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gap, which is between Al- and Fe-rich compositions. If Fe
enrichment occurs, however, the chromite compositions
may be driven into the miscibility gap, and, if kinetics
permit, exsolution will occur. Chromite from the M—16 drill
core is unusually Fe rich for the Stillwater; thus some
compositions fall within the miscibility gap. Of the six
Stillwater samples that contain exsolved chromite, three fall
inside and three outside the miscibility gap defined by the
Red Lodge chromites. Of those outside the miscibility gap,
two are close in composition to other samples in which

« Figure 11. Compositional fields of segregated
chromite from the B, G, and H chromite seams of the
Stillwater Complex. G and H chromite compositions
are from Jackson (1969).
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Figure 12. Microprobe analyses of chromite from the M-16 drill core plotted with respect to Cr-Al-Fe**. Position of the
miscibility gap is for chromite from Red Lodge, Mont., from Loferski and Lipin (1983).
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exsolution was not detected. It is possible that exsolution
occurs in other samples, but it may be too fine to detect in
the optical microscope.

Of the minor elements, only TiO, reaches significant
quantities in the chromite; it ranges from 0.5 to 2.5 percent
and is typically about 1 percent. NiO, ZnO, and MnO are
typically less than 0.5 percent.

As alluded to above, we found that accessory
chromite grains in or near olivine are compositionally
distinct from those enclosed in orthopyroxene, and this
results in the wide compositional ranges, especially
of Cr/(Cr+Al), for individual samples. Figure 13 shows
compositional fields for accessory chromite grains en-
closed within olivine, orthopyroxene, and amphibole for
all of the samples analyzed in M-16. Although the
fields overlap when all of the samples are plotted together,
figure 13 illustrates that the field for chromite in ortho-
pyroxene extends to higher X, values and slightly lower
X Values than the field for chromite in olivine. Three
samples from the olivine cumulate were investigated in
detail, and figure 14 shows a plot of the compositions of
individual grains for one of those three samples. The other
two samples show similar compositional relations; there is
little or no overlap between the compositional fields within
individual samples. Figure 14 shows that, except for one of
the chromite grains in olivine, those in intercumulus pyrox-
ene and olivine plot in distinct and non-overlapping com-
positional fields. Grains in orthopyroxene are higher in X,
and Fe** than those in olivine. In this sample, X Of grains
in olivine does not differ from Xy, of those in orthopyrox-
ene, whereas another sample showed slightly lower Xy, for
grains in orthopyroxene.

Table 2 shows the oxide weight percent as determined
by microprobe analysis of a chromite grain in olivine and
one in orthopyroxene from sample 289. The most dramatic
differences are in Al,05, which is 28 percent for chromite
in olivine and 15 percent for chromite in orthopyroxene,
and Cr,05, which is 32 percent and 44 percent for chromite
in olivine and orthopyroxene, respectively. Total Fe is 32
percent for both, and MgO is about 6.2 percent and 6.5
percent for chromite in olivine and orthopyroxene, respec-
tively. Of the minor elements, ZnO contents are commonly
higher for chromite in olivine, whereas TiO,, NiO, and
MnO do not show consistent differences in abundance for
chromite in olivine compared with that in orthopyroxene.

The effect of chromite mode on the compositions,
especially Xy, of chromite and associated Fe-Mg silicates
has been well established by other workers as noted above.
However, differences in accessory chromite composition
relative to the enclosing silicate are less well known.
Cameron (1975) noted higher Al,O; but lower X, in
accessory chromite within olivine relative to that in postcu-
mulus bronzite in the Bushveld. He concluded that such
compositional differences were due to postcumulus and (or)
subsolidus reaction but that changes in composition relative

to chromite mode reflect primary magmatic variations. Two
other studies, by Hamlyn and Keays (1979) of chromite in
the Panton Sill, Australia, and by Henderson (1975) of
chromite from the Rhum intrusion, Scotland, showed
increases in Cr and Al in chromite in the intercumulus
minerals outside of olivine grains. Both studies concluded
that the composition of chromite enclosed in olivine is
unchanged since the time of its inclusion, whereas the
chromite outside of olivine grains is enriched in MgAl,O,
by postcumulus reaction with liquid and cumulus silicates.

The relative compositional changes in the M-16
chromite are different from those shown in the previous
studies. Nevertheless, in M—16, as in chromite from the
previous studies, the fundamental question is whether the
different compositions of chromite in olivine and orthopy-
roxene reflect primary magmatic differences, postcumulus
or subsolidus reequilibration, or late-stage alteration related
to serpentinization.

Primary magmatic compositions are probably not
preserved in accessory chromite simply because of the sheer
volume of silicates relative to chromite available for chem-
ical reaction. Calculated equilibration temperatures for
chromite-olivine pairs from M-16 support this conclusion.
Figure 15 shows olivine-spinel equilibration temperatures
based on the empirical calibration of Evans and Frost (1975)
and from data by Engi (1978, as reported by Henry and
Medaris, 1980). M~16 chromite samples that have Y.+ in
the range of the diagram (for which Yg.-=0.05) yield
temperatures of about 600-700 °C, which are well below
the probable crystallization temperatures of chromite in the
complex. The 600-700 °C temperatures strongly suggest
subsolidus reequilibration. Numerous studies on chromite-
olivine temperatures using this method invariably obtain
temperatures of 600 °C or higher (see also Loferski and
Lipin, 1983), suggesting that 600 °C is the temperature
below which diffusion becomes too sluggish for any sub-
stantial Fe-Mg exchange between olivine and chromite.

Another indication of subsolidus reaction is that both
olivine and orthopyroxene show zoning of Cr,0; over
distances as much as 100 wm from chromite grains, Figure
16 shows a plot of weight percent Cr,O; in pyroxene against
distance from an enclosed chromite grain; Cr,O; decreases
steadily from about 0.7 percent to less than 0.1 percent with
increasing distance from the chromite grain. In addition, the
Fo content of olivine is 1-2 mole percent higher immedi-
ately adjacent to an enclosed chromite grain. This evidence
confirms Irvine’s (1965) suggestion that olivine gains Mg
while chromite gains Fe during subsolidus reequilibration.

The lower Al in chromite within orthopyroxene
compared to that in olivine may be due to the fact that
orthopyroxene can accommodate diffusion of Al out of
chromite during subsolidus reequilibration. Therefore, Fe**
and Cr are relatively increased in the chromite by differ-
ence. Chromite in the bronzite cumulate of the Basal series
is lower in Xy, and lower in Al than chromite in the
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Figure 13. Compositional fields of accessory chromite in
olivine, orthopyroxene, and amphibole, for all M-16 drill
core samples. A, Cr/(Cr+Al) plotted against Mg/
(Mg+Fe*™); B, Fe’*/(Cr+Al+Fe’") plotted against Mg/
(Mg+Fe®™).

olivine-bearing rocks of the overlying olivine cumulates
(see figs. 5, 10). Because the chromite is affected by
reaction with the bronzite regardless of whether the bronzite
is cumulus or intercumulus, a subsolidus reaction is
implied.

In the M-16 samples, accessory chromite also is
commonly enclosed in amphibole, and this chromite also
differs compositionally from chromite in olivine or orthopy-
roxene. As described above, the amphibole can occur as a
late-stage intercumulus phase or a reaction rim around
chromite included in a silicate. Chromite grains with
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Figure 14. Compositional differences between accessory
chromite in olivine and in pyroxene in one sample from
the M-16 drill core. Each point represents one grain.

amphibole rims show a variety of compositional trends. In
some grains of orthopyroxene, chromite grains with
amphibole rims have lower Xy;, and higher X, and Yg.+
than chromite without amphibole rims, whereas, in other
samples, chromite grains with amphibole rims have higher
Xy, and lower Xc, and Yg.>+. Thus, although reaction trends
are not clear cut, accessory chromite compositions have
been affected by postcumulus or subsolidus reequilibration
with the surrounding silicates.

WHOLE-ROCK TRACE ELEMENTS

Trace-element analyses were performed on whole-
rock samples at the analytical laboratories of the U.S.
Geological Survey. Details of analytical techniques are
given elsewhere (Loferski and others, 1984). The samples
were analyzed for Cr, Ti, V, Zn, and Mn, which should
reflect variations in the oxide minerals in the rocks, and Ni,
Co, Pt, Pd, and Rh, which should reflect the amount of
sulfides. The sulfides identified in the polished sections
include chalcopyrite, pyrrhotite, and pentlandite. In most
samples they compose much less than 1 percent of the rock
and occur mainly as specks in serpentinized areas. In a few
samples, however, they are more abundant and reach 1 to 2
modal percent. Samples with high modal sulfide are indi-
cated in figure 17; all four are located at the base of a layer.

The trace-element contents are plotted against strati-
graphic height in figure 17. The amount of Cr is fairly
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Table 2. Representative microprobe analyses of accessory
chromite in olivine and orthopyroxene in sample 289 from
the first olivine cumulate

[calc=calculated by using calculated Fe**]

Chromite in

Olivine Orthopyroxene

Oxides, in weight percent

SiOy .ot 0.04 0.04
TiO5. v .87 1.01
ALOy.......co 27.70 15.30
CraO5. v 32.08 44.15
FeO“™ . . ... ... ... oo, 3241 32.45
MgO.....coooiiin 6.16 6.52
NiO ... .07 .14
nO ...l .62 .05
MnO.................... .34 .36

Total 100.29 100.02
FeOcalc................. 27.07 25.08
Fe,Ozcalc............... 5.93 8.19

New total 100.88 100.84

Formula proportions®

L T 0.001 0.001
Tio o .020 .025
Al............. e 1.023 .595
(¢ 794 1.150
Fe® .140 .203
Ee* 709 .691
Mg .o .288 .320
| .002 .004
2 014 .001
1Y 1 W .009 010

!Cation sum=3.000.

constant at about 2,000 ppm throughout the drill core except
in the chromite seam, where it is as much as 40,000 ppm.
Cr is accommodated mainly in chromite. In addition, as
much as 0.6 percent is in orthopyroxene, as much as 1
percent in clinopyroxene, and a small amount is present in
olivine, amphiboles, and micas. The constant amount of
whole-rock Cr in most of the core is a reflection of the
constant chromite mode, because even a small change in
chromite mode would cause a large change in the whole-
rock Cr content.

Most of the Ti, V, and Zn are in solid solution in the
chromite; therefore, their concentrations show large
increases in the chromite seam. Throughout the rest of the
core, Ti, V, and Zn remain fairly constant at about 1,000,
100, and 100 ppm respectively. A slight increase in the Zn
content from 100 to 360 ppm occurs just above the base of
the second olivine cumulate at 61 m and corresponds to
increases in Ni, Co, and sulfide mode. The most probable

4.0 T T T T
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Figure 15. Ln Ky plotted against Y& for M—16 chromite-
olivine pairs.
sp = spinel; ol = olivine;

X° X,s:e2+
Kp=voo
X?::” Xsl\?g

Y= Cr/(Cr+Al+Fe*"); and
YR = Fe**/(Cr+Al+Fe’™).

Fe

Numbers in parentheses next to symbols are Y8+ of the
chromite. The isotherms are for Y%+ = 0.05. The dashed
isotherm is from Evans and Frost (1975); the solid iso-
therms are from a thesis by Engi (1978; as reported by
Henry and Medaris, 1980).

explanation is that some of the Zn in that sample is in
sulfide minerals. There is no corresponding increase in Ti,
V, or Cr, which would indicate an increase in oxide-mineral
content, nor is there an increase in the modal amount of
chromite.

Titanium is also in rutile, which occurs as needles in
plagioclase grains, and in ilmenite, which occurs as sepa-
rate grains and as exsolution lamellae in chromite. Petro-
graphic examination of the sample at 97.3 m showed that
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the slight increase in Ti was caused by an increase in
ilmenite lamellae in chromite, and the high value at the top
of the Basal zone’s bronzite cumulate at 111.5 m was
caused by both ilmenite grains and rutile in plagioclase. A
small amount of Ti is also present in amphiboles and micas.

The concentration of Mn fluctuates throughout the
core from about 800 to 2,500 ppm. The Mn contents
correspond to the Cr contents in the chromite seam but not
in the rest of the samples, an indication that Mn is entering
phases other than oxide minerals, probably silicates. One
such phase is garnet, which contains as much as 4 percent
MnO as shown by microprobe analyses. The garnet, how-
ever, is uncommon and cannot account for all of the Mn.
Olivine and pyroxenes can also contain small amounts of
Mn.

Co is concentrated in sulfides; Ni occurs in sulfides
and in olivine. Increases in both Co and Ni at 111, 67.8,
and 60.6 m reflect increases in modal sulfides at the base of
each new rock type in the core. Ni contents are low in the
bronzite cumulate of the Basal series, about 500-600 ppm.
A jump to 2,600 ppm occurs at the base of the olivine
cumulate, then there is an increase toward the middle of the
olivine cumulate followed by a steady drop toward the top
of the olivine cumulate. The general trend of decreasing Ni
continues upward through the bronzite-olivine cumulate
except for samples at the base and one in the thin olivine

cumulate. Ni contents in the second olivine cumulate are
high at the base then decrease upward.

The general trend of decreasing Ni content near the
top of the first olivine cumulate and through the bronzite-
olivine cumulate is an indication of normal fractionation at
the top of the first cyclic unit, because as crystallization
proceeds, Ni is partitioned into the olivine and decreases in
the melt. The NiO weight percent in olivine also shows a
decrease at the top of the olivine cumulate, an indication of
normal fractionation. However, the NiO in olivine does not
show the general decrease through the bronzite-olivine
cumulate. Instead, there is a sharp increase at the base of the
bronzite-olivine cumulate followed by a decrease upward.
The trace-element indication of normal fractionation at the
top of the olivine cumulate is contradicted by the mineral
chemistry of olivine, chromite, and intercumulus orthopy-
roxene, all of which show increases in X\;, upward at the
top of the first olivine cumulate (see figs. 4, 5).

Within the chromite seam, variations in Mn, Ti, V,
and Zn correspond to variations in Cr content, indicating
that those elements are in solid solution in chromite. Ni
shows a negative correlation to Cr, probably a reflection of
varying amounts of olivine in the samples. Co, by contrast,
correlates directly with Cr, an indication of increased
amounts of sulfides in chromite-rich rocks.

Like Co, and some of the Ni, the platinum-group
elements (PGE), Pt, Pd, and Rh, are concentrated in
sulfides, and their abundances are shown plotted against
stratigraphic height in figure 18. In the samples analyzed,
the PGE range from below detection limits to as much as
0.19 ppm Pt, 0.74 ppm Pd, and 0.069 ppm Rh. Because of
their affinity for sulfides, the PGE show patterns of varia-
tion that are similar to those of Ni and Co, such as increases
in PGE at the base of new rock types, at 111 and 67.8 m,
and in Pd at 60.6 m and Rh at 56 m.

The highest PGE values occur in the chromite seam,
most likely because of the increase in sulfide mode. Sulfide
minerals identified in the samples include chalcopyrite,
pyrrhotite, and small amounts of pentlandite. The sample at
111 m contains the second highest concentration of PGE
and a corresponding increase in modal sulfides. The PGE
contents in the M—16 samples are well below levels of
economic potential. High concentrations of PGE occur in
the Stillwater’s Lower Banded series in the J-M Reef,
which is about 400 m above the top of the Ultramafic series.
Within the J-M Reef, Pt is as much as 15 ppm, and Pd 50
ppm (Todd and others, 1982), well above the PGE contents
in M-16. In a study of PGE concentrations in chromite
seams throughout the Stillwater, Page and others (1969)
found that most chromite seams have PGE contents similar
to those in M—16. Parts of the A seam, however, are quite
high in PGE with maxima of 8 ppm Pt, 11 ppm Pd, and 1.7
ppm Rh.

Figure 19 shows all of the M—16 samples plotted with
respect to Pt, Pd, and Rh ratios. The samples are generally
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high in Pd/(Pd+Pt+Rh). The various rock types do not plot
in distinct fields with respect to Pt, Pd, and Rh. In figure
19, the dashed lines enclose the field of ratios found by
Page and others (1969) for Stillwater rocks, and the M—16
rocks fall within that field.

DISCUSSION
Origin of Chromite Seams

Various mechanisms have been proposed to explain
the origin of chromite seams in layered complexes. The
present study may shed some light on the question of which
mechanism operated in the Stillwater.

On the basis of empirical evidence from the Muskox
intrusion and experimental evidence, Irvine (1977) pro-
posed that in the system olivine-chromite-SiO,, the olivine-
chromite cotectic is curved as shown in figure 20. He
proposed that chromite seams are formed by mixing of
differentiated magma at B with fresh magma at A, which
places the hybrid magma in the chromite primary-phase
field. Part of the evidence Irvine used to document the
curvature of the olivine-chromite cotectic is a steady and
cyclic drop in accessory chromite mode, from about 4
percent to 1 percent, with increased fractionation in the
Muskox. The drop in chromite mode occurs within an
olivine cumulate over intervals as much as 120 m thick.
Crystallization along a curved cotectic would cause a drop
in chromite mode because the point of intersection of the
tangent to the curve with the olivine-chromite tie line,
which shows the relative amounts of those phases crystal-
lizing, would change to progressively lower amounts of
chromite as crystallization proceeds.

In M-16, however, the accessory chromite mode
remains constant at about 1 percent in the olivine cumulate,
an indication either that the olivine-chromite cotectic is
straight or that fractionation did not proceed far enough to
exhibit what curvature there might be. Therefore, we did
not find evidence to support magma mixing as a mechanism
for the origin of the chromite seams in the Stillwater.

Cameron and Desborough (1969) suggested that
chromite seams are formed by an increase in fO, in the
magma, but Cameron (1977, 1980) later pointed out diffi-
culties with this hypothesis. The hypothesis was initially
supported by experimental work, which showed that
increased fO, favors the formation of Fe-bearing spinels in
basaltic rocks. In addition, studies of mineral chemistry in
chromite seams showed that segregated chromite commonly
has higher X4, than does accessory chromite, a phenome-
non that can be accounted for by higher fO,. In M-16, X\,
is higher in segregated than in accessory chromite within the
seam itself, but when the Xy, of chromite in the olivine
cumulate above is compared with that below the seam, no
difference in the Xy, was found. In addition, change in fO,
should be reflected in changes in Fe**/Fe'® in chromite,

but in M-16 the Fe’*/Fe™® is about the same in the
chromite seam as in accessory chromite in the olivine
cumulate above and below the seam. Therefore, there is no
evidence in M-16 to support changes in fO, as the mecha-
nism of chromite-seam formation.

Another hypothesis, proposed by Cameron (1980),
involves changes in total pressure, which cause shifts in
phase boundaries and therefore changes in the nature of the
phase or phases crystallizing. We find this hypothesis
appealing for several reasons. One major problem in inter-
preting the origin of chromite seams is the extreme lateral
continuity of at least some of the seams over great distances
for such relatively thin layers. This continuity implies that
they were formed by a process that was propagated almost
instantaneously throughout the magma chamber and that
varied rapidly and repeatedly. Change in total pressure
would be such a process. In addition, such changes would
be expected to occur during the crystallization history of a
magma chamber and could be caused by shifts in the floor
of the chamber, or by venting of the magma to a volcanic or
subvolcanic system, or by influxes of new magma into the
chamber. Experimental evidence has shown that increased
pressure causes an increase in the size of the spinel phase
field and would therefore favor its crystallization (Osborn,
1978). It is not yet clear how to test this hypothesis
empirically, because the effect on the composition of
chromite is not well known (Cameron, 1980) and may be
too small to detect.

Infiltration Metasomatism

In his study of the Muskox intrusion, Irvine (1980)
found that sharp breaks in cumulus-mineral chemistry and
whole-rock chemistry occur as much as 20 m upsection
from modal breaks between cyclic units. Irvine accounted
for this offset by the process of infiltration metasomatism,
in which cumulus minerals are changed in composition by
reaction with intercumulus liquid that moves upward by the
compaction of underlying layers.

In M-16, the abrupt shifts in whole-rock Ni contents
and in Xy, of chromite and olivine occur less than 1 m
above changes in lithology. Therefore, infiltration metaso-
matism, if it occurred at all, did not occur over large
distances. Another example of the small amounts of infil-
tration metasomatism in M-16 can be seen in the modal
break at the contact between the Basal series and the
Ultramafic series. If liquid were moving upward from the
Basal bronzite cumulate into the overlying olivine cumu-
late, we would expect to see a gradual rise in olivine mode
in the olivine cumulate with increasing distance from the
contact with bronzite cumulate of the Basal series, because
the liquid in equilibrium with the bronzite and plagioclase
would dissolve olivine. In M-16, however, the break in
modal olivine at the contact is sharp. Olivine is absent in the
Basal series bronzite cumulate; within several centimeters
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«f Figure 18. Whole-rock platinum-group-element con-
tents (in parts per million) plotted against stratigraphic
height for the M~16 drill core.

above the contact, it makes up 43 percent of the rock, and
within 2.5 m of the contact it climbs to 65 percent, where it
remains throughout most of the rest of the olivine cumulate.
Therefore, in M~16, infiltration metasomatism was not an
important process, and if it did occur, it was only effective
over short vertical distances of 1-3 m.

Comparison of Cyclic Units in the Stillwater

The Stillwater’s Ultramafic series shows an initial
trend of Mg enrichment upward. This trend was first noted

Pd

Rh

by Jackson (1970) on the basis of his studies of the
chemistry of olivine and chromite from the various chromite
seams. He found that Mg enrichment occurs up to the H
chromite seam, and above the H there is a reversal to Fe
enrichment upward. Similarly, in her study of silicate
mineral chemistry in the Ultramafic series, Raedeke (1982)
found that Mg enrichment upward occurs both within and
between cyclic units for the first 400 m of the Ultramafic
series and that compositions then remain constant through-
out the rest of the Ultramafic series. She showed that olivine
Xwmg is about 0.79 at the base of the Ultramafic series and
about 0.84 at about 400 m above the base. Over the same
interval the Xy, of orthopyroxene ranges from about 0.76 to
about 0.85, and it remains at about 0.85 over the rest of the
Ultramafic series.

EXPLANATION

-‘ Bronzite-olivine cumulate
A Olivine-chromite cumulate
QO Olivine cumulate

@ Chromite cumulate

Figure 19. Whole-rock M~16 drill-core samples plotted with respect to Pt-Pd-Rh. The dashed lines enclose the field of

Ultramafic-series samples from Page and others (1969).
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Figure 20. Phase relations in the olivine-chromite-SiO,
system shown in weight percentage, from Raedeke (1982),
modified from Irvine (1977). Mixing of an olivine-saturated
liquid on the olivine-chromite cotectic (A) with a more
differentiated orthopyroxene-saturated liquid (B) results
in a hybrid liquid in the chromite field. Ol, olivine; Opx,
orthopyroxene.

Figure 21 shows the mineral chemistry plotted against
stratigraphic height for three cyclic units in the Stillwater
Complex: cyclic unit 1 in Mountain View (this study), the
olivine cumulate from cyclic unit 2 in Nye Basin (Page and
others, 1972), and approximately cyclic unit 15 from
Mountain View (Raedeke, 1982). The olivine compositions
in the three cyclic units show the trend of Mg enrichment
upward. The first cyclic unit in M—16 contains olivine that
ranges from Fo,, to Fog,, with an average of Fo.; the
second cyclic unit at Nye Basin contains olivine that ranges
from Fog, to Fog, and averages Fog,; and the fifteenth cyclic
unit contains olivine that ranges from Fogs to Foge and
averages about Fogs. Similarly, the cumulus orthopyroxene
in the bronzite-olivine cumulate in M~16 ranges from Xy,
0.80 to 0.82, with an average of about 0.81, whereas in
cyclic unit 15 cumulus orthopyroxene in the bronzite-
olivine cumulate and the bronzite cumulate has Xy, 0.83 to
0.86, with an average of about 0.85.

The cyclic units also show Mg enrichment upward
within individual layers. In M-16, both olivine and
chromite (see fig. 5) show Mg enrichment toward the top of
the olivine cumulate. Mg enrichment of olivine also occurs
from the base to the top of most individual size-graded units
in the olivine cumulate from cyclic unit 2 (Page and others,
1972). In her study, Raedeke (1982) found generally no
change in olivine composition within individual olivine
cumulates but did find increases in Xy, upward in cumulus
bronzite within bronzite cumulate layers as shown in figure
21.

Jackson (1970) suggested that the Mg enrichment
upward was caused by the failure of the Stillwater magma to
reach equilibrium conditions of crystallization until after

cyclic unit 11. Raedeke (1982) attributed the initial Mg
enrichment to postcumulus reaction of cumulus minerals
with progressively decreasing volumes of intercumulus
liquid until a steady state was reached, after which compo-
sitions remained constant. Alternatively, it is possible that
the Mg enrichment was caused by decreasing amounts of
contamination of the magma by the country rocks, progres-
sively more Mg-rich primary melt compositions from the
source, changes in the influx of magma from the source, or
any combination of these processes. Other layered com-
plexes, such as the Bushveld (Cameron, 1980; Osborn,
1980) and the Great Dyke (Wilson, 1982), also show initial
Mg enrichment upward. Therefore, Mg enrichment is a
common phenomenon in layered intrusions.

Calculation of Magma Thickness

By using the compositional change of olivine in the
part of the olivine cumulate in M—16 that shows normal
fractionation, and an estimated original Stillwater magma
composition, it is possible to calculate the thickness of
magma necessary to crystallize at least part of the first
cyclic unit. The olivine compositional change is over the
24-m thickness, from 104 to 80 m, that exhibits normal
fractionation from Fogy, to Fo.g. The initial Stillwater
magma compositions that we used for our calculations are
two of those suggested by Helz (1985) and shown in table
3, based on her study of fine-grained mafic rocks in the
Basal series.

Irvine (1979) outlines a method for calculating the
amount of magma necessary to produce a given change in
Xy in crystallizing olivine from a magma of known
composition. The method is based on the Mg-Fe distribu-
tion coefficient between the magma and the crystallizing
olivine, which is defined as:

Kp=(Xnrg/Xper ) (X Xrer+) (1
where
Xy, =Mg/(Mg+Fe®") and
Xpo-=Fe?*/(Mg+Fe’") in coexisting liquid (L)
and olivine (ol).
Using a Rayleigh-type fractionation equation, Irvine
(1979) showed that the cation fraction of Mg+Fe*" that is

transferred from liquid to olivine during fractional crystal-
lization is given by

X0 ..M\ fx  L\Kp |1(1-Kp)
F‘K/lIgFez 1_[(XFC,‘ L > L ’ (2)
Fe™™ Mg

where the zero superscript indicates an initial magma
composition, and K, is assumed to be constant.

Figure 21. Mineral chemistry plotted against strati- p»
graphic height for three cyclic units from the Stillwater
Complex. Cyclic unit 1, this study; cyclic unit 2 from
Page and others (1972); cyclic unit 15 from Raedeke
(1982).
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Using equations 1 and 2, Irvine (1979) produced
curves (fig. 22) that show the variation of Xy, of a solid
such as olivine and its parental liquid during fractional
crystallization. These curves can be used to estimate the
percent of liquid that has solidified, on the basis of the ratio

(cation percent (Mg+Fe) in initial liquid)/
(cation percent (Mg+Fe) in olivine) 3)

For the present purpose, we made two assumptions: (1) that
the olivine cumulate in M-16 formed by perfect fractional
crystallization and (2) that the olivine compositions have
not been substantially modified by postcumulus or subsoli-
dus reequilibration. It should be pointed out that our
calculations provide an estimate and not an absolute value
of the amount of liquid needed to crystallize the first cyclic
unit, because of uncertainties in the composition of the
original liquid. The liquid compositions that we used in our
calculations would actually initially crystallize olivine of
about Fog,, which is 4 mole percent more forsteritic than
our first olivine composition. However, the uncertainty
caused by the compositional discrepancy is probably less
than the uncertainty caused by our two assumptions above.

Using the possible initial magma compositions given
in table 3, we calculated the cation percent Mg+Fe in the
liquids to be 0.34 and 0.41. The cation percent Mg+Fe in
olivine is 0.67. Therefore, using equation 3, the ratios are
0.507 and 0.612. Given a change of 2 percent Fo in the
M-16 olivine, and the ratio calculated from equation 3,
Irvine’s diagrams show that about 5-6 percent of the liquid

Table 3. Samples that represent possible parent liquid
compositions for the Stillwater Complex, in weight per-
cent, from Helz (1985)

[—. not analyzed]

Sample NB18/378 CC2/813
CSI0, 482 51.2
TiO, . oo 1.15 .30
ALOy. ..o 16.2 12.6
FeiOs.ooviiiiiiiiii 2.30 -
FeO ........ ..o o il 11.4 12.0
MnO.............cooiiiin. .19 .19
MgO........o. 9.64 13.0
CaO ... o 10.82 8.8
1 E e T 1.56 1.1
| e DU .25 29
|- o MR 11 .06
HO 34 —
HO" o .07 —
[ N 07 -
S .07 -
Total 100.27 99.5

has solidified. Thus, about 400480 m of magma was
needed to crystallize 24 m of the olivine cumulate. The 5-6
percent solidification is probably a maximum because there
is a reversal to Mg enrichment above the interval of Fe
enrichment. Thus, the 48-m-thick first cyclic unit crystal-

100 T T T T T T T T
(Mg/Fe2+)|iq
D= (Mg/FeZ*)s"' =03 20
90 - &
N4
a i -
)
3 8 0
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Figure 22. Curves illustrating the variation of Mg/
(Mg+Fe®™") of a solid such as olivine and its parental liquid
during fractional crystallization, based on the indicated
distribution coefficient and equations 1 and 2 in the text.
The heavy curves describe the composition of the frac-
tionated solid when the first crystals have the composi-
tions given by the intercepts with the horizontal axis. The
light curves (labeled with negative numbers) indicate the
compositional difference between the crystals precipi-
tated as fractionation progresses and the first crystals. In
the case of solids crystallizing from their own melt, the
vertical scale is equivalent to percent solidification. In
magmas, however, the liquid generally has a different
content of Mg+Fe** than the minerals that crystallize
from it (see insert), and more than one mineral may
precipitate at a time; thus to obtain percent solidification,
the vertical scale must be multiplied by the ratio:

(cation percent Mg+Fe*" in the initial liquid)y/
(cation percent Mg+Fe®" in the fractionated solids)

where the denominator is a constant. If the denominator
changes, for example because of the appearance of a new
mineral on the liquidus, then it is necessary to start over in
terms of ‘percent solidification of the remaining liquid,
using the new value of the ratio above and the fraction-
ation curve appropriate to the solids forming at that stage.
From Irvine (1979); reprinted with permission.
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lized from about 1,000 m of magma. The total thickness of
the complex is estimated to have been about 8,000 m (Hess,
1960). Therefore, the magma chamber probably reached its
total thickness early in its history.

CONCLUSIONS

1. The lowermost cyclic units studied here show complex
but modest vertical changes in the mineral chemistry of
chromite, olivine, and orthopyroxene.

2. Comparison with studies of other cyclic units in the
Stillwater reveals that simple Fe enrichment upward is not
typically found. Instead, Mg enrichment upward is found
both within and between cyclic units. The Mg enrichment
may be the result of a continuous influx of magma or of
decreasing amounts of contamination by the country rocks.
3. The composition of accessory chromite has been affected
by postcumulus and (or) subsolidus reequilibration, as
shown by different compositions for chromite within oliv-
ine, pyroxene, and amphibole from a given sample. In
addition, some of the chromite shows subsolidus exsolution
features. Also, olivine and pyroxene are zoned near
enclosed chromite grains. Finally, calculated olivine-spinel
equilibration temperatures are about 600—700 °C, which is
well below magmatic temperatures.

4. No evidence was found to support theories of either
magma mixing or changes in fO, to explain the origin of the
chromite seam in M—16. Pressure changes remain a possible
mechanism.

5. Modal analyses, mineral chemistry, and whole-rock
trace-element chemistry show that infiltration metasoma-
tism was not an important process in the formation of the
lowermost cyclic unit and occurred only over a maximum
vertical distance of 1-3 m.

6. Calculations based on changes in olivine composition in
the lowermost olivine cumulate and an estimated original
liquid composition indicate that about 1,000 m of magma
was needed to crystallize the 48-m-thick first cyclic unit.
The Stillwater Complex was probably about 8,000 m thick
initially, which suggests that the magma chamber reached
its total thickness early in its history.
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present a wide variety of format and subject matter. The series also
includes 7.5-minute quadrangle photogeologic maps on planimetric
bases that show geology as interpreted from aerial photographs. Series
also includes maps of Mars and the Moon.

Coal Investigations Maps are geologic maps on topographic or
planimetric bases at various scales showing bedrock or surficial
geology, stratigraphy, and structural relations in certain coal-resource
areas.

Oil and Gas Investigations Charts show stratigraphic informa-
tion for certain oil and gas fields and other areas having petroleum
potential. .
Miscellaneous Field Studies Maps are multicolor or black-
and-white maps on topographic or planimetric bases on quadrangle or
irregular areas at various scales. Pre-1971 maps show bedrock geology
in relation to specific mining or mineral-deposit problems; post-1971
maps are primarily black-and-white maps on various subjects such as
environmental studies or wilderness mineral investigations.

Hydrologic Investigations Atlases are multicolored or black-
and-white maps on topographic or planimetric bases presenting a wide
range of geohydrologic data of both regular and irregular areas;
principal scale is 1:24,000, and regional studies are at 1:250,000 scale
or smaller.

Catalogs

Permanent catalogs, as well as some others, giving comprehen-
sive listings of U.S. Geological Survey publications are available under
the conditions indicated below from the U.S. Geological Survey,
Books and Open-File Reports Section, Federal Center, Box 25425,
Denver, CO 80225. (See latest Price and Availability List.)

“Publications of the Geological Survey, 1879-1961” may be
purchased by mail and over the counter in paperback book form and as
a set of microfiche.

“Publications of the Geological Survey, 1962-1970” may be
purchased by mail and over the counter in paperback book form and as
a set of microfiche.

“Publications of the U.S. Geological Survey, 1971-1981” may
be purchased by mail and over the counter in paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for sub-
sequent years since the last permanent catalog may be purchased by
mail and over the counter in paperback book form.

State catalogs, “List of U.S. Geological Survey Geologic and
Water-Supply Reports and Maps For (State),”” may be purchased by
mail and over the counter in paperback booklet form only.

“Price and Availability List of U.S. Geological Survey Pub-
lications,” issued annually, is available free of charge in paperback
booklet form only.

Selected copies of a monthly catalog “New Publications of the
U.S. Geological Survey” are available free of charge by mail or may
be obtained over the counter in paperback booklet form only. Those
wishing a free subscription to the monthly catalog “New Publications of
the U.S. Geological Survey” should write to the U.S. Geological
Survey, 582 National Center, Reston, VA 22092.

Note.—Prices of Government publications listed in older cata-
logs, announcements, and publications may be incorrect. Therefore,
the prices charged may differ from the prices in catalogs, announce-
ments, and publications.
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