 5 . 8 0  r 0 0 . 6 7
1 1 3

18.89  28 .95  2r .96
9 . 0 0  5 4 . 7 8  9 . 4 9

99.42  r0 t .29  101.62

0 . 5 5 3  0 . 4 3 4  0 . 5 0 6
1 . 2 4 5  0 . 0 1 9  1 . 2 8 1
0 . 1 9 9  r . 5 3 9  0 . 2 1 0
0 . 4 6 9  0 . 8 9 5  0 . 5 3 4
0 . 5 2 5  0 . 0 9 3  0 . 4 6 0
0.008 0 .016 0 .008
0 . 0 0 1  0 . 0 0 4  0 . 0 0 r

0 . 2 8  0 , 2 2  0 . 2 5
0 . 1 0  0 . 7 1  0 . 1 1
0 . 3 1  0 . 9 6  0 . 2 8
0 . 5 3  0 . 0 9  0 . 4 6

2 5 . 8 7 ( . s 9 )  1 5 . 7 7 ( . 0 3 )
3 5 . 3 0 ( . 2 3 )  2 . 4 3 ( . 2 7 )
2 6 . 7 9 ( . 7 3 )  7 4 . 1 4 ( r . s )
L 2 . r 3 ( . 3 4 >  1 . 8 5 ( . 2 9 )

o . 3 0 ( . 0 2 )  0 . 8 r ( . 0 1 )
0 . 0 4 ( . 0 1 )  0 . 2 8 ( . 0 1 )

1 0 0 . 4 3  9 5 . 2 8
4 2

1 9 . 0 2  2 8 . L 7
8 . 6 3  5 1 . 0 9

1 0 1 . 2 9  1 0 0 . 4 0

0 . 5 9 7  0 . 4 6 2
r .214 0 .106
0 . 1 8 8  1 . 4 1 8
0 . 4 6 6  0 . 8 8 r
0 . 5 2 8  0 . 1 0 2
0.006 0 .024
0 . 0 0 1  0 . 0 0 7

0 . 3 0
0 . 0 9
v . J 5

0 . 5 3

0 . 2 3
0 . 7 1
0 . 8 1
0 . 1 0

3r.02
64.03

r 0 1 . 3 0

0 .138
0 .02  3
t . 8 I5
0 .986
0 .010
0 .016
0 . 0 1 2

0 .07
o .92
0 . 8 6
0 .01

FoINla proport lons: cat lon suE = 3

Sadple
Ipcat lon

lU-2a-42
Pour Chrones
host guest

HP-3
Dr l lL

host gueat

Type B Exsolutlon

sR-2
Four Chronea

h o s t  g u e e t
Htghl lne

hgst guest

HP-I4
callon Jug 2

host guest

c.? q
AUo.
Feb 

-

ugo
Nto
Tto
Tot al

23.62(.69)
s .04 ( . 13 )

6 5 . 1 1 ( 1 . 3 )
1 .04 ( . 28 )
0.  53( .04)
0 .8s ( . 11 )

96,L9
2

37.63
99.96

3 3 . 4 s ( . 7 1 )
1 6 . 8 0 ( . 6 2 )
4 5 . 0 3 ( . 6 2 )

1 . 5 9 ( . 5 5 )
0 . 2 9 ( . 0 3 )
0 . 5 8 ( . 0 7 )

9 7 . 7 4
o

3 r . 9 7
I 4 , 5 1
9 9 . 1 9

0 . 9 1 3
0 . 6 8 3
0 . 3 7 5
o.925
0 . 0 8 2
0.007
0 . 0 1 5

0 . 4 6
0 . 1 9
o . 5 7
0.08

24.97  34 .67
4 . 9 8  1 4 . 9 8

65.11  44 .64
o . 7 L  1 . 8 6
0 . 5 6  0 . 3 6
0 . 8 0  0 . 6 0

9 7 . t 3  9 7 . 1 1
1 1

3r .90  3r .25
36.9L  14 .88

100.83  98 .60

o . 7 2 r  0 . 9 s 7
0.215 0 .617
1 . 0 2 1  0 . 3 9 4
0.967 0 .909
0.038 0 .097
0.016 0 .010
0.022 0 .016

0 . 3 7  0 . 4 9
o . 5 2  0 . 2 0
0 . 7 7  0 . 6 1
0 . 0 4  0 . 1 0

FeO calc.
trerq c81c.
Nei total

Cr
AI
Fe3+
Fe?+
US
N1
Ti

crlR3+
re3+/R3+
crl ( cr+Al)
l8/(Mg+rez+)

1 7 . 4 9  3 I . 6 9
2 . 7 4  2 5 . 1 6

7 L . 7 5  2 8 . 3 1
2 . 2 5  1 2 . 3 8
n . d .  n . d .
0 . 5 1  0 .  1 6

94.84  97 .70
1 l

3 2 . 3 0  1 7 . 6 5 ( . 1 8 )
2 2 . 9 7  2 . 2 9 ( . 0 1 )
36 .50  74 .7L( .98)

7  . 2 3  0 . 8 s ( . 0 7 )
0 . 0 9  0 . 3 0 ( . 0 0 4 )
0 . 1 8  0 . 5 3 ( . 0 2 )

9 9 . 2 1  9 6 . 3 3
L 2

23.29 32.33(.47)
5 .40  18 .4 r ( . 50 )

66 .49  45 .80 ( . 44 )
0 .56  r . 7  5 ( . 32 )
0 .39  0 .23 ( . 03 )
0 .67  0 .32 ( . 16 )

96 .80  98 .84
1 3

3t,92 32.06
38.43 15.27

r00 .66  100 .37

Fomula proport lons: cat lon sw = 3

0 . 6 7 4  0 . 8 6 5
0.233 0 .735
1 . 0 5 7  0 . 3 8 3
0 . 9 7 1  0 . 9 r 3
0 .030 0 .089
0.0r r  0 .006
0.018 0 .009

0 . 3 4  0 . 4 4
0 . 5 4  0 . r 9
o , 7 4  0 . 5 4
0 . 0 3  0 . 0 9

2 a . 7 0  1 6 . 7 0  2 4 . 4 6  3 0 . 5 3
4 ' 1 . 8 5  1 2 . 9 0  1 3 . 3 9  4 8 . 9 9
t .6E 9630' roo-;o,z frfiT

0 . 5 1 3  0 . 7 7 s  0 . 8 1 4  0 . 5 1 8
0 . 1 2 0  0 . 9 I 8  0 . 8 6 3  0 . 1 0 0
1 . 3 3 3  0 . 3 0 1  0 . 3 1 9  1 . 3 5 4
0 . 8 9 3  0 . 4 3 2  0 . 6 5 s  0 . 9 5 9
0.124 0 .571 0 .343 0 .047
a . d .  n . d .  0 . 0 0 2  0 . 0 0 8
0.017 0 .003 0 .004 0 .014

0 . 2 6  0 . 3 9  0 . 4 1  0 . 2 6
0 . 5 8  0 . 1 5  0 . 1 6  0 . 6 9
0 . 8 1  0 . 4 6  0 . 4 9  0 . 8 4
0 . 1 2  0 . 5 7  0 . 3 4  0 . 0 5

0 . 6 8 5
0 . 2 1 8
1 . 0 5 0
0 . 9 5 0
0.057
0 . 0 r 7
0 . 0 2 3

0 . 3 5
0 . 5 4
o . 7 6
0 , 0 6

present study). Cremer's experiments were synthesis
experiments only and should be cautiously interpreted.
Experimental information on relationships within the
prism at temperatures less than 1000'C is almost non-
existent. However, with the experimental data on the
edges and faces plus the compositional data from the Red

Lodge chromites, we can begin to construct relationships
within the prism. Figure 7 is a sketch of the tunnel-shaped
solvus in the spinel prism that extends from the
MgAl2Oa-MgCr2O4-MgFe 20 a face through the interior of
the prism to the FeAl2Oa-FeCrzOa-FerOa face. The
shape of the miscibility gap on the Fe2* side of the prism
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Table 4. (continued)

Sanple

L o c a t l o n
H,I-34e-42

Four Chrones
bulk

Intemedlate Pha6e

sR-2
Four Chrmes

bulk

Type C Exsolutioq

HJ-L-42 HP-2 nP-9 (1)
Fou! Chronea Drll l  No. Star

bulk bulk bulk

H P - 9  ( 2 )
No.  S tar

bulk

HP-7
Dr t l l
bulk

Cr2O3
AI2o3
Fe0
ttgO
Nto
TtO2
Total

FeO ca lc .
Fe2O3 ca lc .
New Total

Cr
A1
Fe3+
Fe2*
UC
N1
T1

CrlRF
Fe3+/R3+
crl( Cr+Al )
Me/ (r,rs+re 2+;

3 6  . 0 9 (  . 6 6  )
1 3 . 3 0 ( . 3 3 )
4 r . 6 5 ( . 6 1 )

6 . o e ( . 0 4 )
0 . 2 0 ( . 4 )
0 . 5 7 ( . 0 s )

9 7  . 9 0
3

24.99
t 8 .  5 2
9 9 . 1 6

0 . 9 6 6
o.529
o , 4 7 7
o . 7 0 2
0 . 3 0 7
0 . 0 0 5
0 . 0 1 4

0 . 4 9
0 . 2 4
0 . 6 5
0 . 3 0

4 0 . 1  3 (  1 ,  7  )

43 .92(L .5)
4 .29(  -43)
n .  d .
0 . 3 6 (  . 0 6  )

9 8 . 9 3
3

2 7  . 6 7
1 8 . 0 6

ro0.7 4

3 8 . 3 0 ( . 2 9 )
4 .52( .O4 '

5 4 . 4 9 ( . 0 4 )
0 . 1 4 ( . o l )
o . 3 s ( . 0 1 )
o . 4 0 ( . o l )

98 .20
2

32.69
24.22

I  0 0 . 6 2

33.72 42.26
2 . 8 5  2 . 9 4

59 ,71  5 r . 39
0 . 5 5  L . 7 2
0 . 2 3  0 , t  2
o . 2 4  0 . r 9

97 .40  98 .62
1 I

3L.4r (  .72)
3 . 7 4  (  .  3 6 )

6 0 . 4 2 (  1 .  r  )
0 . 0 5 ( . 0 2 )
0 .47  (  .O2)
1 .  0 4 (  . 4 5 )

9 7  . 7 3
3

0 . 9 2 0
0 . 1 6 3
0 . 8 5 9
1 . 0 r  2
0 .003
0 . 0 1 4
0 . 0 2 9

o . 4 7
0 . 4 4
0 . 8 5
0.0r

3 0 . 4 2 ( r . 0 )
0 . 6 6 ( . 3 s )

65 .62(  .44)
0 . 3 4 ( . 0 8 )
0 . 0 6 ( . 0 3 )
0 . 1 2 ( . 0 3 )

9 7 . 2 2
3

3 I . 5 0
3 7 . 9 2

1 0 1 . 0 2

0 . 8 9 9
0 . 0 2 9
I . 0 6 6
0 . 9 8 3
0.0r8
0 . 0 0 2
0 . 0 0 3

0 , 4 5
0 . 5 3
o . 9 7
0 . 0 2

3 1 . 0 5  2 9 . 8 1  3 2 . 6 3
3 1 . 8 5  2 3 . 9 9  3 0 . 8 9

1 0 0 . 5 9  r 0 1 . 0 3  1 0 0 , 2 3

Fonula proport ions: cat lon suE = 3

r . 0 8 6
o . 4 2 8
0 . 4 6 9
0 . 7 9 0
0 . 2 1 8

0 . 0 0 9

0 . 2 4
0 . 7 2
o . 2 2

1 . 1 0 8
0 .  1 9 5
0 . 6 7 5
0 . 9 9 3
0 . 0 0 8
0 . 0 1 0
O .  O I I

0 . 5 6
0 . 3 4
0 . 8 5
0 . 0 1

0 . 9 8 4  L . 2 L 2
o . r 2 4  0 . 1 2 5
0 . 8 7 9  0 . 6 5 3
0 . 9 6 4  0 . 9 0 8
0 . 0 3 6  0 . 0 9 3
0 . 0 0 7  0 . 0 0 4
0 . 0 0 6  0 . 0 0 5

0 . 5 0  0 . 6 1
0 . 4 5  0 . 3 3
0 . 8 9  0 . 9 1
0 . 0 4  0 . 0 9

* = standard devlat lon
**=orlglnal  mlcroprobe analysls
*** = nuEber of analyaes 10 average
n . d .  =  n o t  d e t e m l n e d
c a l c .  =  c a L c u l a t e d

is fairly well known because many of the Red Lodge
chromite compositions fall near this face (see Fig. 5). No
data exist for the Mg-rich side; however, Kwestroo (1959)
showed that the miscibility gap along the MgAl2Oa-
MgFe2Oa join is skewed toward MgAl2Oa.

The three tie lines in the miscibility gap (Fig. 7)
approximate the compositions of three chromite pairs
from Red Lodge. Notice how the tie line for HP-14 is
nearly parallel to the FeAl2Oa-FeCr2O4-Fe3O4 plan€ but
the tie line for LC-5 extends diagonally from near Fe3Oa
to near MgAl2Oa. The direction of the tie lines near the
base of the miscibility gap indicates that the assemblage
magnetite-spinel is stable with respect to magnesiofer-
rite-hercynite at the conditions of exsolution and at low-
Cr bulk compositions.

Estimated peak temperatures associated with regional
metamorphism in the Red Lodge area range from 500o to
600'C but are closer to 600'C (Eckelmann and Polder-
vaart, 1957; Prinz, 1964; Casella, 1969; Skinner, 1969),
corresponding to the upper amphibolite facies. Skinner
presented evidence for local temperature excursions into
the granulite facies, perhaps to 700'C, based on the
appearance of orthopyroxene in the nearby ultramafic
rocks at Highline Trail Lakes. According to Evans (1977),

however, orthopyroxene can appear in the upper amphib-
olite facies, at 650"C and below.

Olivine-spinel equilibration temperatures, based upon
the empirical calibration of Evans and Frost (1975) seem
to be in the range of 600-700'C (Fig. 9). The reason for
the large uncertainty is the wide range in Yf!r-
(:Fe3*/(Cr+Al+Fe3*;; in the Red Lodge exsolved chro-
mite. The data of Evans and Frost were based upon
chromite with low YFl.. (<0.12, normalized to 0.05) and
the method does not seem to apply to chromite wittr Yf3,-
greater than about 0.2. However, those chromite compo-
sitions with relatively low YF!.. indicate temperatures in
the 600-700"C range..

One of the more intriguing aspects of the Red Lodge
chromites is the nearly ubiquitous occurrence of the
"intermediate" phase in Type A and B samples (Figs. 4
and 8). The composition of the intermediate phase falls
outside the miscibility gap (Fig. 6) and yet it exists as a
separate phase. The characteristics of this intermediate
phase are as follows:

(l) Regardless of exsolution type, the intermediate
phase occurs between Al-rich and Fe-rich phases. Tex-
turally, it appears to be the product of reaction between
Al-rich and Fe-rich phases.



LOFERSKI AND LIPIN: EXSOLUTION IN METAMORPHOSED CHROMITE 785

H  T y P e A p o i r

O--{ Type B porr

O Type C bulk

F i l led :hos t

Open:9ues t

, / r p t

,' HP-
|  9 ( r )

H P - 2 \

st2)9

0 8  0 6  0 4  0 2

Mg/(Mg + Fe 2+)

( q )

(2) It occurs around some Type A grains at contacts
with late magnetite rims.

(3) It forms halos around some guest blebs in both
Type A and B grains, near rims and cracks. The halo is
thickest on the side ofthe bleb nearest the rim or crack of
the grain in which it occurs.

(4) As rims and cracks are approached, the Al-chro-
mite blebs of Type B disappear leaving only the interme-
diate phase (Fie. 8).

(5) The intermediate phase has itself undergone unmix-
ing. The lighter lamellae in Figure 4 are indistinguishable
from the host phase. In most areas, the unmixing appears
to be random and not oriented, and it gives the intermedi-
ate phase a mottled texture.

(6) An electron microprobe analysis of a relatively
homogeneous looking part of the intermediate phase from
Type B reveals that its composition is between Fe3Oa and
FeCr2Oa and that it contains almost no Al or Mg (see Table
4 and Fig. 6).

Its occurrence near rims and cracks suggests that the
intermediate phase may be the result of Al loss and per-
haps some Fe gain toward the outside of the grains. In this
aspect the intermediate phase resembles ferritchromit rims.

Fig. 6. Compositional plot of exsolved and single-phase Red
Lodge chromites. The exsolved pairs define a miscibility gap that
extends from the Fe3*-Al join to Crl(Cr+Al+Fe3*; : 0.61. The
approximate position of the solvus (dashed line) was drawn by
eve.
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0 8  0 6  0 4  0 2
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Fig. 5. Compositional plots of exsolved chromites of Types A, B, and C. Type A "guest", Type B "host", except HP-3, and all
Type C analyses are combinations of Fe-rich chromite and finely intergrown Al-rich lamellae.
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Fig. 7. The conventional view of the spinel prism showing the
miscibility gap (heaviest lines) through the prism. Broken lines
within the miscibility gap are tie lines from compositions of
exsolved chromites from Red Lodge. Forfurtherexplanation see
text.

Simple reaction between Al-chromite and Fe-chromite
to form the intermediate phase is unlikely. For two
immiscible phases to react to form a single phase under
isochemical conditions. there would either have to be a

Fig. 8. Photomicrograph in reflected light of the rim of a Type
B grain from sample SR-2, showing the "intermediate'' (medium
gray) phase around Al-rich blebs (dark gray). Note that the
"intermediate" phase halos are thickest toward the rim of the
grain, and that next to the rim of the grain it appears that the
"intermediate" phase has completely replaced the blebs. The
arrows point toward the rim of the grain.
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Fig. 9. Ln Kp vs. YS for Red Lodge chromite-olivine pairs.
Sp = spinel; Ol : olivine;

x9r- xs*r.
*o : 

dffi-,' 
Y2? = cr/tcr+Al+ Fe3*);

YF33. = Fe3*/(Fe3*+Cr+Al).

Numbers next to the symbols are Yff:* of the chromite. The
isotherms are for Yspfr. = 0.05. The solid isotherm is from Evans
and Frost (1975), dashed isotherms from a thesis by Engi (1978)
as reported by Henry and Medaris (1980).

second reheating above the temperature of unmixing or
the miscibility gap would have to close at lower tempera-
tures. No evidence exists for either situation. In addition,
when two phases react to form a single phase, the
composition of the product should be between the reac-
tants. In the Red Lodge chromites, this is not the case
(Fie. 6).

One possible explanation for the existence of the
intermediate phase is shown in Figure 10, which is a
hypothetical three-component system. Although it is usu-
ally dangerous to reduce a complex six-component sys-
tem to three, the Al-chromite guest, the Fe-chromite
host, and the intermediate phase in Type B are all very
low in Mg and the compositions of all three phases are
close to the FeAl2Oa-FeCr2Oa-Fe3Oa plane, so that geo-
metric distortion is minimized.

At some temperature, Tr (Fig. l0a), bulk composition
xs will unmix to form the stable assemblage of q1*r1.
Then at some lower temperature, Z2 (Fig. l0b), the
miscibility gap intersects the B-C join and the resulting
three phase triangle jz-tz-sz represents the compositions
of the stable phases. If component A is removed, the bulk
composition migrates toward x2 and new phase s2 in-
creases at the expense of q2 while the amount of 12 stays
relatively constant because the path of migration x1-x2 is
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(o) (b)

Fig. 10. Expansion of a miscibility gap in a hypothetical
system A-B-C so that the gap intersects the B-C join between
temperatures T1 and 72. For further explanation see text.

nearly parallel to q2-s2. Thus, it is possible that the
intermediate phase is the result of intersection of the
miscibility gap with the (Mg, Fe)FezOa{Mg, Fe)Cr2Oa
face of the spinel prism near the Fe3Oa-FeCr2Oa join, and
the shift in bulk composition causes its occurrence to-
wards rims and cracks.

Scarcity of exsolved chromite

Exsolution of the type we describe here is rare; as we
have noted, Red Lodge is only the third locality from
which exsolved chromite has been reporred. The Red
Lodge ultramafic rocks have undergone metamorphism,
as have the other localities in which exsolved chromite
was found. Accordingly, we originally speculated that
metamorphism might be a necessary condition for chro-
mite exsolution. Recently, however, we found exsolved
chromite in the lowest cyclic unit of the Stillwater Com-
plex, Montana, in rocks from the Mountain View area.
These chromite-bearing, olivine cumulates are partially
serpentinized, but they retain their original igneous tex-
tures and are not metamorphosed. Evidently metamor-
phism is not always a necessary condition for chromite
exsolution. At Red Lodge, however, at least some of the
exsolution was caused by the high-grade metamorphism,
because the bulk compositions of some of the exsolved
chromite and of the single-phase chromite follow meta-
morphic rather than igneous trends (Loferski, 1980a).

The exsolved chromite in all four localities is in differ-
entiated gabbroic bodies, and we speculate that this
attribute may be necessary for the formation of exsolved
chromite. Chromite in differentiated gabbroic bodies
tends to be richer in Fe3* than chromite from alpine-type
peridotites, and hence the compositions are closer to (or
within) the miscibility gap. In addition, the iron enrich-
ment of chromite that accompanies metamorphism or
hydrothermal alteration would place the compositions of
even more chromite grains inside the miscibility gap. No
such exsolution has been reported in chromite from
alpine-type peridotites, even those that have undergone
regional metamorphism, such as the dunites in the Blue
Ridge of North Carolina (Lipin, in prep.).

Evans and Frost (1975, p. 962) show chromite analyses
from a contact metamorphosed alpine peridotite in Swit-

zerland that fall within the miscibility gap, but the chro-
mite is not exsolved. The chromite is from a rock
composed of olivine * chlorite + enstatite that, accord-
ing to Evans and Frost, was subjected to 700"C tempera-
tures. Two explanations for this lack of exsolution are
possible: (l) the period of time at elevated temperature
was too short for unmixing, or (2) inasmuch as the
chromite in this body is substantially more magnesium-
rich than the Red Lodge chromite, it is possible that the
miscibility gap contracts toward the MgCr2Oa-MgAl2Oa-
MgFe2Oa face of the prism (Fig. 7). We have drawn the
miscibility gap with very little change from one side to the
other because of the lack of data on magnesium-rich
chromite.

It is possible that exsolved chromite exists in other
areas, but has not yet been detected because of the
extremely fine-grained nature of some types of exsolu-
tion.

Conclusions

(l) The compositions of natural exsolved chromites
from Red Lodge, Montana outline a miscibility gap in the
Cr-Al-Fe3+ plane of the spinel prism. The gap extends
from the Fe3*-Al join to much higher Cr contents
(Crl(Cr+Al+Fe3+1 : 0.61) than previously reported.
When viewed in the spinel prism, the gap is tunnel-shaped
and extends from the Fe3Oa-FeAl2Oa-FeCr2Oa face
through the prism to the MgFe2Oa-MgAl2Oa-MgCr2Oa
face.

(2) For bulk compositions having intermediate Mg
contents (Me/(Mg+Fet*) : 0.4-0.6), the assemblage
magnetite + spinel is stable with respect to hercynite +
magnesioferrite.

(3) The peak metamorphic temperature reached at Red
Lodge was about 600"C, which is presumably the tem-
perature at which unmixing of many of the chromites
began.

(4) All the reported cases of chromite unmixing are
from differentiated gabbroic bodies (Muir and Naldrett,
1973; Ghisler, 1976; Steele et al.,1977; this report) raising
the possibility that such a phenomenon is unique to this
geological environment.
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