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The Stillwater Complex, Montana: A subvolcanic magma chamber?
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Ansrucr

Five magma types occur as sills in the footwall of the Stillwater Complex, all of them
coeval with the Stillwater in age. Two of the magma types have compositions that suggest
they are similar to the magmas from which the cumulates of the Stillwater's Basal and
Ultramafic series crystallized. Melting experiments performed on samples of these two
magma types and on a 50-50 mix of the two types show that the crystallization sequence
inferred from the Ultramafic series cumulates (olivine > orthopyroxene > plagioclase >

augite) is matched only in the mixture of the two sill types at 1.5-3 kbar. Thus, the

observed stratigraphy of the Basal and Ultramafic series may result from mixing of two
distinct magmas rather than fractionation of a single magma. The permissible pressure

range of 1.5-3 kbar implies that the depth of the Stillwater magma chamber was similar
to that of subvolcanic magma chambers such as that of Kilauea Volcano, which raises the
possibility that the Stillwater magma body may also have been a subvolcanic reservoir.

INrnorucrroN

One obstacle to deciphering the magmatic history of
layered mafic intrusions is that it is not easy to identify
the compositions of the parental magmas from which the
cumulates were precipitated. Most layered complexes are
accompanied by finer grained satellite intrusions, but the
relationship between the compositions of the smaller
bodies and the compositions of the magmas parental to
the cumulates is usually not straightforward (see, e.g.,
Sharpe, l98l; Cawthorn et al., l98l). If the layered in-
trusion is itself complete, its bulk composition may be
inferred by summing up the individual layers, assuming
that the intrusion represents a closed system. Incomplete

Jackson, 1961, 1970). With this assumption in mind, and
on the basis of a limited number of analyzed chill sam-
ples, Hess (1960) inferred that 40o/o of the Complex has
been removed by erosion. More recently, it has been rec-
ognized that many cumulates of the Banded series must
have been derived from a magma different from that
which produced the lower cumulates (see e.g., McCallum
et al., 1980), which makes Hess's approach to estimating
what has been lost to erosion less viable.

ClNorurr PARENTAL MAGMAS FoR THE
B,lslr, AND ULTRAMAFTC SERTES

sections, and the possibility of open-system behavior, The footwall of the Stillwater Complex contains a maf-
make the problem considerably more difficult for most ic sill swarm, formerly included in the Basal series. Though
rntrusrons. now excluded (Zientek et al., 1985) from the Complex

The Stillwater Complex of Montana is a large layered proper, these sills are closely associated with the Complex
mafic intrusion, which has lost its upper part to erosion. in space (Page, 1979; Zientek, 1983) and time (Premo et
The preserved cumulates include the Basal series (dom- al., 1990; DePaolo and Wasserburg, 1979). The five in-
inatedbycumulatesof orthopyroxene t plagioclase: see dependent magma types found in the Basal sill swarm
Hess, 1960; Page, 1979) followed by the Ultramafic series have been characteized petrographically, chemically, and
(see, e.g., Jackson, l96l;Raedeke and McCallum, 1984). isotopically (Helz, 1985; Zientek, 1983; Lambert et al.,
The latter unit has been subdivided (Zientek et al., 1985) 1994). Two are magnesian (Helz, 1985), enriched in light
into the Peridotite zone (olivine + orthopyroxene cu- rare earth elements (LREE) (Helz, 1985; Lambert and
mulatesoccurringincyclicunits)andtheBronzititezone Simmons, 1987), and have e*o values (Lambert et a1.,
(orthopyroxene cumulates). These mafic and ultramafic 1994) similar to those of the Ultramafic series cumulates,
layers are overlain by a thick section of plagioclase-rich characteristics that make them candidate parental mag-
cumulates, the Banded series (Hess, 1960; McCallum et mas for the Basal and Ultramafic series cumulates. Cal-

a1. ,  1980).Theuppercontactof  thest i l lwaterhasnot  culat ionsusingthemethodofGhiorso(1985)suggested
been preserved, however, so some fraction of the upper that a 50:50 mix of the two magnesian sill types might
part of the Complex has been removed by erosion (Hess, have a more Stillwater-like crystallization sequence than
1960). For many years the Stillwater cumulates were con- either type alone. The compositions of the two samples
sidered to have been produced by the very efficient, closed- used as starting materials and that of the 50:50 mix are

system fractionation of a single magma (Hess, 1960; shown in Table l.
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TABLE 1 . Bulk silicate compositions of sills used as experimental
starting materials
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Fig. 1. Experimentally determined phase relations of the
compositions shown in Table I, as a function of temperature
and composition, at 1.5 kbar (left) and 2.5-3.0 kbar (right). The
samples were contained in Fe-saturated platinum capsules; the
/o, of the samples was defined by the graphite + CO + CO,
buffer. The shaded region shows the location of the crystalliza-
tion sequence olivine > orthopyroxene > plagioclase > augite.
Brackets around a symbol indicate temperature uncertainties that
include a contribution from a temperature gradient; the uncer-
tainty in temperature from other sources is +10'C. The "X"
symbols on the 2.5-3.0 kbar T-X section show the position of
two experiments performed at 2.5-2.6 kbar. Symbols marked
with "P" indicate Ca-poor pyroxene that is pigeonite rather than
orthopyroxene. All assemblages in the mafic norite and the mix
contain immiscible sulfide liouid in addition to the ohases in-
dicated.

lower temperatures at lower pressures. The desired se-
quence should exist in the magnesian gabbronorite just
above 3 kbar; however, olivine does not disappearin that
composition until 7" < 1100 'C, far below the first ap-
pearance of both plagioclase and augite, which is incon-
sistent with the phase relations observed in the Stillwater
cumulates. Only intermediate mixtures of the two liquid
types exhibit the right crystallization behavior at reason-
able pressures.

Figure 2 shows how the position of the olivine-ortho-
pyroxene boundary shifts with pressure, relative to the I
atm phase relations, in the system Fo-An-SiOr. By 1.5
kbar, the boundary shifts to near the position of the mix;
at 3.0 kbar it lies between the mix and the magnesian
gabbronorite compositions, essentially coinciding with the
enstatite-anorthitejoin, a position not reached in the Fe-
free system until l0 kbar (Sen and Presnall, 1984). This
means that the boundary is no longer a peritectic, but a
cotectic boundary, and the reaction of olivine with the
liquid to produce orthopyroxene no longer occurs at near-
liquidus conditions. This shift in the position of the ol-
ivine-orthopyroxene boundary places an upper limit on
the pressure at which the Ultramafic series could have
crystallized, as resorption of olivine next to orthopyrox-
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- Mafic norite sample 81VCZ-23. The sample consists ot orthopyrox-
ene, plagioclase, minor augite and ilmenite, and trace amounts of chromite
and apatite. lt also contains about4h sulfide. The S in the bulk analysis
was calculated as FeS, and omitted from the renormalized analysis, to
give a clearer picture of the bulk silicate composition. H2O was also omitted
in the renormalization.

.'Mixture of rock powders shown in columns 1 and g. The mixture
contains about 2h sulfide. S in the bulk analysis was handled as in col-
umn  1 .

t Magnesian gabbronorite sample NB I8/374. The sample contains or-
thopyroxene, plagioclase, augite, minor ilmenite, and trace amounts of
biotite, apatite, and sulfide.

ExpnnrprnrrrAt, RESULTS AND DrscussroN

The crystallization sequences of these three composi-
tions at 1.5 and 3.0 kbar are shown in Figure l. The
sequence of crystallization for the major silicate minerals
(olivine > orthopyroxene > plagioclase > augite) that
matches the sequence inferred for the lower parts of the
Stillwater is observed in the 50:50 mix at 1.5 kbar and
can be inferred to occur in slightly different mixing ratios
at 3 kbar, as indicated in Figure 1. Compositions of the
nearJiquidus olivine and orthopyroxene are Forr_ro and
Eflrn_r,, which match the observed compositions of oliv-
ine and orthopyroxene in the lowermost part of the Pe-
ridotite zone (Raedeke and McCallum, 1984; Loferski et
al., 1990). The principal difference between the experi-
mental results and the crystallization sequence inferred
from the cumulates is the late crystallization of chromite
in the experiments vs. its ubiquity in the Peridotite zone.
This results from the use of graphite to control f, during
the experiments and confirms earlier inferences (Mathez
et al., 1989) that although parts of the Stillwater Complex
contain graphite, the fo, in the early stages ofits devel-
opment was higher and evolved toward graphite satura-
tion with time.

The T-X relations show that neither of the naturally
occurring liquids could serve as sole parent to the Basal
and Ultramafic series in this pressure range. Olivine, the
characteristic cumulus mineral of the Peridotite zone, is
completely absent from the crystallization range of the
mafic norite at and above 1.5 kbar. The magnesian gab-
bronorite by itself can be ruled out as a parent because
orthopyroxene in gabbronorite begins to crystallize only
at the same temperature as plagioclase at 3 kbar and at
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Fig. 3. Sketch showing the relative sizes and approximate
depths of the summit reservoir of Kilauea Volcano and the Still-
water magma chamber. The vertical exaggeration is 2:1.

gle-magma models for the origin of the Basal and Ultra-
mafic series. It offers an explanation for the Fe-rich na-
ture of the first cumulus olivine (Forn) to appear at the
base ofthe Peridotite zone, for the abrupt disappearance
of olivine [still at its peak Mg/(Mg * Fe) content of Fo"]
at the top ofthe Peridotite zone, and for the fact that no
major discontinuity in Mg/(Mg + Fe) in the cumulus
minerals is observed at either stratigraphic position (Rae-
deke and McCallum, 1984); all these features are very
difficult to explain by fractionation of a single liquid. In
a magma-mixing model, the shift to olivine-dominant
cumulates within the Peridotite zone would be produced
by a change in the mixing ratio, and hence of SiO2 activ-
ity, of the two liquids in the recharge, from nearly 1000/o
mafic norite to > 500/o magnesian gabbronorite, not by the
arrival of less-differentiated liquid. The loss of olivine at
the top ofthe Peridotite zone would not reflect fraction-
ation (for which there is no evidence in the Mg' of the
cumulates) but either a decrease in the fraction of the
gabbronorite relative to the mafic norite or its complete
loss as a component of the new magma entering the
chamber. This model is also more consistent with the
heterogeneity of REE patterns in Ultramafic series cu-
mulates (Lambert and Simmons, 1987), and with their
isotopic heterogeneity (Lambert et al., 1994), than mod-
els invoking a single parent for the Ultramafic series.
Lastly, it is consistent with the observed presence of two
magnesian sill types in the footwall of the Complex, nei-
ther of which by itself has the right composition to be the
parental magma. The absence of hybrids among the foot-
wall sills implies that the mixing took place in the Still-
water chamber itself.

The upper pressure limit of 3 kbar found here is con-
sistent with P-7" conditions inferred from contact meta-
morphic assemblages in the footwall hornfelses (825 "C,
3 + 0.5 kbar; Vaniman et al., 1980; Labotka, 1985), if
one assumes those conditions represent reequilibration
during post-Stillwater cooling of the contact aureole; the
pressure in the footwall at the end of the development of
the Stillwater Complex can only have been higher than it
was during the development of the Ultramafic series. The
inferred pressure of formation of the Ultramafic series
(1.5-3.0 kbar) requires that the magma chamber was rel-
atively shallow (approximately 3-9 km). This is similar
to the 2-6 km depth of the main part of the summit

Mg2Si04 MgSiO3 50 Si02

Fig. 2. The plane forsterite(Fo)-anorthite(An)-SiO,, in weight
percent. Short dashed lines are isotherms and light solid lines
are the phase boundaries at I atm, both as determined by An-
dersen (1915). The compositions in Table I are shown by the
black circles. The heavy solid lines show the position of the
olivine-orthopyroxene boundary for these compositions at 1.5
and 3.0 kbar, as deduced from the experimental results shown
in Fig. 1. Note that by 3.0 kbar, this boundary coincides with
the compositional join between enstatite (orthopyroxene) and
anorthite (marked by long dashes).

ene is observed in the Ultramafic series (Jackson, l96l;
Raedeke and McCallum, 1984). The present results sug-
gest that total pressure at the base of the Stillwater cham-
ber was <3.0 kbar durine formation of the Ultramafic
senes.

INrpr,rc-c.troNs FoR THE STTLLwATER CoMpLEx

The Stillwater's inferred crystallization sequence is
based in part on the nature ofthe cyclic units in the Pe-
ridotite zone (Jackson, 1961, I 970). The observation that
this sequence is reproduced only in a hybrid composition
(Fig. 1) at reasonable pressures suggests that the Perido-
tite zone may be the product of mixing of the two distinct
liquids rather than the repeated intrusion of only one.
Comparison of the phase relations calculated for the maf-
ic norite with those observed in Figure I suggests that
olivine replaces orthopyroxene on the liquidus of that
composition somewhere between 0.5 and 1.0 kbar, at
which point the desired Stillwater crystallization se-
que rce would be produced in that one liquid. However,
the orthopyroxene-rich Basal zone cumulates and those
of the Bronzitite zone could be derived from the mafic
norite magma type alone at 1.5-3.0 kbar. To produce the
olivine cumulates of the Peridotite zone at the same pres-
sures that obtained during crystallization of the under-
lying Basal zone and the overlying Bronzitite zone re-
quires the presence of a second, less siliceous magma.

The two-liquid model has several advantages over sln-
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reservoir of Kilauea Volcano (Ryan, 198 1), one of the
most active volcanoes in the world. The cross-sectional
area of Kilauea's reservoir is inferred to be about 2 x 2
km (Ryan, l98l ), whereas that of the Stillwater is at least
40 x 20 km (Hess, 1960; Brodzowski, 1985), as shown
in Figure 3. Given that the Stillwater Complex was two
orders of magnitude larger than Kilauea's reservoir, and
that its inferred depth was not much greater, it seems
quite possible that the Stillwater was a subvolcanic mag-
ma chamber, as inferred by Lipin (1993). It presumably
underlay a sizeable plateau of mafic lavas. If so, it seems
Iikely that much of the missing material of the complex
would not be eroded cumulates but a lone-vanished vol-
canlc carapace.
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