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Abstract
Electron-microprobe and petrographic studies of
alpine chromite deposits from around the world
demonstrate that they are bimodal with respect to the
chromic oxice <content of their chromite. The two modes
occur at 54 + 4 and 37 + 3 weight per cent chromic oxide

corresponding to chromite designated as high-chromium

and high-aluminum <chromite respectively. The high-
chromium chromite occurs exclusively with highly
magnesian olivine (F092-97) and some interstitial

diopside. The high-aluminum chromite is associated with
more ferrous olivine (Fo88-92), diopsider, enstatite, and
feldspar.

The plot of the mole ratios Cr/(Cr+Al+Fe3+) wvs
Mg/ (Mg+Fel+) usually presented for alpine chromite 1is
shown to have a high-chromium, high-iron to | low
chromium, low-iron trend contrary to that shown by
stratiform chromite. This trend 1is characteristic of

alpine type chromite and 1is termed the alpine trend.



However, a trend similar to that for stratitorm chromite
is discernable on the graph for the high-chromium
chromite data. This latter trend is well developed at
Red Mountain, Seldovia, Alaska.

Analysis of the iron-magnesium distribution
coefficient, Kd=(Fe/Mg)ol/(Fe/Mglch, between olivine ana
chromite shows that Kd for the high=-chromium chromite
from all wultramafic complexes has essentially the same
constant value of .05 while the distribution coefficient
for the high-aluminum chromite varies with composition
of the <chromite. These distribution coefficients are
also characteristic of alpine-type <chromites. The
constant value for Kd for the high-chromium chromite and
associated high-magnesium olivine in all alpine
complexes suggests that they all crystallized wunder
similar physico-chemical conditions.

The two types of massive <chromite and their
associations of silicate minerals sugyest the
possibility of two populations with different origins.
Recrystallization textures associated with the
high-aluminum chromite together with field relationships
between the gabbro and the chromite pods, suggest that
the high=-aluminum chromite was formed by metamorphic
recrystallization of the ultramafic rocks and adjacent

gabbro.
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List of illustrations
Micropnotograph of chromite hooks and stringers
developed along olivine-feldspar interface.
Note that pre-existing chromite appears to
serve as a nucleating point for the stringers.,
Sample 42750 from Camaguey, Cuba.
Microphotograph of enstatite, diopside (not
shown)», and chromite in a reaction zone between
olivine and pyroxene. Sample 642749 from
Camagueys Cuba.
Microphotograph of anhedral high alumina
chromite (37% (Cr203) showing molding around
olivine (serpentinized) and euhedral crystals
(with serpentinized olivine centers) of higher
chromium (447%) <chromite serving as nuclei
around which the chromite precipitated. Sample
59-P4 from the Coto miner Philippine Islands.
Microphotograph of anhedral high alumina
chromite (36% (r203) molded around olivine
(serp.) and a higher chromium chromite (45%
Cr203) crystal with olivine <center. Sample

42755 from Camagueyr» Cuba.
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Graph of (Fe/Mg)ol vs (Fe/Mglch for all
olivine-chromite pairs from Red Mountain,
Seldovia, Alaska.

Graph of Cr/(Cr+AlL+Fe3+) vs Mg/(MgtFel+) for
stratiform <chromite of the G and H chromitite
zones in the Stillwater complex, Montana.
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grains in Hawaiian lavas.
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Introduction

Deposits of chromite associated with alpine-type
ultramafic complexes are of economic interest both for
high-chromium and low-chromium <(high-aluminum) ores.
The high and low-chromium ores correspond, in general.,
to metallurgical and refractory grade ores which Dby
definition must contain more than 45 and a minimum of 31
weight per cent (r203 respectively (NMAB, 1970).

The purpose of this study is to investigate tne
relationships between high-chromium and low=chromium,
high-aluminum, <chromites and their associated silicate
minerals in alpine-type ultramafic rocks with the goal
of understanding their genesis.

Comparison of some characteristics of alpine-~type
deposits with those of stratiform chromite deposits 1is
made in order to provide a firmer basis for
interpretation of the analytical results obtained in
this study,

Alpine-type <chromite occurs as podiform and lens
shaped segregations and as agisseminated grains scattered
throughout massive dunites and peridotites which have
been partially serpentinized. The dunites and
peridotites, together with their contained <chromititess,
are component parts of what 1i1s referred to as an

ophiolite suite of rocks whichs when all components are



present, 1s composed of an ultramafic section overlain
by gabbror, basalt, pillow lavase, and tuffaceous and
cherty sedimentary rocks. Because of the occurrence of
ophiolites as tectonically emplaced fault blockss, their
composition, and widespread occurrencer, especially along
island arcss, they are thought to represent fragments of
the uppermost mantle and immediately overlying <crust
(Davies, 19717 Coleman, 1971).

Among the first detailed field and petrographic
studies of chromite were those of Sampson (1929, 1931,
and 1932) who classified chromite deposits as being of
primary or secondary origin although at that time no
distinction was made between the alpine and stratiform
types.

In field studies of <chromite deposits in Cuba,
Thayer (1943) pointed out that in several provinces the
chromite deposits were in peridotites closely associated
with gabbroic rocks. Thayer (1963) later observed that
all podiform chromite deposits occur with either dunite

or troctolite as gangue, halos, or country rock.



Similarlys, other investigators (Flint and otherses
19487, Stoll, 1958, Smith, 1958, MacGregor and Smithe
1962, and Rossman, 1959, 1970) have cescribed the <close
spatial association of the chromite deposits to the
peridotite-gabbro contact in ophiolite seguences.

Thayer (1969, 1970) proposed that the dunites and
peridotites of alpine ultramafic complexes were formed
by crystallization and sedimentation from a magmatic
melt. Most alpine ultramafic bodies, however, have been
sufficiently deformed and recrystallized by dynamic
metamorphism to obscure the primary layering.,
cross-beddings, and other features indicative of such an
origin. This i1s the <case with most of the complexes
included in this study.

Recent studies of alpine complexes (Irvine and
Findlay, 1971, bDewey and wsirds, 19707 Moores, 1909.
Lanpnere, 1973, Jackson and others, 1974) indicate that
the wultramafic section is generally unconformable with
the overlying mafic section ands, in some cases at least,
an ultramafic differentiate of the mafic rock Llies on
top of the ultramafic section. Wwith this interpretation
the lowermost ultramafic section is wusually more
extensively deformed and is referred to as a tectonite

(Jackson and otherss, 1974).



Samples and methods of present study

Samples and preparation--Many of the samples
studied 1in this 1investigation are from a large
collection of alpine chromitites collected by T.P.Thayer
from world-wide occurrences of alpine wultramafic
complexes such as Twin Sisters, Washington; Canyon
Mountain, Oregon- Tiebaghir, New Caledonias Guleman,
Turkey, Zambales, Philippine Islands; Dun Mountain, New
Zealands Camaguey, Cupas Troodoss, Cyprus; Niquelandiar,
drazil,; Webster-Addie and Dark C(Creeks, Nortnh Carolina;
and others. Each sample from Thayer's collection
represents a chromite <concentration or mine and any
"accessory"” chromite 1is generally 1in tne same hand
specimen as more massive <chromite. Many of the
ultramafic complexes are represented by a single
specimen., Samples from the (oolac pbelt, Australiar, were
obtained from H.G.Golding and those from Eklutnar, Claim
Point, and Red Mountains, Alaska were collected by A.L.
Clark and P.W. Guild. Many of the samples from the Red
Mountain complex were collected along traverses planned
in regard to lithologic wvariations and include ©poth
massive and accessory chromite. The data from the Red

Mountain complexs, therefore, are treated separately.



Standard polished sections and polished thin
sections were prepared of all hand specimens. Each
section was examined petrographically and areas were
selected for electron microprobe analysise. In the area
selected for microprobe analysis., centrals, wunaltered
points on crystals of chromite were analyzed to obtain
representative chromite compositions, Both central
points and points near the edges of each chromite grain
and adjacent silicate minerals were analysed to
determine variations within and between phases. In many
specimens microprobe traverses were made across grains
and grain boundaries,

Method of microprobe analysis--Electron microprove
analyses were made with an ARL-EMX-SM microprobe having
three spectrometers equipped with ADP, LiF, and RAP
crystals. Operating conditions used were an accelerating
potential of 15 kV and a beam current of 0.1 ma. The
beam current was integrated over 2.0 ma for a counting
time of approximately 20 seconds. The x-ray counts for
each of the elements Ca, Crs Al, Sis Fer, Mgs Tir Nis and
Na were determined three at a time, in the order given.,
at each of point of analysis. After analyzing many
points for three elements the spectrometers were reset
and standardized for the next three elements and the

same point was re-occupied with the beam. Re-occupying



the same point Wwas facilitated by the wuse of
microphotographs and the mark left by the beam.
Duplicate reading were made at each analyzed point and
the data were corrected using the procedures described
by Sweatman and Lony (1969).

Standards for microprobe analysis included a
chemically analyzed chromite from Union bay, Alaska for
the elements (Cr, Fe, Ti, and Ni. Synthetic enstatite
was the standard for My and Si and synthetic anorthite
was wused for Ca and Al. For qguality control chemically
analysed chromites from the Stillwater complex, Montana
were analyzed 4s unknowns during each period of
analysis.

Calculations of the weight per cent of Fe0 and
Fe203 from total iron in chromite was made by setting
the total number of moles of the divalent metal ions to

1.000 and recalculating the remaining iron as Fel203.



Petrograpony of the Apalyzed Chromitites--The
chromitites analyzed 1in this study consist of the
minerals chromite, olivine, pyroxene, and feldspar in
varying proportions. The olivine is generally anhedral
and either has a fine, eguigranular texture or contains
large recrystallized grains which are irregular in
outline and show undulatory extinction and glide
twinning. Where the bedding planes are discernable by
other criteria such as layers of cumulate chromite, the
recrystallized olivine grains are generally oriented
at an angle to the bedding planes. In some complexes
such as Canyon Mountain, Oregon, large grains of olivine
with euhedral outlines are present.

If olivine is the only silicate mineral present.,
the associated chromite grains are commonly euhedral to
subhedrsal and are dark reddish brown in thin section.
This chromite is a high-chromium variety. If the olivine
is deformed and oriented at an angle to the original
cumulate layerinzs, the chromite grains may also ©bpe
rounded and aligned along the metamorphic fabric
developed in the silicates.

The pyroxenes consist of diopside and enstatite
which may contain exsolution lamellae of one another and
which have undulatory extinction, twinning, and well

developed cleavagye. The cleavages are parallel to the



1170 plane (210 in enstatite) and the exsolution Lamellae
and twinning are parallel to the 100 plane in both
ortho- and clinopyroxene.

where the associated siticate minerals are
pyroxenes olivine, and feldspar, the chromite 1is
commonly anhedral and is hign in alumina and Llow 1in
chromium. Some chromite is frequently developed as hooks
and stringers along the feldspar-olivine <contacts
(fig.1). A similar reaction relationship 1is shown by
fig.2 in which enstatite » diopside (not shown), and
enstatite are developed between olivine and feldspar.
The <chromite which is associated with pyroxene {(and
olivine) usually has globular outlines and 1is molded
around olivine and pyroxene crystals giving the general
appearance of metamorphic relics and recrystallization
texture similar to that described by Sampson, 1929
(figs. 3 and 4). Figures 3 and &4 also show crystals of
chromite (with altered olivine inclusions) with a higher
Cr203 content (447) serving as nuclei around which the
low chromium chromite (36% Cr203) precipitated.

Although the ultramafic complex at Rea Mountain.,
Seldoviar, Alaska shows little megascopic evidence of
intensive dynamic metamorphism, recrystallization is
evident among the silicate minerals. In wultramafic

complexes such as Canyon Mountain, Oregon and the



Zambales <complexs, Philippine Islandss, however, where
intensive dynamic metamorphism is evidenced by folding,
cataclastic textures are not normally present and
undulatory extinction is not as prevalent as at Red
Mountain, Alaska.
Chemistry of chromite

The mineral chromite belongs to the spinel jroup of
minerals and consists of a solid solution of FeCr204,
chromite (sensu stricto), Mg(Cr204, FeAl204, MgAlL204,
FeFelO4, MgfFel04, and contains minor amounts of other
elements. It thus has the general formula AB204 in which
A represents one or more of the divalent metals (FEZ+,
Mgse Nis, Cos Mns, IZnd), B8 is one or more of the trivalent
metals (Fe3+, Al, Cr) or Ti4+, and O is oxygen., The
dominant metals (ions) are Fel+, Mgs Cr, Al, and Fe3+,
hence the formula (Fe2+,Mg)(Cr,Al,Fe3+)204 in which all

cations occur in varying proportions.



Analytical Results

Microprobe  analyses ef alpine chromite--The
electron microprobe analyses for this study have been
prepared as a U.S. Geological Survey open-file report
(Birds 1977). The analyses show very Little primary
variation in composition within the chromite grains in
podiform deposits associated with dunite. The- small
changes wWwhich were observed are confined to one or two
microns from grain edges and usually are different in
chromite adjacent to olivine and chromite adjacent to
pyroxene or other minerals. These small variations thus
appear to reflect solid-solid equilibration with the
enclosing silicate minerals. Variations between adjacent
grains and between accessory chromite and massive
chromite in the same hand specimens and same deposits
are wusually only 1 to 2 per <cent Cr203 and AL203.
Variations between deposits in an wultramafic complex
such as Canyon Mountain, Oregones however., are
significant and provide wmuch of the data for the
conclusions of this study. The (r203 content of massive
chromite in all deposits studied was found to be either

S47% * 4% or 37 t 3% (weight per cent).
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Microprobe analyses of chromite 1in a feldspathic
gangue may shows in some deposits, variations within
individual grains of as much as 50% of the amount of
Cr203 present with corresponding reciprocal variations
in AL203. These variations, however, are lLimited to rims
of Late chromite rimming the chromite and olivine grains
alony olivine-feldspar interfaces such as the hooks and
stringers of fig.1.

The analyses (Bird, 1977) show that alpine type
chromite i1s characterized by 1) reciprocal variations
between chromium and aluminum <content from about 1.5
moles Cr to less than 0.5 mole Cr; 2) wusually small
guantities of Fe203; 3) reciprocal variation between
Fe2+ and My from about 0.7 mole to 0.3 mole Mg;, and &)
low concentrations of Ti02 usually near 0.25 but varying
to 0.75 wWweight per <cent. The sum of the moles of the
oxides of Fel+ and My have been sgt equal to 1.000 (with
minor amounts of Ni and Mn) and the moles of oxides of

Crs, AL, and Fe3+ total 2.00 including some Ti and Si.
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Variations 1o compositions of slpine-type chromite
--Figure S5 shows the graph of Al203, Mg0, and FelO03
plotted against (r203 for the alpine chromite from Red
Mountain, Seldoviar, Alaska. The graph illustrates the
rapid decrease in aluminum and slight increase in ferric
iron as chromium increases, The plot of the ferric iron
data shows a slight decrease in ferric iron as <chromic
oxide increases above 50%. Maynesium oxide decreases as
chromic oxide increases up to near 50% and then
increases &S chromic oxide continues to increase above
50%. The decrease in magnesium as chromium increases 1in
atpine chromite which contains less than 50% <chromic
oxide 1is uniyue to alpine-type chromite and results in
what is termed the alpine trend in this paper.

Co/SCCr#pl+fed+) vs_¥a/C(¥Mgtfe2+) trend in composition
of alpine chromite--The plot of the mole ratio of
Cr/(Cr+AlL+Fe3+) aygainst the mole ratio Mg/ (Mg+Fel+) for
the chromite from each high grade alpine-type chromite
deposit analyzed 1in this study is shown in fig.6. The
resulting graph illustrates the high=chromium ’
low-magnesium to Llow-chromiums, high~magnesium trend
referred to as the alpine trend in the previous section.
Published graphs of analytical data for alpine-type
chromite, including accessory chromite, show the same

trend (Loney and others, 1971, Irvine, 1965; Malpas and
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Strongs, 1975). Assuming that the alpine ultramafic rocks
are formed by fractional crystallization from a magmatic
melt and that the high chromium chromite is the first to
crystallize, the <chromite along the "alpine trend”
becomes more magnesian and less ferrous as
differentiation progresses. Analysis of the <chromite
data for individual complexes, however, shows that a
high-chromium, high-magnesium to Llow=chromium., low-
magnesium trend almost normal to the alpine trend can be
discerned for tne high-chromium chromite of alpine type.
This trend 1is best exemplified by the high-chromium
chromite data for the Red Mountain complex.

Figure 7 shows the graph of the mole ratios
Cr/(Cr+Al+Fe?7+) plotted aygyainst Mg/(Mg+Fel+) for the
massive and accessory chromite from Red Mountain. The
part of the graph between points B and C has the trend
which 1s characteristic of alpine chromite. As indicated
in the figure, however, the data points which define the
alpine trend (B-C) primarily represent accessory
chromite. The open points (circles) represent accessory
chromite from many different locations 1in the complex
and the double circles represent accessory chromite 1in
closely spaced samples (every two feet) from a
stratigraphic section having a thickness of about 20

feet (6 m). For bLoth symbols the points nearest point B
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represent accessory chromite near a massive chromite
layer and those nearest C represent chromite close to or
in pyroxenite or peridotite layers. The <chromite which
is lowest in chromium is generally associated with minor
enstatites, olivine, and diopside all of which have the
highest content of iron. The open points between B and C
generally represent accessory chromite in peridotite.
Other occurrences of low=chromium (high=aluminum)
chromite in the Red Mountain complex lie adjacent to
dikes of anorthitic feldspar (An90) which intrude the
ultramafic section, This low=chromium chromite locally
forms small massive ©bodies and apparently its (ow
chromium content results from aluminum metasomatism and
recrystallization of chromite agjacent to the
feldspathic dikes. The composition of this chromite also
plots along the characteristic alpine trend as is

illustrated by the circled dots in fig.7.
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Where dikes of feldspar intrude dunite a reaction
zone consisting of pyroxene and spinel lies between the
dunite and the feldspar (fig.8). <Chromite in the dunite
has a much higher chromium content ana Llower aluminum
content than chromite near or in the reaction zone. The
latter chromite apparently results from
recrystallization (and partial substitution of Cr by
Al)of the existing chromite. Texturally the chromite in
or near the reaction zone is anhedral and much coarser
than that in the dunite. The grains of olivine adjacent
to the reaction zone also show evidence of
recrystallization,.

The graph between points A and B (fig.?)
illustrates the high=chromium, high magnesium to
low=chromium, Low=-maygnesium trend referred to in
previous paragraphs. The data points (dots) represent
chromite in massive layers of cumulate chromite which
consists of over 90 per cent chromite and less than 1C
per cent olivine. The chromite in the high grade layers
varies 1in composition from about 58 weight per cent
chromic oxide in the denser parts of the layer to 49-50
weight per cent near the margins. The variations from
58 to 49 weight per cent Cr203 1in the <chromite is a
primary compositional wvariation wunrelated to changes

which involve metasomatisma.
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Bimodality of alpine-type chromite

It is evident from fig.6 that the graphed data are
divided into two fields that are at Cr/(Cr+Al+Fel+) mole
fractions of 0.7 and U.4. An histogram of the frequency
of occurrence of all the chromite deposits with
different percentages of chromic oxide in the chromite
are shown in fig.9a illustrating that the deposits are
indeed bimodal with respect to the chromic oxide content
of the chromite. The two modes occur at 54 and 37
welight per cent chromic oxide with standard deviations
of 4 and 3 per cent respectively. These two modes are
referred to as the high-chromium and low-chromium modes
respectively.

The histograms for individual ultramafic complexes
(figs.9br,c) illustrate tnat the bimogality of <chromite
deposits also occur in a single ultramafic complex.

Golding and Bayliss(1968) reported that the
chromite deposits in the C(Coolac wultramafic opelt of
Australia are bimodal with respect to their (r203
content and Golding and Johnson {(1971) reported modes
at 58 and 38 weight per <cent (Cr203 1in the Coolac
chromite deposits. Microprobe analyses of fifteen
Coolac chromites in the present investigation have modes
of 57 and 37 weight per cent Cr203 (fig. 9b). Similarly.,

the wultramafic complexes of (Cuba and the Zambales
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complex of the Philippine Islands <contain <chromite
having a bimodal aistribution. In both localities the
chromite in dunite contains about 56 per cent chromic
oxide and the chromite deposits which Lie nearer the
gabbro contain about 37 per cent chromic oxide.

The chromite deposits in the Canyon Mountain
ultramafic complexs, Oregons, are also bimodal (fig.9%9c).
Mapping of the areal distribution of the Canyon Mountain
chromite deposits illustrates a pattern of high chromium
oxide deposits in the center of the complex which are
surrounded by low=chromium chromite deposits adjacent to
the pyroxenites and gabobros around the edges of the
complex. Assuming the chromite to have been formed by
continuous differentiation this pattern suggests that
the chromite at the top of the ultramafic section is

high in aluminum while the chromite from lower in the

section 1is high in chromium., The alternative
interpretation is that the high-aluminum <chromite
results from metamorphic recrystallization of the
ultramafic section and adjacent gabbro. An abrupt

difference between the twd types of chromite is shown oy

the histogram of fig.9c.
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The silicate minerals associationss, which are
distinguished by the different symbols in fig.6, also
reflect the bimodal distribution of the massive podiform
chromite. The massive chromite with the higher content
of (Cr203 is associated with olivine while that Wwith the
higher percentage of Al1Z203 is associated with enstatite,
clinopyroxene, and feldspar. The high-chromium <chromite
never occurs w«ith enstatite or feldspar and only with
minor, interstitial diopside.

Qlivine gcompesitions--The olivine analyzed in this
study is typically high in forsterite. The average
values are near Fo%92 for olivine associated with low
chromium, high~aluminum chromite, enstatite, diopsider
and feldspar and Fo%4-95 for olivine associated with
high-chromium <chromite and minor diopside (Birds, 1977).

The range of the forsterite molecule in olivine
associated with the hign-chromium chromite 1in the
massive layers of the Red Mountain complexs, however, is
about Fo92-Fo097. The accessory and other high—aluminum
chromite at Red Mountain s associated with olivine

having a forsterite content of Fo85-F092.
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Pyroxene  compositions--The  pyroxenes from the
alpine chromitites in this study are ltargely diopsides
Wwith some enstatite or bronzite. The diopsides generally
contain 1-4% FeO (total Fe oxide)s, 0-.5% Na20, 0.3-4%
AL203, 0-1% Ti02, and 0-2% Cr203.

The AL203 content wvaries reciprocally with Si0Z
indicating substitution of Al3+ in the Si tetrahedron.
Wwhere AL is abundant 1t also 1is the dominant ion
substituting in the octahedral sites for charge pbalance,
This is especially true where the diopside 1s associated
with high alumina chromite. Diopside associated with
high~chromium chromite generally does not contain
sufficient AL to fill tetrahedral sites not occupied by
Si and the ions Fe3+, Ti4+, and possipbly Cr3+ are
assumed to fill the remaining sites.

There is positive correlation between the Cr/Al
ratio 1in pyroxenes and associated chromite. The plot of
(Cr/AL)di vs (Cr/Al)ch shows a break between high-Al and
high=-Cr chromites at (Cr/Al)ch = 2.2 to 2.3 (molar
ratio) corresponding to a Cr content in the high-Cr
chromite in excess of 1.3-1.4 moles (fig.10).

The pyroxene enstatite associated with giopside and
high alumina chromite contains 2 to 3 times as much FeD
as does the aiopside while its content of AL203 is equal

to or about one~half that of diopside. The AL203 content
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of the enstatite ranges from 0.6 to 2.3 weight per cent.
Both enstatites and diopsides associated with feldsparse

e.g. Cuban chromitites, are higher in AlL203 and NalO.
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Iron-Magnesium distripution coefficient. Kd~
between olivine aond chromite io alpine complexes--It has
been shown by various authors that olivine (Sahama and
Torgeson, 1949, Schwerdfeger and Muan, 1966; Nafziger
and Muan, 1967; and Williamss, 1972) and chromite
(Irvine, 1965) can pve treated as approximately ideal
solid solutions; that is, the activity coefficients for
iron and magnesium are approximately wunity. The
jron-magnesium distribution coefficient, Kd, therefore
approximates tne equilibrium constant for the exchange
reaction of Fe and Mg between chromite and olivine and

can be written as

Kd =
where is the activity coefficient of Fe 1in
olivine, X is the mole fraction of Ffe in olivine,

(Fe/Mg)ol is the mole ratio of iron and magnesium in
olivine, etc. (Jackson, 1969). The values m and o are
the slope and ordinate intercept, respectively, on the

plot of (Fe/Mglol vs (Fe/Mglch.
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Treating olivine and <chromite as ideal solid
solutions at <constant temperature and pressure, the
grapn of (Fe/Mg)ol plotted against (Fe/Mg)ch is found to
be linear and have a4 zero intercept. The slope of -the
line, therefore, gives the value of the distribution
coefficient, Kd.

The partial pressure of oxygen during the
crystaltlization of alpine-type ultramafic rocks was very
low and essentially constant (Irvine, 1967), Similarly»
the pressure can be treated as constant since the entire
range of <composition occurs in only a few feet of
stratigraphic section and the volume change involved in
the reaction is smallt (Irviner, 1965). It can be assumed.,
therefore, that the constant value of Kd determined for
high-chromium alpine-type cnromite-olivine associations
around the world reflects uniformity in the temperature
of <crystallization (or recrystallization) for these
rocks.

Sinton (1976) has suggested that a constant
gistribution coefficient of elements between two phases
indicates a constant temperature of eguilibration
(probably metamorphic) and the variation in composition
of the phases reflects variation in composition between

layers.
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Figure 11 is a graph of the Fel+/Mg ratios for all
olivine-chromite pairs analyzed in this study with the
exclusion of the Red Mountain, Alaska complex. The solid
circles (dots) represent all of the high-chromium
chromitites and the open circles represent the
high-alumina <chromites. The outstanding feature of tnhe
graph 1is the lLinear relationship shown Dy the
high-chromium chromite-olivine pairs (solid circles).
The average chromic oxide value of the <chromite along
this Lline 1s 54 per <cent, This is the same averaje
obtained for the high-chromium chromite in the histogram
of fig.%9a. The chromite with an Ffel+/Mg ratio which
varies Llinearly with that of olivine and that in the
high-chromium mode of the histograms represent the same
population. The graph of fig.11 has a slope of
approximately .05 and an intercept near zero. Therefore.,
the value of Kd is approximately .05.

The constant valtue of Kd suggests that all of the
high-chromium chromite and associated olivine
crystallized or eguilibrated at about the same
temperature.

It s significant that the data along the Line for
which xd = .05 comes from widely separated alpine

complexes scattered from around the world.

23



Figure 12 shows the graph of (fFe/Mmgl)ol plotted
against (Fe/Mg)ch for the <chromitites of the rRed
Mountain complexr, Seldovia, Alaska. The Fel/My ratios
vary from 0.45 to 2.30 for chromite and from J.302 to
0.172 for olivine. Similar to the graph of the other
alpine complexes (fig.11) the data for the high-chromium
chromite and associated olivine describe a linear
relationship between points A and B and have an
intercept near the origin. The nearly constant value of
Kd determined from the slope of the graph is 0.046
closely corresponding to the wvalue of .05 determined
from the data for other olivine chromitites.

The graphed data between points B and C of fig.12
correspond to accessory chromite and high-alumina
chromite associated with anorthitic dikelets (circled
points). This section of the yraph shows a variation of
the distribution <coefficient, Kds, with composition of
the chromite. The variation of the data along the Lline
(Fe/Mglol = =-,0036(Fe/Mglch + .105 between the ordinate
and the intersection with the Lline for which Kd is .046
suggests a general locus of points for all high-alumina
chromite., Data for massive high-alumina chromite
deposits also Llie near this Line but are too few to

define a trend.
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Comparison of alpine-type chromitite with
stratiform «chromitite and chromite from recent lavas--
Studies of the stratiform ultramafic complexes
convincingly demonstrate tnat magmatic differentiation
has occured in them. Jackson (1969, 1970) and Irvine
(1970) have shown that in the crystallization of a magma
from which a stratiform—-type <chromite deposit is
derived, magnesian olivine crystallizes and accumulates
together with high-chromium, high-magnesium chromite.
The differentiation trend, as determined from the
changes in chromite composition, is from high=chromium,
low-iron to low-chromiums high-iron chromite. As the
iron increases in the chromite the iron content of the
olivine also increases with continuing differentiation.
In jeneral, the aluminum content of the chromite also
increases as the chromium decreases., Figure 13 shows the
graph of Cr/(Cr+Al+Fe3+) plotted against Mg/(Mgt+tFel+)
for the chromite from the G and H chromitite zones of
the Stillwater stratiform complexs, Montana. The chromite
of both zones decreases in chromium and 1increases in
iron from bottom to top. Similar graphs have been made
in other studies of stratiform chromite (Thayer, 1970).
ALl show the same trend as does fig.13 with chromic
oxide and magnesium oxide decreasing as ferrous oxide

increases. This trend is identical with that illustrated
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for massive high-chromium <chromite ot Red Mountain.,
Alaska shown in fig.?. No trend in chromite composition
comparable to the alpine trend, however, is observed for
the stratiform chromite nor for tne <chromite 1in the
Hawaiian lavas (Evans et al», 1972).

variations in the chromite compositions from the H
chromitite 2one of tne the Stillwater complex are
illustrated oy fig.13 to snow the increase in magnesia
and decrease in alumina as <chromium increases. The
variations are monotonic and are comparable to those of
the high-chromium alpine <chromite but <change at a
different rate. Similar varjations of iron and magnesium
are shown in fig.14 for the Hawaiian chromite.

Recent microprobe studies of lavas and peridotite
samples from the mid-Atlantic ridge by the author
(unpublished data) have demonstrated that the alpine
trend, as defined by the graph of Cr/(Cr+Al+Fel+)
plotted against Mg/ (Myg+Fel2+), is characteristic of those
rocks also. The work of Sigardson and Schilling (1976)
has also shown the same alpine wvariation to exist in

ultramafic rocks from the mid-Atlantic ridge.



Comparison of the 1iron-magnesium distribution
coefficient between cnromite from stratiform <complexes
(and Hawaiian Llavas) and alpine chromitites also shows
differences between the two types. Figure 15 shows the
graph of (Fe/Mg)ol plotted against (Fe/Mg)ch for the G
and H chromitite zones of the Stillwater complex and the
Hawaiian lavas. The trend of the alpine high-chromium
chromite data is shown for comparison.

Similarity between the Stillwater G and H zones
data and the Hawaiian lava data are shown by the slopes
of the graph. The slopes of the three lines are
approximately 0.135 compared to values near .05 for
alpine chromitites,

For the alpine and the H zone chromitites the value
of the intercept b, is approximately zero and Kd i1s .05
and .135 respectively. For the two remaining graphs the
intercept does not equal zero ana Kd varies wWwith the
composition of the chromite. The similarities between
chromite from the G and H zones and the Hawaiian lava
chromite and the differences of the alpine chromite are
apparent.

The iron-magnesium distrioution coefficient data
from the mid-Atlantic ridge (Sigardson and Schilling.,
1976>, however, show similarities to the stratiform and

Hawaiian chromite instead of to the alpine <chromitites.
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The occurrence of chromite, 1in lavas of the
mid-Atlantic ridge, having a range in chromite
composition which defines the alpine trend but having an
Fe-Mg distribution coefficient between it (chromite) and
olivine which is similar to the distribution coefficient
of stratiform <chromitites suggest that composition of
tne mayma determines the alpine trend and that pressure
is a major factor in determining the distripution
coefficient.

summary and conclusions

The massive chromite deposits which are present in
alpine~type ultramafic complexes are bimodal with
respect to their chromic oxide content. The two modes
are at 37 + 3 per cent and 54 * 4 per cent chromic oxide
corresponding to refractory grade and metallurgical
grade chromite respectively, Alpine chromites,
therefore, have a natural oreak in chromic oxide content
between these two grades.

The high-chromiumes Llow=magnesium to low-magnesium
to low-chromium, high-magnesium trena shown by the graph
of Cr/(Cr+Al+fe3+) plotted against Mg/ (Mg+Fel2+) for the
alpine <chromite 1is termed the alpine trend. It is a
distinguishing feature which differentiates between

alpine and stratiform type chromitites.
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The data from Red Mountain, Seldovia, Alaska
illustrate that alpine chromite also has a high-chromium
chromite trend which is comparable to that for
stratiform chromite. In alpine chromitite, however., the
Fe/tg wuistribution <coefficient between high-chromium
chromite and the associated olivine has a distinctive
value of approximately .U5 compared to « 135 for
stratiform chromitites. An Fe/wug distribution
coefficient between high-chromium chromite and olivine
of approximately .05 1S, therefore., a second
distinguishing feature of alpine chromitites.

Each of the two modes of <chromite is associated
with its characteristic suite of silicate minerals. The
high-chromium chromite s associated with highly
magnesian olivine and minor diopside. The high-aluminum
chromite 1is associated with more ferrous olivine,
enstatite, diopside, and feldspar and usually occurs at
the top of the ultramafic section adjacent to gabbro.

The occurrence of two distinct types of chromite
deposits in alpine ultramafic complexes, each with its
characteristic range in composition, associated suite of
silicate minerals, and distinctive 1iron-magnesium
distribution <coefficient between the chromite and
olivine suggests two different populations of chromite

with different modes of origin,
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Continuous differentiation from the high-chromium to
the high=-aluminum chromite may also be postulated.
Supportiny this latter view is the fact that when gabbro
immediately overlies the ultramatic section, chromite in
the wultramafics adjacent to the gabpbro is high in
alumina and the high-chromium chromite occurs in the
dunite further away from the gabbro. Interpreting the
dunite-gabbro relationship as representing a
stratigraphic succession with gabbro at the top, the
decrease in chromium content of the <chromite and
increase in the iron of the olivine and pyroxene
indicate a seguence of continuing differentiation.
However, 1f differentiation is the controlling method by
which the composition of the chromite is varied, one
might expect to find a <continuous range in <chromite
composition from the the high-chromium chromite in the
dunite to the high-aluminum chromite adjacent to the

gabbro. Insteads, two populations of chromite are found.
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Continuous variation does occur in the accessory
chromite but not in the massive ore bodies. In general.,
the nigh-aluminum chromite grains occur only as
accessories except in podiform deposits and other small
concentrations adjacent to feldspathic intrusives.,

In lieu of the nypothesis of continuous
differentiation it 1s postulated that the massive
deposits of the high-aluminum <chromite result from
metamorphic reaction and recrystallization of the
uppermost part of the wultramafic section and its
contained chromite with the overlying gabbro section
serving as a source of aluminum. In support of this
hypothesis, the high=~aluminum <chromite pods, which
frequently contain a feldspathic gangue, occur within a
sheath consisting of an inner zone of dunite and an
outer 2zone ot orthopyroxene deficient harzburgite
adjacent to the gabbroic rocks. The zonings, Wwhich is
usually present, suggests a reaction between the gabbro

and ultramafic rocks.
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The <chromite and associated silicate minerals in
the pods of high-alumina chromite almost always contain
textural relationships such as armored relics of olivine
encased by chromite and ooth ortho- and clinopyroxene
which can ©ope 1interpreted as haviny been formed by
metamorphic reaction and recrystallization. The chromite
and pyroxene generally lie between the olivine and
enclosing feldspar. If this hypothesis is correct then
some of the ore bodies of high-aluminum chromite should
show internal variations from the high~chromium to the
high-aluminum chromite, Reported chemical analyses from
some of the deposits indicate that this variation does
occur although no detailed work has ©peen done on a
single deposit. Similarly., many hand specimens
containing composite grains in which euhedral crystals
of <chromite are enclosed by anhedral chromite of much
lower <chromium <content have ©peen observed in this

investigation.
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Comparison of the high=-chromium alpine chromitite
data with data from stratiform chromitites suggest that
the two had similar origins by precipitation from a
magmatic melt. Comparisons with analytical data from
recent lavas suggest that some of the differences
between the stratiform and alpine types are due to
differences in compositions of the melts from which they
were derived.

The presence of high-aluminum chromite bodies in
the uppermost part of the wultramafic section and the
high=-chromium <chromite bodies in the lower parts of the
ultramafics suggest that areas which contain
high-aluminum chromite such as the (Camaguey chromite
districts, Cuba might contain metallurgical grade
chromite more distant, either laterally or vertically,

from the dunite-gabbro contact.
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Fig.8. Photograph of specimen of olivine chromitite
which has a reaction zone of pyroxene and spinel
adjacent to an intrusive feldspar dikelet (white).
The chromite grains (black) near the bottom of th
section contain approximately 40%Z Cr203 while
the large chromite grain (left center) near
the reaction zone has less than 20%Z Cr203.
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Fig.l4. Compositional trends of individual chromite
grains in the Hawaiian lavas.The increase in
magnesium oxide as chromium oxide increases is
similar to the trend in the Stillwater chromite
but the increase in aluminum 1is anomalous.
Data from Evans and Wright, 1972.
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