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ASSTRACT

Extensive activity of Cl-rich aqueous fluids in the gene-
sis of the olivine-rich rocks of olivine-bearing zone I (OBZ
I) of the Srillwater Complex, in Montana, host of the PGE-
bearing J-M Reef, is evident in the relative abundance of
Cl-rich hydrous phases and the common occurrence of peg-
matitic textures. Polyrfneralic inclusions of hydrous and
anhydrous minerals in chromite and apatite are interpreted
to have crystallized from trapped volatile-rich melt. The
presence of anorthositic zones arorrnd layered and podi-
form segregations of olivine-rich rocks are interpreted as
metasomatic zones because they are commonly monominer-
alic, have sharp contacts l,rdtl neighboring rocks, and have
separate mineral assemblages that are not in equitbrium,
A Cl-rich, PGE-bearing volatile fluid miexating through
a largely solidified cumulate sequence can be redissolved
in stratigraphically higher, hotter intercumulus melt that
is vapor-undersaturated. This would localize volatile enrich-
ment to a particular zone and result in partial melting of
the cumulates. Modal and textural data are consistenl with
a model in which progressive interaction of a Gabbro)norite
+ interstitial melt protolith with volarile fluid led to the
following sequence ofreactions: olivine was produced by
incongruent melting of pyroxene, and incomplete melting
of plagioclase produced round, reverse-zoned grains. Chro-
mium, liberated during the destruction of pyroxene, rvas
precipitated as chrome $pinel. With increasing fluid/rock
ratio, phlogopite and other hydrous phases were eventu-
ally precipitated, whereas chrome spinel became unstable
and was reprecipitated outward of the fluid-rich aras. This
reaction sequence was accompanied by a decrease in the
fugacities of boti oxygen and sulfur.

Key w o r ds : platintm-group elements, Stillwater Complex,
Montana, J-M reef, chlorine, hydrated phases, spinel.

Souuernr

Une activitd importante d'une phase fluide riche.en chlore
semble indiqu€e dans la gendse de roches riches en olivine
de la zone OBZ I du massif de Stillwater Montana), qui
renferme le banc J-M a concentrations en €l€ments du
groupe du platine. Cette activiE explique l'abondance rela-
tive de phases hydratdes riches en Cl et le d6veloppement
d'une texture pegmatitique, Des inclusions polym6talliques
de min6raux anhy&es et hydrat& dans la chromite et l'apa-
tite seraient dues au pi6geage de goutelettes de magm4
enrichi en composants volatjls. Les zones anorthositiques
autour de s6gr6gations litdes et en lentilles de roches riches
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en otivine seraient des zones m&asomatiques parce qu'elles
sont g6ndralement monomindraliques, et qu'elles montretrt
un contact franc avec les roches avoisinantes et qu'eUes
sdparent les assemblages de mindraux avec lesquels elles se
sont pas 6quilibr6es. Une phase fluide riche en CI et por-
teuse des 6l6ments du groupe du platine pourrait, aprds
migration au travers des cumulats d6ji form6' €tre repris
en solution i un niveau plus 6lev6 daos la sdquence par un
liquide intercumulus qui se touve i temp6rature plus 6le-
vee et sous-sature en eau. Ce mdcanisme limiterait I'enri-
chissement en composants volatils i une zone particulibre'
et pourrait mener i une refonte des cumulats. Les donndes
modales et te.xturales concordent avec un mdble dans lequel
il y a interaction progressive d'un assemblage de (gab-
bro)norite et de bain fondu interstitiel avec une phase fluide,
qui a donn6 la sdquence de rdactions suivante: formation
de l'olivine par fusion incongruente du pyroxbne, fusion
partielle du plagioclase, ce qui explique les cristaux arron-
dis et i zonation inverse. Le chrome, lib€r6 lors de la des-
truction du pyroxbne, apparalt sous forme de gpinelle chro-
miflre. Avec une augmentation du rapport de fluide b
ioche, phlogopite et autres phases hydratdes sont 6ventuel-
lement apparues, tandis que le spinelle a 6t6 ddstabilis€ et
remobilisd vers les zones o<ternes riches en fluide' Une dimi-
nution dans la fugacitd de I'oxygbne et du soufre aurait
accompagu6 cette sequence de rfuctions.

Clraduit par la R€daction)

Mots4lS: $Iemen,a du groupe du platine, complexe de Still-
water, Montana, banc J-M, chlore, phases hydrat6es'
spinelle.

INTRODUC"TION

Several recent papers have shown ttrat the
stratabound platinum-group element (PcE)-bearing
zones of the Bushveld Complex (the Merensky Reef
and the UG-2 chomitite) have been affected by Cl-
rich, high-temperatrue hydrotherrnal fluids (e.g.,

Schiffries 1984, Johan & Watkinson 1985' Ballhaus
& Stumpfl 1985a, b, c, 1980. In addition, Boudreau
et ol. (1986) showed that the hydrous minerals of the
main PGE zone of the Stillwater Complex (the

Howland Reef, or J-M Reef; Bow et al. 1982, Todd
et al. 1982) are similarly Cl-rich and argued that the
ore zones in both intrusions were levels at which Cl-
rich aqueous fluids, exsolved during the solidifica-
tion of the lower cumulate sequence, were trapped

193



t94 TI{E CANADIAN MINERAL@IST

at a chemical and physical discontinuity within the
cumulate pile. Boudreau et al. (1986) suggested that
the high CllF ratios which characterize these zones
can occur when Cl-bearing volatile fluids migrate up-
ward through the cumulate pile to redissolve in
stratigraphically higher, hotter intercumulus melrs
which are fluid-undersaturated.

An expected consequence of the redissolution of
fluid in the interstitial melt is that the melt cannot
have remained in equilibrium with the original cu-
mulate assemblage, and that certain rocks are
representative of more extensive interaction with
volatile-enriched melt than are others. In this paper,
field, petrographic, and geochemical evidence for

Ftc. 1. Features of OBZ I and vicinity. Clockwise from top left: A) Massive sulfide, composed predominantly of pyr-
rhotite, pentlandite, chalcopyrite and accessory PGE-bearing phases, Sulfides (light-coloredregion) forrrthe core
to a plagigclase-orthopyroxene pegmatite immediately below the first occurrence of olivine in thi Vinneapolis adit.
Preserved within the massive sulfide are casts of large silicate (pyroxene?) crystals (e.g., just above and to the right
of the lens cap). B) Thin olivine-bearing layer (dark) and the associated anorthositic seivage (ight) developed within
1o1te (N), Mnneapolis adit. Arrow points up-section, The olivine-bearing layer is now sheared and partly serpen-
+iniz6{. Note that as the olivine-bearing layer thins toward the top of the photograph, so also do the acconpanving
anorthosites, particularly the upper Oeftmost) anorthosite. C) pegmatitii mafii segregation (ower righ0 ind iur-
rounding medium-grained anorthositic rock, Minneapolis adit. Arrow points up-section. D) An apolhysis of an
olivine-rich layer (dark), intruded into overlying anorthosite, Minneapots adit. Arrow points op-iection.
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subliquidus melting, recrystallization and
metasomatism within the Minneapolis adit section
of the J-M Reef is reviewed. The observed reef as-
semblages are interpreted as the rsult of partial melt-
ing in response to fluid exsolved from lower in the
cumulate pile and trapped along a vapor-
undersaturated discontinuity. A semiquantitative
model is presented in which rock sequences, minel-
al modes, and geochemical trends are interpreted in
terms of increasing reaction progress (i.e., increas-
ing fluid/rock ratio) as hot volatile-rich fluid reacts
with a fluid-undersaturated melt + cumulate pro-
tolirh.

GSNERAL Geolocv oF THE J-M REpr

The general geology and stratigraphy of the Reef
sequence have been described elsewhere (Conn 1979,
McCallum et al. 1980, Bow el al. l982,Todd et al.
1982, Barnes 1983, Barnes & Naldrett 1985, 1986,
Mann & Lin 1985, LeRoy 1985, Mann et al. L985,
Turner et al. 1985), Only a brief summary of the
general features is given here. Nomenclature and

stratigraphic subdivisions are tiose of McCallum et
aL (1980), except that the Ultramafic and Banded
zones are termed series to conform with current
usage.

The J-M Reef is a zone of PGE and sulfide miner-
alization that can be traced across the exposed strike
length of the Stillwater Complex at a level approxi-
mately 400 m above the base of the Banded series.
The Reef is contained within olivine'bearing zone I
(OBZD in which lithologies range from anorthosites
to a variety of olivine- and shromite-bearing rocks,
with lesser amounts of norites, gabbronorites and
orthopyroxenites; significant lateral variations in
rock type cause small-scale complexity. The rocks
between the top of the Ultramafic series and tle base
of OBZ I consist of a lower, relatively homogene-
ous plagioclase-bronzite cumulate (Norite zone I, or
N I) overlain by a zone in which cumulus augite is
modally abundant (Gabbronorite zone I, or GN I).
The hanging wall of OBZ I consists of a lower norite
unit and an upper gabbronorite unit (zones N II and
cN II).

The relative increase in pegmatitic rock types and
hydrous phases (e.9., phlogopite) in OBZ I relative
to footwall and hanging-wall lithologies is evidence
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Ftc.2. A) A round, kidney-shaped plagioclase grain (pl) enclosed in olivine (ol) exten-
sively altered to serpentine + magnetite. B) Round chromite grain with inclu-
sions of phlogopite (ph) and pargasite @g). The chromite itself is enclosed in partly
altered orthopyroxene (opx).

0"SS rnm

anorthositic layers is proportional to the thickness
of the associated olivine-bearing layer. Furthermore,
the anorthositic selvages may thin and disappear as
the associated olivine layer thins and disappears.
Locally, the olivine-bearing rocks may form apo-
physes in the surrounding anorthosites (Fig. 1d). The
mafic pods are fypically olivine-rich, although locally
coarse pyroxene, which encloses olivine and other
earlier phases, may be the predominant mafic phase.
In both the layered and podiform cases, the contacts
between anorthosite and the olivine-rich rocks are
generally sharp. The texture of olivine varies from
interstitiat to euhedral at the contact. The podiform,
olivine-bearing rocks are stratabound on a scale of
tens of meters, and, as such, can be mapped as a
separate, Iaterally "continuous" layer of mixed
lithologies (Turner et ol, 1985). Locally, the podi-
form zones grade into the layered olivine,/anortho-
site association.

for a significant role of volatiles within this zone.
In some instances, the pegmatites may be quite spec-
tacular, with massive PGE-bearing sulfide present
in the cores of silicate pegmatites (Fig. la).

The rocks of OBZ I in the Minneapolis adit area
show a marked segregation of mafic from felsic
phases. In general, there is a spatial relationship
between the olivine-rich rocks (troctolites and
dunites) and anorthosite. This association is present
both as anorthositic selvages developed about olivine-
rich layers (Fig. lb) and as podiform accumulations
of olivine within an anorthositic host (Fig. lc). In
the best examples, medium-grained anorthosites are
asymmetrically developed about a coarse-grained to
pegmatitic olivine-rich rock with the anorthosites
developed more thickly above olivine-rich layers than
below. Similar anorthosites may also be developed
around.olivine-rich segregations within troctolites.
Within norites or gabbronorites, the thickness of the



PEtnoloctc AND GEocHEMrcat EvtpnNce
FoR VoLATTLES aNn SunuqulDus REAcrroNs

IN THE OLIVINE-BEARING ROcKs oF OBZ I

McCallum e/ a/. (1980) noted that hydrous phases,
particularly biotite, are most frequently associated
with the olivine-bearing rocks of the Banded series.
The correlation between the abundance of olivine
and hydrous minerals is evident in the modal data
from the Minneapolis adit (Table 1), where phlogo-
pite, amphibole (pargasite and pargasitic horn-
blende), and apatite are relatively abundant in
olivine-rich rocks, but are rare in rocks with less than
approximately 2090 olivine. Furthermore, phlogo-
pite and other hydrous phases occur only rarely as
accessory minerals in (gabbro)norite or anorthosite
of the Lower Banded series and in other cumulate
rock of OBZ I, even where these rocks are proximal
to the olivine-bearing rocks. Sulfides (pyrrhotite -r
pentlandite + chalcopyrite t pyrite and a variety
of PGE-bearing phases, e.g., Bow et al. 1982) occur
in all rock types, but are most common in coarse-
grained olivine-rich rocks and in adjacent troctolitic
and anorthositic rocks (e.g., Bow et al, 1982,Mann
& Lin 1985).

Plagioclase

Plagioclase is present both as cumulus grains and,
in the coarser-grained olivine-rich rocks, as coarse-
grained interstitial material. Plagioclase inclusions
are present in olivine in rocks that contain cdmulus
plagioclase. In addition, cumulus plagioclase within
the olivine-bearing rocks has an irregular, subspher-
ical habit, indicating that plagioclase has been
resorbed @arnes & Naldrett 198Q @g. 2). Further-
more,.these same grains show a tendency to be
reversely zoned, whereas plagioclase from the sur-
rounding anorthosites, norites and gabbronorites are,
as a rule, normally zoned (Fig. 3). These features in
the cumulus plagioclase of the olivine-bearing rocks
of OBZI are consistent with preferential dissolution
of the albite component from plagioclase by one of
several mechanisms. Mixing of plagioclase-phyric
melts with plagioclase-undersaturated melt can lead
to resorption of plaeioclase (Barnes & Naldrett 1980.
However, the relative abundance of hydrous phases
associated with the olivine-bearing rocks and the
local, podiform nature of the rocks suggest alterna-
tive explanations. Addition of volatiles to a volatile-
fluid-undersaturated melt + crystal assemblage can
lower the plagioclase liquidus and solidus tempera-
tures to produce partially resorbed, reversely zoned
cumulus grains. Alternatively, plagioclase may dis-
solve incongruently in silica-poor aqueous fluids and
result in reversely zoned grains (e.g., Adams 1968,
Orville 1972, Schiffries 1982). In the J-M Reef
environment the fluids are likely to have been Cl-
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Ftc. 3, Histogram of (An"or" - furi-) compositions in
cumulus plagioclase from OBZ I and vicinity, as deter-
mined by electron microprobe. Top and bottom histo-
grams are after Barnes (1983). Samples that plot to the
left of the center line are reverse-zoned, whereas those
samples which plot to the right of the center line have
normal zoning.

bearing (Boudreau et al. 1986), suggesting the
reverse-zoning may occur via the following exchange
reaction with a volatile-rich fluid (v) (Orville 1972):

2NaAlSi3Os * CaCl2.u *
plagioclase

CaAI2Si2Os + 2NaClu + 4SiO2.u (1)
plagioclase

These textural and compositional observations are
consistent with dissolution and loss of cumulus
plagioclase by reaction in the olivine-rich rocks.
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Since iron can be incorporated in plagioclase as
both ferrous and ferric iron, variation in the total
iron content may be a useful indication of relative
variation in oxygen fugacity (Longhi et al. 1976),
Alternatively, variations in the iron content of
plagioclase may reflect temperature of crystalliza-
tion, as the iron content of plagioslasr decreases with
decreasing ternperature of crystallization (e.g., Smith
1983). A plot of total iron (as FeO) in plagioclase
against the Mg/(Mg + Fe) ratio of associated mafic
minerals is presented in Figure 4. All cumulus
plagioclase from OBZ I, as well as interstitial
plagioclase in rocks that do not contain phlogopite,
lie along a broad trend that shows increasing iron
content in plagioclase with increasing iron content
of associated mafic minerals, parallel to the trend
for Stillwater cumulus plagioclase as defined by
McCallum (l 968). However, interstitial plagioclase
from the phlogopite-bearing assemblages coexists
with relatively iron-rich olivine, and is significantly
lower in total iron, consistent with the phlogopite-
bearing assemblages having crystallized at a lower
oxygen fugacity. Alternatively, the plagioclase may
have crystallized at a lower temperature, owing to
depression of the liquidus and solidus in a volatile-
enriched melt.

Chromite

Chromite, present as disseminated grains in rocks
with greater than about 2090 olivine, is generally
absent in anorthosites and olivine-poor troctolites.
In the West Fork Adit area ("the waterfall section"),
a distinctive thin chromite-rich layer occurs at.the
contact between the coarse-grained to pegmatitic
olivine-rich rocks and the surrounding anorthositic
rocks (Iodd et al. 1982, Mann e/ al. 1985). Similar
chromite-rich margins are commonly associated with
the pegmatites of the Ultramafic series (Raedeke &
McCallum 1984) and with pegmatitic rocks near the
Driekop dunite pipe of the eastern Bushveld Com-
plex (Schiffries 1982).

In some c:rses, the chromite grains are round or
have embayments, again suggesting partial resorp-
tion @arnes 1983) (Fig. 2B). Furthermore, chromite
is rare in olivine-rich rocks with abundant phlogo-
pite (Table 1). The textural observation, the low
chromium content of the phlogopite and other
phases in chromite-free olivine-bearing rocks
(Boudreau et al. 1986), aud the local occurrence of
chromite at the margins of the olivine-rich pegma-
tite are consistent with local mobilization of
chromium.
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Commonly present within chromite grains are
polymineralic inclusions of phlogopite, pargasite,
and less common orthopyroxene and serpentinized
olivine @arnes 1983) (Fig. 2b). Similar inclusions
occur in the apatite from OBZ I @oudreau e/ a/.
1986). The presence of negative crystal faces in the
host crystal, and the observation that the host crvs-
tal may be included within yet another silicate phase,
are consistent with the interpretation that these inclu-
sions grew from what was initially a trapped inclu-
sion of hydrous melt @arnes 1983, Boudreau el a/.
1980. A hopper-shape morphology present in some
of the chromite grains suggests that the melt was
trapped during rapid erowth of the host chromirc
and that a hydrous melt was present at the time the
chromite nucleated. Similar inclusions have been
reported in the iron-rich chrome spinel of the hor-
tonolite pipes of the Bushveld Complex (Stumpfl &
Rucklidge 1982).

DISCUSSIoN

lrvineet al. (1983), Carrybellet al. (1983), Barnes
(1983) and Barnes & Naldrett (1985) have proposed
that the Howland Reef and the rocks of OBZ I
formed during the mixing of two compositionally
distinct parent magmas, although Irvine el al. pro-
posed a mixing mechanism significantly different
from the other models. However, the evidence
presented above for volatiles, the spatial relationship
between the olivine-bearing rocks and the accom-
pannng anorthosites, and the apparent instability of
cumulus plagioclase in the olivine-bearing rocks sug-
gest tlat an in situ development of these rocks should
also be considered. It is proposed that the scale of
the segregations, the coarse-pegmatitic textures of
the olivine-rich rocks, and the high chlorine concen-
trations in phlogopite and apatite associated with the
olivine-rich rocks are the result of reactions and mass
transfer involving localized concentrations of a Cl-
rich volatile fluid or a volatile-enriched melt phase.
The anorthosites that sepaxate olivine-bearing rocks
from gabbronorites or norites show features typical
of metasomatic zones in that they are commonly
monomineralic, show relatively sharp contacts with
the surrounding rocks and, as shown below, separate
mineral assemblages that are not in equilibrium.

The effect of volatile addition to a vqpor-
undersaturoted melt + crystal assemblage: phase dia-
gram considerations

The lack of any reversal in the composition of
cumulus plagioclase and pyroxenes to more primi-
tive compositions at the level of OBZ I (Todd et al.
1982, Barnes & Naldrett 1985), the presence of
abrupt lateral terminations of olivine-bearing rocks
@ow et al. 1982, Turner et al. 1985) and the evidence

presented above suggest an alternative explanation
for the reappearance of olivine in OB I. That is, oli-
vine may have formed from pre-existing cumulus
pyroxene as a consequence either of incongruent dis-
solution at subsolidus temperatures (e.9., Bowen &
Tuttle 1949, Cameron & Desborough 1964, Schiffries
1982), or by incongruent melting induced by vola-
tile fluxing in which a fluid added to a vapor-
undersaturated melt + crystal assemblage lowered
the Iiquidus and solidus temperatures. The latter pos-
sibility is discussed below.

Addition of H2O will expand the phase field of
olivine with respect to pyroxene (e.g,,Kusliro et al.
1968, Kushiro 1975). In the case of an unsolidified
pile of cumulates, the subliquidus relationships can
6e vi5nalizsd by considering a volatile fluid (evolved
during the solidification of stratigraphically lower
cumulates) that migrates upward (by its own
buoyancy) and redissolves in a hotter, melt-crystal
assemblage that has not yet crystallized to a point
of fluid saturation. Redissolution and entrappment
ofthe fluid is likely to occur at a stratigraphic dis-
continuity within the cumulate sequence, initially
produced by an influx of a volatile-poor, more
primitive magma. This situation is suggested by the
change from a three-phasg g*bronorite of the foot-
wall of OBZ I to the two-phase norite which com-
prises the hanging wall. Alternatively, the process
of constitutional zone refining in layered intrusions
(McBirney 1987) ip an analogous mechanism by
which volatile-enriched zones and melting may occur
spontaneously in a thick zone of in situ crystalli-
zation.

The production of olivine from pyroxene during
volatile fluxing is illustrated by the isothermal phase
relations in the system Fo-SiO2-H2O @ig. 5). Con-
sider a nearly solid protolith consisting of enstatite
and a small amount of melt of composition "M",
which has not yet solidified to a point where it would
evolve a volatile-fluid phase. The bulk composition
of the crystal-melt assemblage will lie on a tieline
connecting the enstatite and melt compositions. Con-
sider two bulk compositions, denoted Pt and Pr,
which differ only in the relative amounts of melt and
enstatite present. Addition of volatile fluid to the
fluid-undersaturated interstitial melt will cause the
bulk compositions to change along the dotted
"volatile-mixing lines" of Figure 5 and will result
in the melting of enstatite. Note, however, that the
presence of the liquid field prevents a separate vapor
phase from being present above the level of the dis-
continuity in the cumulate pile until all the solid
assemblage has melted, as long as the temperature
remains constant (or nearly so). If fluid is added to
the interstitial melt along a thin zone, then the sur-
rounding rocks above and below the volatile-enriched
zone can act as a thermal buffer by supplying the
necessary heat of fusion for the above reaction by
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Ftc.5. The system Fo-SiO2-H2O. Abbreviations: Fo forsterite, En enstatite, Sil silica,
L liquid (melt), V volatile fluid. The bonom half shows a detail of the isothermal
phase relations near the Fo-SiO2 join; the isothermal liquidus-field area is shown
shaded. The phase relations are, in part, schematic, after the l0 kbar phase dia-
gram of Kushiro et al. (1968). The extent of the volatile-fluid field at the H2O
apex expands down the H2O-SiO2 join with increasing pressure. Also, the loca-
tion of the Fo-En boundary moves to the right of the enstatite composition on
the Fo-SiO2 join at low pressure. See text for further details.
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crystallizing a thermally equivalent amount of melt.
The melt composition will change along an isotherm
on the liquidus surface, as shown by the heavy
dashed lines. For the initial bulk composition P', all
enstatite will melt before the melt composition
reaches the boundary with olivine, and hence any
further addition of fluid will change the mell com-
position along a volatile-mixing line. The final com-
position of the melt shown, Dr, lies within the for-
sterite field such that, on eventual cooling, olivine
wil be the first mineral to crystallize. The melt com-
position could follow the volatile-mixing line all the
way to fluid saturation, but olivine would still be the
first mineral to precipitate. In either case, howevef,
all pyroxene''must melt and the system must.cool
before any olivine is produced. For bulk composi-
tion Pr, however, melting of enstatite is halted at

the olivine-enstatite boundary until all enstatite is
converted into olivine. With continued influx of
fluid, all olivine is melted, and the melt composition
moves into the liquid field along a fluid-mixing line,
gving a final composition shown (Dr. At low pres-
sures, only a few weight percent H2O are required
to completely melt the original melt + crystal pro-
tolith and saturate the melt with fluid. That is, a
small amount of volatile fluid can initiate many times
its weight in melt produced.

The qualitative model outlined above suggests that
olivine may be produced by volatile addition to a
melt. + solid protolith along a thin zone within the
cumulus pile. Because this volatile-enriched zone is
not at equilibrium with the surrounding rocks, it is
likely that concentration gradients may develop
which would result in the transfer of material



toward and away from the volatile-enriched region.
The selective loss of mafic material from the sur-
rounding rocks could further enhance the produc-
tion of olivine by moving the bulk composition
towards the olivine apex. In this situation, it is pos-
sible that the protolitl may not melt completely, and
olivine will remain on the liquidus.

Finally, because interstitial melt may still be
expelled from the cumulate pile by diffusion (if the
melting occurs at or near the interface of the
magma,/cumulate pile) or by convection of the inter-
stitial melt (e.g,, Tut et ol. 1984), then loss of the
residual melt produced during fluxing to the overly-
ing magma body can explain the necessary loss of
the silica and other components during production
of olivine. As with the infiltration metasomatism
model of Irvine (1980), once the melt has been
equilibrated by reaction with the cumulates at the
level of the discontinuity, it may pass through the
pile with little additional effect on the overlying
cumulates. The effect of mixing of this volatile- and
silica-rich melt to the magma within the chamber
would depend on the relative amount of material
added. Its effect on the composition of the super-
natant magma would be expected to be negligible if
a small amount of material were added to a large
volume of well-mixed magma.

The degree to which the partial melt is retained
and not lost to the overlying magma body would
govern the extent to which a second generation of
pyroxene and plagioclase would develop as intersti-
tial or poikilitic grains. The fact tlat orthopyroxene
encloses not only olivine but other minerals such as
sulfide, chromite, and even the Cl-rich apatite
(Barnes & Naldrett 1985, Boudreau et ql. 1986) is
consistent with much of the volatile influx occurring
above the solidus temperature of the rock.

Couse of PGE-sulJide precipitation

Because sulfur is likely to be ari important consti-
tuent of the magmatic volatile-fluid phase (e.g.,
Burnham L979a,b, Haughton et ol. 1974), the vola-
tile fluid is also a potential source of sulfide miner-
alization in the ore zone. In addition, the high Cl
concentrations of the fluid greatly enhances its metal
transporting capacity (e.g., Holland l9T2). Ballhaus
& Stumpfl (1986) have reviewed reactions by which
a sulfur-bearing fluid may precipitate an immisci-
ble sulfide melt. The reaction they consider to be of
fundamental importanca involves the dissolution of
H2S from the volatile-fluid phase into the melt
(Holloway l98l):

HzSy + FeO."1 + O2-m"lt :

FeS."1, + 2 OH-melr
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and the precipitation of immiscible-sulfide melt leads
to increased OH- in the melt, which explains in part
the association of sulfides with hydrous minerals. In
addition, the reaction may also lead to lower/(O)
as the reaction proceeds to the right. A simple model
for the formation of the ore zone has a volatile fluid
exsolving from the footwall and incorporating sul-
fur and the PGE, the latter being carried as Cl-
complexes. Redissolution sf this fluid in stratigraphi-
cally higher, hot fluid:undersaturated intercumulate
melt leads to the precipitation of immiscible PGE-
bearing sulfide melt. As suggested below, however,
the actual behavior of sulfur is likely to be more com-
plicated.

Variotion in mineral modes with reaction progress

A progressive reaction between a cumulate pro-
tolith + interstitial melt and an interstitial volatile
fluid would be expected to result in regular and
predictable variations in the amounts of the mineral
phases present in the rocks. Because field and tex-
tural evidence implies that the reaction was accom-
panied by a segregation of plagioclase from mafic
phases, modal data from thin section point counts
must be interpreted with this in mind. As shown
above, addition of vapor to a melt + pyroxene pro-
tolith produces olivine by incongruent melting of
pyroxene at a fixed magma composition:

2MgSiO3 + H2O - MgzSiOa + "more melt" (3)
opx vapor olivine

Using this reaction as a model, it is evident that the
molar amount of olivine defines reaction progress,
i.e., increasing fluid/rock ratio (e.9,, Brimhall 1979).

Molar amounts of mineral phases per kilogram of
rock (Table 2) are plotted against the molar olivine
abundance in Figure 6. (Not shown is ilmenite, of
which approximately 590 is present as a coarse inter-
stitial erain in one section with 5490 olivine.) Several
caveats must be applied to the strict interpretation
of molar olivine abundance with increasing
fluid/rock ratio. Melting is not a constant-volume
process (although one might expect the volume of
the residual solids to monotonically decrease as melt-
ing progresses), and the melt phase can be lost to
the supernatant magma. In addition, the protolith
is not of uniform composition; modal variation is
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As noted by Ballhaus & Stumpfl, dissolution of H2S
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typical of much of the Banded series. Thus the
increase in reaction progress as measured by increas-
ing molar olivine abundance as shown in Figure 6
must be viewed as semiquantitative. Bearing this in
mind, however, several generalizations can be drawn
which are consistent with textural evidence presented
above. The segregation of the mafic and felsic com-
ponents is indicated by the decreasing modal abun-
dance of plagioclase with increasing modal olivine.

I
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Fto. 6. Variation in the number of moles of mineral phasas
in l@ g rock with the variation in the number of moles
of olivine. The direction of increase in the fluid,/rock
ratio is inferred by the production of olivine and with
textural evidence discussed in the text. Data were cal-
culated from modal data (obtained by point counting),
using the average values for gram molecular weight and
density listed in Table2. Minor amounts of apatite and
clinoamphibole, always less abundant than phlogopite,
were included with phlogopite in the mode and calcu-
lated as phlogopite.

Chromite is restricted to rocks with intermediare
amounts of olivine, and is absent in phlogopite-rich
rocks. These observations are consistent with the
chromite being stable only at intermediate values of
fluid,/rock ratio, and the outward migration of chro-
mium to form the chromite-rich margins of the peg-
matites. The presence of hydrous melt inclusions in
chromite is firrther evidence that the chromite was
precipitated from a volatile-enriched melt. The rela-
tively high chromium content of the partial melt
could have resulted from the melting of pyroxene.
Phlogopite and other hydrous minerals are cornmon
only in olivine-rich rock types. Because there are no
potassium-bearing phases in the protolith assemblage
(except for the insignificant amount in plagioclase),
the presence of phlogopite requires the addition of
potassium to the systern. Sodium must also have been
added since interstitial plagioclase in the phlogopite-
bearing rocks is unusually albitic (Table 3). This is
consi$tent with experimental evidence and ther-
mochemical calculations (e.g., Hards 1976, Gammon
et ol. 1969, Boudreau et al. 1986) that the alkalis are
abundant in an exsolving aqueous, Cl-bearing fluid.
The modal amounts of pyroxene, especially
orthopyroxene, are variable, reflecting late forma-
tion of orthopyroxene by crystallization of residual
melt and peritectic reactions involving olivine.

To summarize, the paragenetic sequence, from the
protolith norites,/gabbronorites to the dunites, con-
sists of the following phase assemblages which
include interstitial melt (and ignoring the late-formed
orthopyroxene and plagioclase in the olivine-bearing
rocks):

A) plagioclase + orthopyroxene a clinopy-
roxene t qualtz (gabbronorite-norite protolith)
(A') plagioclase t orthopyroxene t
clinopyroxene (anorthosite)
B) plagioclase + olivine (troctolite)
C) olivine + chromite + plagioclase (troctolite-
dunite)
D) olivine + phlogopite (dunire)

The ideal rock sequence A-D which results from
the reaction is shown schematically in the lbp-p dia-
gam in Figure 7. This diagram qualitatively displays
much the same information as a liquidus phase dia-
gram, and it illustrates that the rock sequence need
not be the result of crystallization on a multiply-
saturated liquidus surface but may instead be gener-
ated by subliquidus reaction. The phlogopite
"wedge" shown in the bottom of the Figure will
intrude farther into the phase space with increasing
activity of potassium and H2O, and will further
separate plagioclase from the olivine phase volumes.
Note also that a result of mafic ,,leaching" is that
the heavy line A-B lies entirely within the plagioclase
phase volume, and separates all (gabbro)noritic
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assemblages from the olivine-bearing (troctolitic)
assemblages.

Variqtion in sulfur and oxygen Jugacity with reac-
tion progress

The mirleral assemblages of OBZ I allow a semi-
quantiiative interpretation of the variation of the
oxygen and sulfur fugacity accompanying the for-
mation of the secondary olivine. Based on the
mineral parageneses noted above, /(SJ and /(Oz)
are controlled by the following reactions:

Y2O2 + FeS + FeSiO: = FqSiOa + r/252
po opx olivine

Y2O2 + 3FqSiOa : Fe:Oa + 3FeSiO3
olivine spinel opx

2O2 + 3FeS ;
po

KAlSi3O8 + Fe3O4 + H2O :
plag spinel

KAlSi3O8 +
plag

KFerAlSirOte(OH)2 + V2O2
phlogopite

3FeS + H2O + Y2O2 :
po

KFe3AlSi3Olq(OH)2 + ?/2Sz
phlogopite

Precise interpretation of the changes in /(Sj and
f(O) are not possible because/(HrO), temperature,
and pyrrhotite composition are not well constrained.
In addition, extensive unmixing and re-equilibration
that the high-temperature mineral phases have under-
gone during so6ling limit dhect application of the
calculations.

The sulfur- and oxygen-controlling reactions 4-8
above ds well as the reaction sequence assemblages
A-D are shown on the log f(S) versus log /(Or)
diagram in Figure 8 (uncertainty in the temperature
and the activity relationships will not affect the basic
chemographic relationships). Shown schematically
by the heavy line is the inferred change in the/(S,
and /(OJ with increasing extent of reaction Qine
A-D). It is seen that, as the reaction proceeds, the
reaction is accompanied by a reduction in both
/(S) and/(Or). The decrease in"f(St with reaction
progress is consistent with the interpretation that sul-
fide was precipitated early in the course of the reac-
tion (as seen in the presence of mineralized norites
and gabbronorites in the J-M Reef, e.81. Bow et al,
1982), and was remobilized at higher fluid-rock
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Frc. 7. Qualitative diagram of the relative stabilities of
mineral phases in the system CaO-MgO-
A12O3-SiO2-K2O-H2O, with variation in the chemical
potential of the component oxides CaO, MgO and
A12O3, all other components assumed fixed. All reac-
tions shown balanced on silica, with spinel shown as
a dashed saturation plane. Abbrevirations: Sil silica, En
enstatite, Fo forsterite, An anorthite, Ph phlogopite.
The points A-B-C-D denote the paragenetic sequence
listed in the text, and tle heavy lines illustrate one pos-
sible chemical-potential path to produce the observed
sequences of rocks. Note that heavy solid-line segment
A-B lies entirely within the plagioclase phase volume:
the dashed line segment A-B illustrates yet one other
path that lies entirely on multiple-saturation boundaries.
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ratios to give the discontinuous distribution of ore
within the pegmatitic, olivine-rich portions of the
Minneapolis adit (Bow et al. 1982). Jls ssrnsliliza-
tion of sulfide outward from the volatile-enrished
regions is also consistent with the distribution of the
ore in the West Fork adit, where sulfides are
preferentially located in the anorthositic and troc-
tolitic rocks directly above the pegmatitic olivine-rich
layer (Mann & Lin 1985).

Qa sogling, the olivine-free assemblages will even-
tually intercept the pyrite solvus and exsolve pyrite
as part of the exsolution assemblage, whereas the oli-
vine (t phlogopite)-rich assemblages will not (Fig.
9). Using reaction (4), oxygen-fugacity contours can
be drawn on this Figure (dashed lines) for the spinel

+ sulfide-bearing assemblages, and are used to show
the range ofintrinsic oxygen-fugacity data ofElliott
et al. (1982). Bow et ol. (1982) andBarnes & Nal-
drett (1985) noted that the sulfide assemblage now
observed in the rocks was formed by unmixing from
a high-temperature monosulfide solution, and that
pyrite with an exsolution texture is common only in
*loelalized norites and gabbronorites of the ore
zone. Because the pyrite field will begin to appear
between the pyrrhotite and condensed-sulfur fields
at temperaturos.,.below 7 42oC, thrpyrite-bearing".
assemblages are consistent with a higher initial sul-
fur fugacity in the olivine-absent assemblages than
in the olivine-bearing assemblages without exsolved
pyrite.
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FIc. 8. Stability of phase assemblages as a function of "f(D and/(Oi at 1000"C and 2 kbar. Compiled using the ther-
mochemical data of Helgeson et al. (1978), Abbreviations: po pyrrhotite, mt magnetite, kfspotassiurifeldspar,
fa fayalite, fs ferrosilite. The regions of olivine stability ana 

-ofvine 
+ phiogopite stabiliiy arjshown by the ruled

and crossruled regions, respectively. The fa-fs and po-mt boundaries have iniorporated thi following asiumptions:
a(fs)oox =0.27t a(fa\ot =0.09; a(po) = l.Q; a(61)chrome spinel=0.15. The relative position of the-annite held is
temperature-dependent, and the boundaries are shown for pure end-member phases. The points A-D denote the
paxagenetic sequence listed in the text. The range of intrinsic oxygen fugacity for cumulus plagioclase from the Lower
Banded series, as measured by Elliott et al, (1982), is also shown. The magnetite-wustite aMW) and quartz-fayalite-
glaeBetite (QFM) buffers are shown for reference. The points X and Y are shown varying througbtemperaiure in
Figure 9.
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A summary model

A schematic model for the formation of the litho:
logic sequences of the J-M Reef is as follows: at some
point in the solidification of tle gumulus pile, a litho-
logic discontinuity within the cumulus sequence.acted
as a trap to the upward migration of volatile-rich
fluids. The discontinuity could have resultd from
the injection of a compositionally distinct (vapor-
undersaturated) magma. With increasing infiltration
of volatile fluid from lower cumulates, an increas-
ing amount of partial melting, reaction of the cumu-
lus crystals, and material transport between the

" '  (on  and \
below QF

Elliott et al. (1982)

Olivine + biotite etablE
(on and below QFM)

volatile-enriched region and the surrounding cumu-
lates was to be expected. Cumulus plagioclase dis-
solved incongruently to produce reverse-zoned and
rounded grains, and the destruction of pyroxene
produced olivine, chromite, and local ilmenite.
Transfer of mafic components toward the fluid-rich
areas and the plagioclase components outward
resulted in the characteristic olivine-rich rock/anor-
thosite association. The thickness of the reaction
zone increased with increasing addition of fluid. The
latent heat of fusion required for partial melting
induced by volatile fluxing could have been supplied
by the surrounding rocks and the supernatant
magma. Hence, the surrounding rocks must have
undergone increased crystallizarion while the volatile-

t . 2 o.6o.8t .o
l , / T ( K )  x l 0 3

Ftc.9. Mineral stabilities as a function of log/(S2)and l/T(K). Abbreviations as in the previous fieure, with Feo iron,
py pyrite, S condensed sulfur. The stability_of the silicate-oxide-sulfide assemblages from Figure 8 are plotted with
the phase relations from the system Fe-S (from Scott 1974), in part schematic. The mt-po reaction is used to con-
tour/(O) (dashed lirtes) for those assemblages which contain both of these phases. Point X of this and Figure 8,
which is the po-mt boundary on QFM at l0@oq is shown varying with temperature as the heavy solid line. Simi-
larly, point Y of this and Figure 8, which is the ma,limun stability limit of annite at lm0oc, is also shown varying
with ternperature. The maximum stability of oliiine in the presence of po + mt is shown as the dotted line. The
sulfide-bearing olivise .+ chrome spinel and olivine + phlogopite + chrome spinel assemblages have the sulfur
and oxygen fugacities both controlled by the presence of sulfide, silicate, or oxide phases, and do not intersect the
pyrite solvus sa ss6ling, particularly for oxygen fugacities on or below QFM. In conffast, the sulfur fugacity of
assemblage A (olivine and oxides absent) is controlled only by the presence of pyrrhotite, and hence follows a pyr'-
rhotite isopleth to intersect the pyrite solvus on cooling (solid line). The equivalent range of intrinsic oxygen fugaci
ties measured in cumulus plagioclase from the Lower Banded series (Elliott el a/. 1982) is shown by the shaded field
for spinel-sulfide-bearing assemblages.
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endched zone became io"leasingly molten. This
would have further enhanced permeability differ-
ences, and restricted the volatile-enriched region to
a narrow layer. In extreme instances, the increasingly
molten rocks may have been deformed or formed
apophyses into the rigid marginal rocks. Loss of sil-
ica from the crystal pile was achieved by convective
or diffusive expulsion of the interstitial melt. On
eventual cooling, crystallization of any residual par-
tial melt generated during melting, and not lost r.o
the overlying magma body, led to the second gener-
ation ofcoarse orthopyroxene and plagioclase which
enclosed all earlier-formed phases. The final result
is a regionally stratabound zone of pegmatitic rocks
with sulfide (and chromite) preferentially located in
the marginal regions of low to moderate fluid/rock
ratio. It is suggested that the characteristic thin (1-2
cm) layers of sulfides and chromite which occur at
the margins of the Merensky pegmatoid (c/ Naldrett
1981) could have formed in an analogous manner.

Comparison with other models

In many respects, the model presented here has
similarities with previous models. Although the
infiltration metasomatic model of Irvine (1980) deals
primarily with the infiltration of melt during com-
paction of the cumulate pile, the effect of an infiltrar-
ing fluid driven by fluid buoyancy is an analogous
process. In the Merensky Reef, the presence of high-
temperature fluid inclusions and graphitic pegma-
tites is evidence that a volatile fluid in addition ro
melt was present (e.g., Ballhaus & Stumpfl 1985a,
198Q. In the Stillwater Complex the evidence for the
presence of a separate volatile fluid instead of a
volatile-enriched residual liquid is indirect, and
includes the presence of pegmatites which may be
unusually sulfur-rich. Boudreau et al. (19g6) argued
that unusually high Cy(Cl+F+OtI) ratios observed
in the J-M Reef and Bushveld Critical Zone hydrous
phases cannot simply have been due to the crystall!
zation of trapped melt; the high ratios must have
involved the preferential addition of Cl to the zones,
which is most readily accomplished by redissolution
of a volatile-fluid phase as described here. The model
proposed by Boudreau et al. (L986) for the enrich-
ment in Cl in these zones is similar to the concept
of constitutional zone-refining in layered intrusions
as recently was proposed by McBirney (1987). The
alternative model, in which a volatile-enriched melt
is displaced upward and reacts with anhydrous sili-
cates, cannot in itself cause changes in the Cl,/F ratio
of the melt. In addition, Cl-rich fluids are a recog-
nized metal-transporting medium, whereas the trans-
pofi properties of a volatile-enriched interstitial melt
remain to be demonstrated.

Dunn (1980, in a study of the orygen isotopic sys-
tematics of the Stillwater Complex, has shown that

the Stillwater rocks retain a mantle signature, and
hence have not experienced a large-scale circulation
of meteoric water as has apparently occurred in the
Skaergaard Intrusion (Taylor & Forrester 1979).
Dunn has also suggested that the 18O depletions
associated with the olivine-bearing zones of the
Banded series are consistent witl a magmatically der-
ived, late-stage fluid in these zones.

In a related model, Elliott et al. (1982) aad Bitdrin
et al. (1985) have suggested that volatile fluids may
actually be injected and mixed into the magma cham-
ber directly. One would expect that this addition of
volatiles to the mag'na in the chamber would depress
the liquidus and solidus relations in a manner analo-
gous to the mechanism proposed here, and hence
partial melting of the floor rocks should be an
expected consequence of these models as well.
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