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Abstract. Multiphase inclusions, consisting of clinopy- 
roxene + ilmenite + apatite, occur within cumulus plagio- 
clase grains from anorthosites in the Stillwater Complex, 
Montana, and in other rocks from the Middle Banded 
series of the intrusion. The textures and constant modal 
mineralogy of the inclusions indicate that they were in- 
corporated in the plagioclase as liquid droplets that later 
crystallized rather than as solid aggregates. Their unusu- 
al assemblage, including a distinctive manganiferous il- 
menite and the presence of baddeleyite (ZrO2), indicates 
formation from an unusual liquid. A process involving 
silicate liquid immiscibility is proposed, whereby small 
globules of a liquid enriched in Mg, Fe, Ca, Ti, P, REE, 
Zr and Mn exsolved from the main liquid that gave 
rise to the anorthosites, became trapped in the plagio- 
clase, and later crystallized to form the inclusions. The 
immiscibility could have occurred locally within compo- 
sitional boundaries around crystallizing plagioclase 
grains or it could have occurred pervasively throughout 
the liquid. It is proposed that the two immiscible liquids 
were analogous, in terms of their melt structures, to im- 
miscible liquid pairs reported in the literature both in 
experiments and in natural basalts. For the previously 
reported pairs, immiscibility is between a highly poly- 
merized liquid, typically granitic in composition, and 
a depolymerized liquid, typically ferrobasaltic in compo- 
sition. In the case of the anorthosites, the depolymerized 
liquid is represented by the inclusions, and the other 
liquid was a highly polymerized aluminosilicate melt 
with a high normative plagioclase content from which 
the bulk of the anorthosites crystallized. Crystallization 
of the anorthosites from this highly polymerized liquid 
accounts for various distinctive textural and chemical 
features of the anorthosites compared to other rocks 
in the Stillwater Complex. A lack of correlation between 
P contents and chondrite-normalized rare earth element 
(REE) ratios of plagioclase separates indicates that the 
amount of apatite in the inclusions is too low to affect 
the REE signature of the plagioclase separates. Never- 
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theless, workers should use caution when attempting 
REE modelling studies of cumulates having low REE 
contents, because apatite-bearing inclusions can poten- 
tially cause problems. 

Introduction 

One of the enigmatic aspects of the Stillwater Complex, 
Montana is the origin of two massive sheets of anortho- 
site, each several hundred meters thick, within the Mid- 
dle Banded series. Since first investigated by Hess (1960), 
the Stillwater anorthosites have been the focus of a vari- 
ety of studies (Raedeke 1982; Salpas et al. 1983; Scheidle 
1983; Czamanske and Scheidle 1985; Czamanske and 
Bohlen 1990; Haskin and Salpas 1992), but their origin 
and relation to the rest of the Stillwater Complex remain 
controversial. Some of the enigmatic aspects of the an- 
orthosites, known as Anorthosite zones I and II (AN 
I and AN II), include not only their extremely plagio- 
clase-rich compositions (typically 85 to 95% plagioclase) 
but also the occurrence of plagioclase as the only cumu- 
lus mineral over hundreds of stratigraphic meters, their 
association with rocks that contain cumulus Mg-rich ol- 
ivine after its absence for about 1000 stratigraphic 
meters, and their association with rocks that display a 
different crystallization sequence (plagioclase-olivine-cli- 
nopyroxene-orthopyroxene) than most of the underlying 
parts of the Stillwater Complex (olivine-orthopyroxene- 
plagioclase-clinopyroxene) (Raedeke and McCallum 
1980). It is difficult to explain these features by normal 
fractionation of a single basaltic magma type. 

Studies of the Stillwater Complex have led to hypoth- 
eses that it formed through the intrusion of two different 
parental magma types rather than from a single parental 
magma (Todd et al. 1982; Irvine et al. 1983). Irvine et al. 
(1983) hypothesized that the anorthosites formed from 
the second magma type, possibly a high-alumina basalt 
having plagioclase on the liquidus, which they referred 
to as the anorthositic, or A-type magma. They hypothe- 
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sized that most of the rest of the Stillwater Complex 
formed from a boninite-like magma having orthopyrox- 
one on the liquidus, which they referred to as the ultra- 
mafic or U-type magma. 

In addition to two-liquid hypotheses, other models 
for the origin of the anorthosites include (1) physical 
concentration of liquid enriched in plagioclase compo- 
nents through resorption, convection, and reprecipita- 
tion (Hess 1960); (2) mixing of a fresh and a differentiat- 
ed magma, producing a hybrid melt within the primary 
liquidus volume of plagioclase (Irvine 1975); (3) crystal- 
iization of ptagioclase from the same liquid as underlying 
parts of the complex in a pressure gradient followed 
by coalescence of large anorthositic "rockburgs" (Rae- 
deke and McCallum 1980; McCallum et al. 1980; Rae- 
deke 1982); and most recently (4) intrusion of sills of 
crystal-laden anorthositic mush that originated in a deep 
staging chamber from which other Stillwater magmas 
may have been derived (Czamanske and Bohlen 1990). 

Rare earth element (REE) geochemical studies can 
be extremely useful in constraining models for the origin 
of the Stillwater Complex in general and the anorthosites 
in particular. Especially powerful are studies of the REE 
geochemistry of plagioclase separates. Prior to such REE 
geochemical studies it is crucial to accurately identify 
and understand the mineralogic hosts of these elements 
within the rocks. The present study documents the pres- 
ence of multiphase apatite-bearing inclusions in cumulus 
plagioclase from the Stillwater anorthosites and other 
rocks from the Middle Banded series. The apafite within 
the inclusions may have important implications for REE 
modelling because of the high mineral/melt partition co- 
efficients for apatite (Hanson 1980). In addition, the pro- 
posed origin of the inclusions as an immiscible liquid 
has implications for the physical and chemical nature 
of the parent liquid of the anorthosites. 

General geology 

The Stillwater Complex is an Archean stratiform mafic and ultra- 
mafic intrusion that crops out for a strike-length of about 48 km 
along the northern front of the Beartooth Mountains of southwest- 
ern Montana. Various isotopic studies, the most recent by Premo 
et al. (1990), indicate a crystallization age of about 2700 Ma. The 
Stillwater Complex was intruded into Middle Archean metasedi- 
mentary rocks and is overlain unconformably by Paleozoic and 
Mesozoic sedimentary rocks. It was tilted during the Laramide 
orogeny, and its layering now dips steeply to the northeast and 
is Iocalty vertical to overturned. Various aspects of the geology 
and ore deposits of the Stillwater Complex are reported by Cza- 
manske and Zientek (1985 and references therein). 

Following the stratigraphic nomenclature of  McCallum etal.  
(1980), modified by Zientek et al. (1985), the Stillwater Complex 
is subdivided into the following major units (Fig. 1): (1) a Basal 
series, which is as much as about 240 m thick and consists of 
bronzite-rich cumulates and minor segregations of noncumulate 
rocks, (2) an Ultramafic series, which averages about 1000 m thick 
and is composed of cumulates of olivine, bronzite, and chromite, 
and (3) the Lower, Middle, and Upper Banded series, totalling 
about 4500 m in thickness and consisting of cumulates of pIagio- 
clase, augite, bronzite, and olivine. 

The Middle Banded series is anomalously rich in plagioclase, 
containing an estimated 82 vol.% through its 1700-m thickness 
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(McCallum et al. 1980). AN I and AN II are the thickest anortho- 
sites in the Middle Banded series. Both layers vary in thickness 
along strike up to a maximum of about 350 m for AN I and 570 m 
for AN II. The anorthosites are separated by about 700 m of com- 
plexly interlayered plagioclase-olivine, plagioclase-augite, plagio- 
clase-olivine-augite, and plagioclase-olivine-augite-bronzite cumu- 
lates. In addition, other thin anorthosite layers occur between AN 
I and AN II, and a third thick anorthosite layer, approximately 
100 m thick, occurs at the base of Olivine-bearing zone IV (Fig. 1). 

Characteristics of the anorthosites 

Detailed descriptions of the mineralogy, textures and field relations 
of AN I and AN II have been given by Hess (1960), McCallum 
et al. (1980), Scheidle (1983) and Czamanske and Scheidle (1985). 
In brief, the average composition of plagioclase is approximately 
the same in AN I, AN II and the cumulates between them, about 
An75 to Anw,  and there is no evidence of systematic change in 
composition with stratigraphic position. Within AN I and AN 
II, however, individual plagioclase grains are complexly zoned, and 
have compositional variations of as much as 12 tool% An. Grains 
showing normal, reverse and oscillatory zoning patterns are found 
within single thin sections. 

Clinopyroxene and inverted pigeonite are the typical intercumu- 
lus minerals, and they exhibit two different textures on an outcrop 
scale. In some places they form discrete oikocrysts, from 2 to 10 cm 
across, but in most places the pyroxene forms extensive intercon- 
nected networks. 

AN I and AN II are texturally distinctive because many plagio- 
clase grains are two to three times larger than cumulus plagioclase 
from other zones in the complex (Hess 1960; McCallum et al. 1980; 
Scheidle 1983; Foose 1985). Grain size within these thick anortho- 
sites ranges from 4 to 15 mm with an average length of about 
6 mm (Scheidle 1983). Finer-grained facies, in which plagioclase 
crystals average about 2 mm in length, occur locally along the 
lower contacts of both AN I and AN II as well in a distinctive 
5- to 15-m-thick zone at the top of AN II. Lamination occurs 
locally in these finer grained zones, but there is no other discernible 
foliation or modal iayering in the anorthosites. In contrast, lamina- 
tion is common in other plagioclase-bearing cumulates within the 
Banded series, including thin layers of anorthosite. The massive, 
unlaminated texture of AN I and AN II must be accounted for 
when considering their origin. 

Methods 

Approximately 160 samples were collected from AN I, AN II and 
surrounding units along traverses normal to the layering at several 
locations across the complex. Polished thin sections of the samples 
were examined in transmitted and reflected light. The compositions 
of plagioclase, pyroxene, ilmenite, and apatite were determined 
by electron microprobe analysis of one to three or more points 
per grain, depending on grain size. The analyses were performed 
on the ARL- SEMQ electron microprobe at the US Geological 
Survey, Reston. Standard operating conditions utilized an acceler- 
ating potential of 15 kV and a beam current of 100 nanoamps. 
The analyses were performed with a focused beam spot, except 
for intercumulus clinopyroxene, which was analyzed with a 10-gin 
beam spot in order to include orthopyroxene exsolution lamellae. 
Data were reduced by using the method of Bence and Albee (1968). 
Three samples were selected for detailed study with a scanning 
electron microscope. Analyses for P by inductively coupled plasma 
source spectroscopy (ICP) and REE by instrumental neutron acti- 
vation analysis (INAA) of ptagioclase separates were obtained at 
the analytical laboratories of the US Geological Survey. ICP spec- 
troscopy has a detection limit of 1 ppm for P and a precision 
of _+ 5 to 10% for concentrations of 5 50 ppm, which covers the 
range found in our samples. 
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Petrography 

General features of the anorthosites 

Within individual samples, the plagioclase grains typically form 
an interconnected network. The grains range from lath shaped 
to equant and from subhedral to anhedral. Some have smooth 
grain boundaries, whereas others have ragged and/or sutured 
boundaries. The zoning that occurs in much of the plagioclase 
can be detected optically by differences in the extinction angles. 
The zones are broad and diffuse, typically 100 to 500 gm across, 
possibly as a result of slow cooling. 

Intercumulus clinopyroxene and inverted pigeonite typically 
compose from 10 to 15 modal % of individual samples but range 
from traces to about 20 modal %. The intercumulus clinopyroxene 
contains exsolution lamellae of orthopyroxene, and the inverted 
pigeonite contains blebs and lamellae of clinopyroxene. Other inter- 
cumulus phases observed in this study include quartz, ilmenite, 
and sulfide minerals. Quartz contains minute fluid inclusions, and 
in some samptes it is oikocrystic. Ilmenite occurs as rare, small 
grains, which typically occur at the grain boundaries between pla- 
gioclase and intercumulus pyroxene. Pyrrhotite and chalcopyrite, 
with minor pentlandite, occur in small patches and are associated 
with epidote and other low-temperature alteration products. No 
intercumulus apatite was noted in this study, but it has been re- 
ported to occur in the anorthosites (Boudreau and McCallum 
1986). 

Some anorthosite samples and some areas within individual 
thin sections are virtually free of intercumulus phases. In these 
areas, plagioclase grains are smaller and more equant than those 
in other samples, they do not appear to be zoned, and many exhibit 
120 ~ triple-grain junctions. Samples exhibiting this annealed texture 
are randomly distributed in both AN I and AN II. 

Some of the samples are fresh, but many are altered to various 
degrees. The pyroxenes are typically the first minerals to become 
altered, and it is not unusual to find altered pyroxene coexisting 
with fresh plagioclase in a thin section. Pyroxene alteration prod- 
ucts include serpentine and chlorite; plagioclase is altered to sericite 
and epidote. One sample (82PPC7) from the Picket Pin Moun- 
tain traverse of AN II contains intercumulus olivine. Olivine is 
rare in the anorthosites and has been reported to occur only near 
the Picket Pin platinum group element (PGE)-bearing zone near 
the top of AN II (Boudreau and McCallum 1986). Because our 
sample is from approximately 200 m below the Picket Pin PGE 
zone, a more widespread occurrence of intercumulus olivine in 
AN II is indicated. 

Multiphase inclusions 

F i g u r e  2 a  shows  a c u m u l u s  p lag ioc lase  g r a in  t ha t  con -  
t a ins  a typ ica l  smal l  m u l t i p h a s e  i nc lus ion .  T h e  i n c l u s i o n  
cons is t s  o f  c l i n o p y r o x e n e  + i lmen i t e  + apa t i te .  Such  in-  
c lus ions  were  f o u n d  in  all  o f  the  a n o r t h o s i t e  samples  
t h a t  were  s tud ied ,  as well  as in  samples  f r o m  o the r  un i t s  
in  the  M i d d l e  B a n d e d  series, b u t  were  n o t  f o u n d  in  the  
few samples  s t ud i ed  f r o m  the  L o w e r  a n d  U p p e r  B a n d e d  
series. 

M o s t  o f  the  i n c l u s i o n s  a re  50 -150  g m  across ,  b u t  
s o m e  are  as m u c h  as several  h u n d r e d  tam across.  The  
apa t i t e  g ra ins  in  the  i n c l u s i o n s  r a n g e  in  d i a m e t e r  f r o m  
a b o u t  2 ~tm in  the  smal les t  i n c l u s i o n s  to a b o u t  30 g m  
in  the  la rges t  i n c l u s i o n s ;  m o s t  are  less t h a n  l 0 g m  across .  
T h e  i nc lu s ions  a re  r a n d o m l y  d i s t r i b u t e d  w i t h i n  samples  
a n d  v a r y  in  a b u n d a n c e  f r o m  sample  to sample .  In  a n y  
g iven  sample  s o m e  p lag ioc lase  g ra ins  are  free o f  inc lu -  
s ions,  some  gra ins  c o n t a i n  one ,  a n d  o thers  c o n t a i n  sever-  
al (Fig. 2b) .  M o s t  i nc lu s ions  occu r  w i t h i n  the  in t e r io r s  
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Fig. 2a-c. Photomicrographs taken in transmitted light of multi- 
phase inclusions in plagioclase from the Stillwater anorthosites. 
a Multiphase inclusion (arrow) on twin plane of plagioclase host. 
Field of view, 3 mm across; b Group of three inclusions in plagio- 
clase, each containing a single grain of clinopyroxene and either 
single or multiple grains of ilmenite (black) and apatite; field of 
view, 700 gm across; c Large inclusions containing multiple grains 
of clinopyroxene (C), ihnenite (black) and apatite (A); field of 
view = 700 gm across 

of plagioclase grains and are not related to fractures 
within the grains. The inclusions display a variety of 
shapes. Many are rounded, whereas others are elongate 
and have length-to-width ratios of 4:1 or 5: 1. Some, 
such as the one shown in Fig. 2a, occur along twin 
planes in the plagioclase host. Visual estimates for 
hundreds of the inclusions, using the determinative 

charts of Terry and Chillenger (1955), show that individ- 
ual inclusions consist of about 5 to 15% ilmenite and 
2 to 5% apatite, with the remainder being a combination 
of clinopyroxene plus plagioclase that crystallized along 
the inclusion walls. 

Most of the inclusions are composed of a single clino- 
pyroxene grain that encloses either single or multiple 
grains of ilmenite and apatite. The larger inclusions con- 
sist of multiple grains of all three phases and commonly 
display 120 ~ triple-junctions between the clinopyroxene 
grains, possibly as a result of prolonged annealing post- 
dating the complete solidification of the inclusions 
(Fig. 2c). Many of the inclusions are unaltered, but in 
some, the ilmenite is rimmed and embayed by sphene___ 
rutile, and some of the clinopyroxene is altered to talc. 
Reflected-light optical examination and scanning elec- 
tron microscopy reveal angular voids in many of the 
inclusions. Some of these voids may be mineral frag- 
ments that were plucked out, whereas other voids prob- 
ably formed as a result of contraction of the inclusions 
upon cooling. In addition to the phases described, one 
multiphase inclusion contained a spherical bleb of sul- 
fide that energy dispersive analysis shows to contain Cu, 
Ni and Fe. Thin rims of calcic plagioclase (as high as 
An92) are optically detectable around the largest inclu- 
sions by a difference in extinction angle compared with 
the host plagioclase. These zones are commonly less than 
5 ~tm wide but can be as much as 8 gm wide. 

Scanning electron microscopy of three samples shows 
that baddeleyite (ZrO2) occurs in many of the inclusions. 
The baddeleyite grains are typically less than 1 gm ac- 
ross, and most are associated with the ilmenite, forming 
either single lamellar inclusions or small blebs at ilmenite 
grain boundaries, a texture suggestive of granule exsolu- 
tion. Baddeleyite was originally thought to be restricted 
to lunar basalts and undersaturated terrestrial igneous 
rocks, in which the activity of SiO2 was below the level 
at which zircon would form by the reaction: ZrO2+ 
SiO2 = ZrSiO4. The texture of the baddeleyite in the Still- 
water inclusions, however, implies that it exsolved from 
the ilmenite. Therefore, low silica activity of the melt 
from which the inclusions formed cannot be inferred. 
The only other reported occurrence of badelleyite in the 
Stillwater Complex is in the vicinity of the PGE-bearing 
J-M Reef in Olivine-bearing zone I (Premo et al. 1990). 
Baddeleyite has recently been found in association with 
ilmenite in tholeiitic rocks, including the Basistoppen 
Sill, associated with the Skaergaard intrusion (Naslund 
1987), and in the Skaergaard intrusion itself (Kersting 
et al. 1989). 

In addition to the multiphase inclusions, the plagio- 
clase in the Stillwater anorthosites also contains ilmenite 
rods (identified by energy dispersive analysis), which are 
crystallographically oriented in the plagioclase host. 

Mineral chemistry 

Pyyoxene 

Representative electron microprobe analyses of intercu- 
mulus and inclusion clinopyroxene are listed in Table 



TaSle 1. Representative electron microprobe analyses of clinopy- 
roxene 

82PPC5 82PPC9 

Int a Incl b Incl Int Incl [ncl 

SiOz 52.21 52.18 53.10 51 .09  50.91 51.11 
TiO2 0.35 0.34 0.18 0.40 0.47 0.23 
A1203 1.68 1.53 0.83 1.64 1.79 1.05 
Cr203 0.04 0.01 0.04 0.07 0.01 0.07 
F%O3 ~ 0.06 0.39 0.00 0.00 1.94 2.21 
FeO 8.58 7.65 6.39 9.62 7.66 9.11 
MnO 0.14 0.10 0.04 0.26 0.25 0.25 
MgO 14.76 15.03 15.14 14 .61  14 .03  13.25 
CaO 21.09 2 1 . 4 7  2 2 . 8 5  2 1 . 0 4  2 1 . 6 4  21.61 
Na20 0.15 0.14 0.11 0.26 0.14 0.14 

Total 99.06 9 8 . 8 4  9 8 . 6 8  9 8 . 9 9  9 8 . 8 4  99.03 

Cations based on six oxygens 
Si 1.96 1.96 1.98 1.93 1.92 1.94 
AIIV 0.04 0.04 0.02 0.07 0.08 0.05 
A1VI 0.03 0.02 0.02 0.01 0.00 0.00 
Ti 0.01 0.01 0.01 0.01 0.01 0.01 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 
Fe +3 0.00 0.01 0.00 0.00 0.06 0.06 
Fe +2 0.27 0.24 0.20 0.30 0.24 0.29 
Mn 0.00 0.00 0.00 0.01 0.01 0.01 
Mg 0.82 0.84 0.84 0.82 0.79 0.75 
Ca 0.85 0.86 0.92 0.85 0.88 0.88 
Na 0.01 0.01 0.01 0.02 0.01 0.01 

Wo 44 44 47 43 46 46 
En 42 43 43 42 41 39 
Fs 14 13 10 15 13 15 

" Int, intercumulus 
b Incl, inclusion 
~ Fe203 calculated 
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Fig. 3. a Plots of TiO2 and b AlzO3 versus XMg for intercumulus 
and inclusion clinopyroxene 

1. The bulk of the clinopyroxene in the inclusions over- 
laps in composi t ion with the intercumulus clinopyroxene 
in terms of  M g / ( M g +  Fe z +), or XMg, with values gener- 
ally between 0.70 and 0.75. Clinopyroxene in a few inclu- 
sions is more Fe-rich, with XMg values as low as 0.50. 
No correlation was apparent  between J s  of  the clinopy- 
roxene and the distance of  the inclusion f rom the rim 
of  the host plagioclase grain. 

Scanning electron microscopy revealed that the clino- 
pyroxene in the inclusions does not  contain detectable 
or thopyroxene lamellae. In contrast,  the intercumulus 
pyroxenes are similar to pyroxenes f rom tholeiitic rocks; 
that  is, there are two pyroxenes, and each contains exso- 
lution lamellae of  the other. Intercumulus host and guest 
inverted pigeonite pairs plot near the 600 ~ C, 10 s Pa 
isotherm on the pyroxene quadrilateral o f  Lindsley 
(1983). This temperature is presumably that at which 
microscopically-visible exsolution ceased. 

Plots of  A1203 and TiO2 against JfMg for intercumulus 
and inclusion clinopyroxene in one representative sam- 
ple are shown in Fig. 3. The two types of  clinopyroxene 
occupy distinct, but partially overlapping, composit ional  
fields. The inclusion clinopyroxene extends to lower 
AlzO3 and TiO2 values and, in this sample, lower JfMg- 

Other samples show overlapping to slightly higher JfMg 
in the inclusions. MnO contents in both  the inclusion 
and intercumulus clinopyroxene are about  0.1 to 0.3 
wt .%;  Cr203 concentrations are negligible, generally 
less than 0.05 wt.%. 

Ilmenite 

Representative electron microprobe analyses of  ilmenite 
are listed in Table 2, which includes both intercumulus 
grains and those within multiphase inclusions. The il- 
menites have notably high MnO contents, typically 
greater than 1 wt.% MnO;  ilmenite in the inclusions 
contains as much as 7.5 wt .% MnO (Fig. 4). Within 
individual samples, ilmenite grains in the inclusions gen- 
erally have higher MnO contents than intercumulus il- 
menite grains. Published analyses of  ilmenite f rom other 
mafic layered intrusions, including the Bushveld Com- 
plex (South Africa), Skaergaard Intrusion (East Green- 
land), Duluth Complex (Minnesota), Kiglapait  Intrusion 
(Labrador),  and the Glen Mountains Layered Complex 
(Oklahoma),  show less than about  1 wt.% and common-  
ly less than 0.05 wt.% MnO (Wager and Brown 1968; 
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Table 2. Representative electron microprobe analyses of ilmenite 

82PPC7 82PPC9 84CML1 

Int" Incl b Int Incl Int Incl 

SiO2 0.03 0.02 0.07 0.01 0.08 0.05 
TiO2 48.22 5 0 . 8 2  49.07 50.17 49.08 51.55 
A1203 0.00 0.00 0.00 0.00 0.00 0.00 
CrzO 3 0.04 0.02 0.04 0.00 0.04 0.02 
Fe203 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 45.63 4 0 . 2 3  45.98 39.53 4 7 . 1 8  44.76 
MnO 3.07 6.43 2.44 7.43 1.29 1.42 
MgO 0.06 0.16 0.07 0.01 0.06 0.09 
CaO 0.42 0.06 0.08 0.56 0.08 0.22 

Total 97.47 9 7 . 7 4  9 7 . 7 5  97.71 97.81 98.11 

Cations based on three oxygens 
Si 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.93 0.98 0.95 0.97 0.95 1.00 
A1 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 
Fe +3 0.13 0.03 0.10 0.05 0.10 0.00 
Fe +2 0.85 0.84 0.89 0.79 0.92 0.96 
Mn 0.07 0.14 0.05 0.16 0.03 0.03 
Mg 0.00 0.01 0.00 0.00 0.00 0.00 
Ca 0.01 0.00 0.00 0.02 0.00 0.01 

" Int, intercumulus 
b Incl, inclusion 
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Fig. 4. Plot of MnO versus MgO for intercumulus and inclusion 
ilmenite showing the manganiferous nature of some of the inclusion 
ilmenite 

Morse 1980; Pasteris 1985; Reynolds 1985; Scofield and 
Roggenthen 1986). The manganiferous nature of  the 
Stillwater ilmenites is therefore unusual for intrusive 
mafic rocks. 

Bacon and Hirschmann (1988) suggested that high 
MnO ilmenites in intrusive rocks may result f rom late- 
stage enrichment due to Mn migration, possibly in an 
aqueous phase, during open-system slow cooling. In the 
Stillwater anorthosites, however, late stage Mn enrich- 
ment  of  the inclusion ilmenite is unlikely because the 
grains are enclosed within plagioclase and would have 
been isolated f rom late magmat ic-hydrothermal  fluids. 

94 
92 

9O 
O 
o 88 
x 86 

84 
+ 

82 
O 80 

o 78 

76 

| 
l i 
II 

S 
I 
I 
$ 

I I I I ""  I O ~ 1 ~  ~ l l  
2 4 6 8 10 12 14 

Distance from inclusion (gm) 

Fig. 5. Plot of a microprobe traverse in plagioclase showing change 
in the An content near a multiphase inclusion 

Therefore, it is more likely that the Stillwater inclusion 
ilmenites acquired their high MnO contents by crystalli- 
zation f rom a MnO-rich liquid. 

Plagioclase 

An electron microprobe traverse across a particularly 
wide calcic zone surrounding a large ( >  200 gm diame- 
ter) inclusion is shown in Fig. 5. The An content of  pla- 
gioclase is highest near the clinopyroxene in the inclusion 
(An92), and ranges f rom An75 to Anso throughout  the 
rest of  the grain. The calcic rims on other inclusions 
have composit ions of  An88 to An91. The rims are typi- 
cally several gm wide and are interpreted as being cog- 
nate to the inclusion. Calcic plagioclase rims are not 
analytically or optically resolvable on smaller (<200-  
gin-wide) inclusions. 

Apatite 

It is difficult to obtain electron microprobe analyses of  
the apatite in the inclusions because, of  the few grains 
that are exposed at the surfaces of  thin sections, most  
are less than 10 gm across. Apatite composit ions for 
three samples are shown in Table 3. The samples include 
two anorthosites f rom A N  II  (82PPC7 and 82PPC9), 
one of  which contains intercumulus olivine (82PPC7), 
and a plagioclase-augite-olivine cumulate f rom Olivine- 
bearing zone I I I  (84CML1). 

Apatite composit ions are shown plotted with respect 
to F, C1, and OH in Fig. 6. Also included are data f rom 
Boudreau (1986) and Boudreau and McCal lum (1989) 
for intercumulus apatite f rom the Banded series. Each 
sample f rom the present study plots in a discrete field. 
Anorthosite sample 82PPC9 contains F-rich apatite, 
with as much as 3.2 wt. % F, whereas anorthosite sample 
82PPC7 contains relatively Cl-rich apatite, with as much 
as 2.7 wt.% C1. The plagioclase-augite-olivine cumulate 
contains Cl-rich apatite, with as much as 3.5 wt.% C1. 

Most igneous apatite is F-rich and typically contains 
less than 1 wt.% C1 (Nash 1984). The Cl-rich apatite 
in the Stillwater Complex is therefore unusual. Boudreau 
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Table 3. Representative electron micro- 
probe analyses of apatite in inclusions 

82PPC7 82PPC9 84CMLt 

Grain: 1 2 1 2 1 2 

CaO 54.15 53.85 54.91 55.21 54.52 54.96 
P205 40.08 39.78 41.07 40.23 40.52 40.77 
FeO 0.54 0.52 0.76 0.60 0.23 0.31 
MgO 0.02 0.05 0.13 0.04 0.10 0.05 
SiO2 0.37 0.54 0.48 0.29 0.33 0.26 
Ce203 0.19 0.27 0.06 0.09 0.04 0.35 
F 1.15 1.27 3.19 2.89 0.84 0.90 
C1 2.74 2.93 0.63 1.11 3.48 3.09 

Total 99.24 99.21 101.23 100.46 1 0 0 . 0 6  100.69 
O-= F, C1 1.11 1.20 1.48 1.47 1.15 1.09 

Total 98.13 98.01 99.75 98.99 98.91 99.60 

F/(F + CI + OH) 0.33 0.36 0.88 0.78 0.24 0.25 
C1/(F + C1 + OH) 0.42 0.45 0.09 0.16 0.53 0.47 
OH/(F+CI+OH) 0.25 0.19 0.03 0.06 1.23 0.28 

F 
o Ol=vme-bearmg rocks , ~  

CI OH 
Fig. 6. Compositions of apatite plotted with respect to F -  CI - OH. 
Filled symbols are apatites within multiphase inclusions from this 
study, open symbols as well as fields A and B are data for intercu- 
mulus apatite from Boudreau (1986) and Boudreau and McCallum 
(1989): A, olivine-bearing rocks from Olivine-bearing zone I; B, 
anorthosites and norites from Olivine-bearing zone I 

and McCal lum (1989) found extremely Cl-rich apatite, 
containing as much as 7 wt.% C1 and virtually no F, 
throughout  the lower third of  the Stillwater Complex, 
including the Ultramafic  series and the lowermost  par t  
of  the Lower Banded series. They found that  more F- 
rich apatite, containing as much as 1.6 wt.% F and 2.3 
wt .% C1, first occurs within Olivine-bearing zone I, just  
below the J-M Reef. Cl-apatite also occurs in Norite 
lI, but above this zone, C1 contents generally decrease, 
al though apatite with as much as 3 wt. % C1 does occur 
in many  samples. 

The Stillwater Cl-rich apatite is associated with oliv- 
ine-bearing rocks in the three samples analyzed here and 
in many  of  the samples f rom Olivine-bearing zone I and 

the Middle Banded series analyzed by Boudreau (1986) 
and Boudreau and McCal lum (1989). As shown in 
Fig. 6, apatite f rom olivine-bearing rocks f rom these 
zones (including our intercumulus olivine-bearing an- 
orthosite sample 82PPC7) has C1/(C1 + F + OH) > 0.28, 
and apatite f rom olivine-free rocks has C 1 / ( C I + F +  
OH) < 0.4. 

The origin of  the Cl-rich apatite is debatable. Boud- 
reau and McCallum (1989) attributed the extremely C1- 
rich apatite in the lower third of  the Stillwater Complex 
to a process they called vapor-driven constitutional zone 
refining. Through this process, a vapor  phase, into which 
C1 was parti t ioned relative to F, was hypothesized to 
have exsolved f rom the intercumulus melt, migrated up- 
ward through the cumulate pile, and redissolved in hot- 
ter interstitial melts higher in the complex. This resulted 
in an increase in the C1/F ratio of  both  the intercumulus 
melt and phases such as apatite that eventually crystal- 
lized f rom that melt. Degassing at the top of  the m a g m a  
chamber was proposed to have caused an overall loss 
of  C1, resulting in the more  F-rich intercumulus apatites 
stratigraphically higher in the Stillwater Complex. The 
association of  Cl-rich apatite with both of  the P G E  
zones, the J-M Reef and the Picket Pin zone, has been 
cited as one line of  evidence that  the PGE were trans- 
ported and deposited f rom Cl-rich fluids during a late 
magmat ic-hydrothermal  event (Boudreau et al. 1986). 

Although it is possible that a process such as vapor-  
driven constitutional zone refining did occur and may 
have affected the intercumulus apatite, it does not ac- 
count for the association of  Cl-rich apatite with olivine- 
bearing rocks in the Banded series, unless it is proposed 
that all of  these olivine-bearing rocks have been prefer- 
entially invaded by a Cl-rich fluid. Boudreau (1988) does 
suggest a hydrothermal-magmat ic  origin for the olivine 
in the rocks near both  the J-M Reef and the Picket Pin 
zone. However, the Cl-rich nature of  the apatite in the 
multiphase inclusions within the plagioclase in A N  II  
and Olivine-bearing zone I I I  is probably not the result 
of  late-stage Cl-rich fluids because the inclusion apatite 
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Table 4. P and light REE contents (ppm) of plagioclase separates 

Sample Zone Rock P La Ce Sm Eu (Ce/Sm)n 
number type" 

82DCM14 OB V pc 20 1.40 2.00 0.178 0.351 2.72 
82PPC2 OB V poc 18 0.64 1.10 0.098 0.260 2.71 
81CMC4 AN II pc 16 0.95 1.30 0.120 0.355 2.62 
81CMC5 AN II pc 29 0.79 1.30 0.100 0.359 3.14 
81CMC7 AN II pc 23 0.95 1.70 0.120 0.390 3.42 
81CMC9 AN II pc 24 0.98 1.50 0.130 0.378 2.79 
81CMC10 AN II pc 19 0.83 1.40 0.110 0.392 3.08 
81CMCll AN II pc 30 0.92 1.30 0.130 0.355 2.42 
81CMC12 AN II pc 21 0.97 1.50 0.140 0.343 2.59 
81CMC14 AN II pc 20 0.62 0.98 0.084 0.294 2.82 
82DCMll AN II pc 20 0.54 0.48 0.047 0.122 2.47 
82PPC3 AN II pc 20 1.17 2.13 0.172 0.330 2.99 
82PPC4 AN II pc 12 0.52 0.79 0.067 0.240 2.85 
82PPC5 AN II pc 13 0.92 1.70 0.111 0.340 3.70 
82PPC6 AN II pc 15 1.44 2.40 0.210 0.390 2.76 
82PPC7 AN II pc 14 0.87 1.40 0.140 0.310 2.42 
82PPC8 AN II pc 13 1.11 1.80 0.144 0.360 3.02 
82PPC9 AN II pc 22 0.81 1.30 0.092 0.310 3.41 
82PPC10 AN II pc 28 0.66 1.40 0.110 0.090 3.08 
82PPC 11 AN II pc 23 0.84 1.30 0.122 0.300 2.57 
81CMC1 OB IV poc 16 1.60 2.70 0.160 0.349 4.08 
82DCM8 OB IV pac 28 1.16 0.60 0.080 0.276 4.83 
82PPC12 OB IV pbac 28 0.97 1.50 0.098 0.300 3.70 
82PPC13 OB IV poc 28 0.91 1.40 0.120 0.300 2.82 
81CMC25 OB III poc 19 1.30 2.20 0.210 0.357 2.53 
82DCM20 OB III pac 23 1.21 2.05 0.158 0.316 3.14 
81CMC22 AN I pc 28 1.30 2.17 0.193 0.349 2.72 
81 CMC23 AN I pc 26 1.20 2.14 0.196 0.299 2.64 
81CMC27 AN I pc 18 0.87 1.50 0.160 0.295 2.27 
82DCM16 AN I pc 14 0.63 1.00 0.091 0.257 2.66 
82DCM19 AN I pc 25 0.52 0.82 0.069 0.246 2.87 
82DCM23 AN I pc 21 1.00 1.70 0.145 0.319 2.83 
82DCM29 AN I pc 16 0.85 1.40 0.115 0.322 2.94 
83CML13 AN I pc 16 0.60 1.00 0.076 0.280 3.18 
83CML14 AN I pc 15 0.55 1.10 0.087 0.270 3.06 
83CML15 AN I pc 13 0.70 1.20 0.100 0.300 2.90 
83CML16 AN I pc 15 0.63 1.20 0.110 0.280 2.64 
83CMLI 8A AN I pc 22 1.35 2.46 0.242 0.360 2.46 
83CML18B AN I pc 15 0.75 1.20 0.110 0.300 2.64 
82DCM2 OB II poc 30 0.90 1.30 0.107 0.258 2.94 
82DCM5 OB II pc 29 0.83 1.20 0.105 0.204 2.76 
82DCM18 GN II pc 19 1.11 1.88 0.150 0.317 3.03 
84CML20 N II pbc 12 1.34 2.34 0.177 0.284 3.19 
84CML8 N I pbc 15 0.64 1.28 0.091 0.195 3.40 

" p, plagioclase; o, olivine; b, bronzite; a, augite; c, cumulate 

would  have been isolated f rom such fluids. A possibility, 
discussed bu t  no t  favored by Boudreau  and  M c C a l l u m  
(1989), is that  the C1- and  F-r ich apati tes might  reflect 
crystal l izat ion f rom two different paren ta l  magmas .  
However,  as no ted  by those workers,  the evidence f rom 
sills and  dikes associated with the Stillwater Complex  
suggests that  no  unusua l ly  Cl-rich magmas  were in- 
volved in the fo rma t ion  of  the Stillwater Complex.  Nev-  
ertheless, the Cl-apat i te  in the mul t iphase  inclusions 
s t rongly implies a magmat i c  ra ther  than  pos t -magmat ic  
origin for the associat ion of  Cl-apat i te  with ol ivine-bear-  
ing rocks. 

Cer ium contents  in the apati te  wi thin  the inclusions 
range f rom 0.0 to 0.3 wt .% Ce203. The higher Ce con- 
tents occur in one of  the Cl-rich apat i te  samples. The 

other  Cl-rich apat i te  sample and  the F-r ich apat i te  typi- 
cally con ta in  less t han  0.1 wt .% Ce203.  MgO  contents  
are generally between 0.01 and  0.1 wt .%,  SiO2 is be- 
tween 0.3 and  0.5 wt .%,  and  FeO is between 0.2 and  
0.6 wt .%.  Except for Ce, these trace e lement  contents  
are high compared  with those of  in te rcumulus  apat i te  
f rom t houghou t  the Stillwater Complex  analyzed by 
Boudreau  and  M c C a l l u m  (1989). 

Effect of  apatite on the REE geochemistry of plagioclase 
separates 

Despite its low moda l  abundance ,  apat i te  in the inclu- 
sions may  significantly affect the R E E  pat te rns  of  bo th  
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whole-rocks and plagioclase separates, possibly com- 
promising the usefulness of REE geochemical studies 
of the anorthosites. This is because the REE mineral- 
melt partition coefficients for apatite are high, whereas 
those for plagioclase are very low, except that of  Eu 2+ 
(Hanson 1980). The potential contamination problem 
exists regardless of whether apatite was trapped as solid 
inclusions or whether it crystallized from trapped melt. 

The chondrite-normalized REE patterns of plagio- 
clase separates from the Stillwater anorthosites are typi- 
cal of cumulus plagioclase, having negative slopes and 
large positive Eu anomalies, and are clearly not domi- 
nated by apatite. The problem, however, is to determine 

whether variations in REE patterns of the plagioclase 
separates might be caused by variations in the amount 
of apatite included in plagioclase. On the basis of their 
REE partition coefficients (Hanson 1980), increasing 
amounts of apadte would result in decreasing light REE 
ratios, decreasing Eu anomalies, and increasing REE 
abundances in plagioclase separates. However, fraction- 
at�9 has exactly the same effects on the REE composi- 
tion of plagioclase. Therefore, variations in the amount 
of apatite cannot be detected from the plagioclase REE 
patterns themselves. 

To evaluate the possible REE contribution of the apa- 
tit�9 the plagioclase separates were analyzed for their 
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P as well as their REE contents as shown in Table 4. 
(For most samples, the heavy REE were below INAA 
detection limits.) The P content of the plagioclase sepa- 
rates is low, ranging from 12 to 30 ppm. Plagioclase 
itself can contain quantities of P within this range (Smith 
and Brown 1988). The most conservative interpretation, 
however, is to assume that all of the P in the plagioclase 
separates is contained in the apatite of the inclusions. 
Using this assumption, the P contents would reflect the 
apatite mode in the plagioclase separates. Accordingly, 
the Ce contents and (Ce/Sm)n (where n denotes chon- 
drite normalized) are shown plotted against P in Fig. 7 a-  
f for plagioclase separates from three different traverses: 
one each across AN I and AN II at Contact Mountain 
and a third across AN II at Picket Pin Mountain. All 
three data sets include rocks from above and below these 
two main anorthosite zones. The Ce concentrations 
show no correlation with P content for either traverse 
through AN II. With the exception of three samples, 
the AN I data do show a positive correlation between 
Ce and P contents. However, this correlation could also 
be caused by fractionation. In REE modelling studies, 
REE ratios are of more importance than concentrations. 
The plots of (Ce/Sm)n against P contents are therefore 
more crucial in checking for any effect of apatite. None 
of the three data sets show any correlation of (Ce/Sm), 
with P content. This is interpreted to indicate that the 
apatite does not affect the REE signature of the plagio- 
clase because the apatite is present in too small an 
amount, and/or it contains too small a quantity of REE. 
It is therefore concluded that the plagioclase separates 
of the present study can be treated and modelled in REE 
geochemical studies as pure mineral separates. 

Discussion 

Origin of the inclusions 

The fact that the inclusions are multiphase and that all 
consist of the same assemblage (implying the same or 
very similar bulk compositions) argues strongly for their 
origin as liquid droplets rather than solid aggregates at 
the time of their entrapment in the plagioclase. The fact 
that they typically occur within the interior of plagio- 
clase grains and are unrelated to healed fractures is evi- 
dence that the inclusions are primary and not secondary. 

These inclusions are not comparable to the isolated 
clinopyroxene, ilmenite, and quartz inclusions reported 
in plagioclase from massif anorthosites. The isolated in- 
clusions are suggested by some workers (e.g., Smith and 
Steel 1974) to have formed through solid state exsolution 
from plagioclase. In contrast, the inclusions in the Still- 
water anorthosites are considered magmatic. 

The unusual bulk composition of the inclusions pre- 
cludes their being direct samples of the anorthosite par- 
ent liquid. It is also unlikely that they represent trapped 
residual liquid for the following two reasons. First, most 
of the inclusions occur within the interiors rather than 
at the rims of plagioclase grains, implying entrapment 
at a relatively early stage. Second, calcic plagioclase rims 

some of the inclusions, whereas relatively sodic plagio- 
clase should crystallize from residual liquid. 

The compositions of the phases in the inclusions indi- 
cate that they crystallized from a liquid of a peculiar 
bulk composition. This liquid was calcic, as shown by 
the compositions of the plagioclase rims, and was en- 
riched in Ti, Mn, REE, P, Zr, Fe, and Mg relative to 
the bulk of the anorthosites. This suite of elements is 
the same as the suite known to be partitioned into the 
mafic fraction of immiscible silicate liquid pairs that 
form during the fractionation of many basalts (Roedder 
1979). 

We propose that the inclusions formed from immisc- 
ible liquid droplets that exsolved from the parent liquid 
of the anorthosites. Some of the immiscible droplets be- 
came trapped in plagioclase and later crystallized to 
form the inclusions. Inclusions of the main liquid have 
not been observed, probably a result of the plagioclase 
wetting properties of the two liquids. 

Liquid immiscibility is a process whereby an original- 
ly homogeneous silicate liquid unmixes into two compo- 
sitionally distinct liquids at some point in its cooling 
history. It was first found experimentally at geologically 
reasonable temperatures and compositions in the system 
leucite-fayalite-silica (Roedder 1951) and was found in 
natural rocks for the first time in lunar basalts (Roedder 
and Weiblen 1970). It has since been noted in many 
terrestrial basalts and andesites as summarized by Roed- 
der (1979). In volcanic rocks, immiscibility typically can 
be detected petrographically as an emulsion-like mixture 
of two optically and chemically distinct glasses, with one 
preserved as globules in the other. This texture has been 
found in both the mesostasis and in melt inclusions with- 
in phenocrysts. Commonly, one glass is colorless and 
Si-rich, and the other is brown and Fe-rich. Because 
the two glasses formed as quenched liquids, this texture, 
with the preserved menisci between the glasses, is the 
clearest evidence that immiscibility occurred in the liquid 
state. 

Silicate liquid immiscibility has been reported for var- 
ious bulk compositions, including tholeiitic basalts and 
andesites (De 1974; Gelinas et al. 1976; Philpotts 1979; 
Roedder 1979), basaltic komatiites (Ferguson and Currie 
1972), high-A1 olivine tholeiite (Anderson and Gottfried 
1971), and alkali basalts (Philpotts 1976). The timing 
of liquid immiscibility is variable. In most tholeiitic ba- 
salts, it occurs only in the latest stages of fractionation, 
in very Fe-rich bulk compositions, when there is only 
about 5% or less liquid remaining. Early immiscibility, 
however, has been reported and is thought to account 
for both the ocelli in alkali basalts (Philpotts 1976) and 
for the varioles in Archean tholeiites (Gelinas et al. 
1976). In addition, early immiscibility has been reported 
to occur in melt inclusions within plagioclase pheno- 
crysts (Philpotts 1981). These examples of early immisci- 
bility are noted because we hypothesize that immiscibi- 
lity in the Stillwater anorthosites also occurred at a rela- 
tively early stage. 

Liquid immiscibility is explained in terms of the con- 
trasting melt structures of the two silicate liquids (Hess 
1980). One is a highly polymerized tectosilicate (granitic) 
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melt into which the network-forming cations, Si and 
A1, as well as the alkalis are partitioned. The other is 
a relatively depolymerized ferrobasaltic or ferro-pyrox- 
enitic melt into which the network-modifying cations 
are partitioned. These contrasting melt structures have 
implications for the nature of the parent liquid of the 
Stillwater anorthosites. Experimental studies of trace ele- 
ment partitioning between the two immiscible liquids 
have shown that the ferrobasaltic liquid is enriched in 
the high charge-density cations, including, in decreasing 
order of enrichment, P, REE, Ta, Ca, Cr, Ti, Mn, Zr, 
Mg, Sr, and Ba (Watson 1976; Ryerson and Hess 1978; 
1980). Of the suite of trace elements investigated by Wat- 
son (1976), only Cs was partitioned into the granitic 
fraction. 

To evaluate whether the Stillwater inclusions could 
have formed from an immiscible liquid, we calculated 
their average bulk composition to compare it with com- 
positions of immiscible liquids reported in the literature. 
The bulk composition of crystalline magmatic inclusions 
is difficult to estimate, not only because an accurate 
mode must be determined, but also because the original 
trapped liquid composition was a combination of the 
inclusion itself plus some amount of the host phase that 
crystallized along the inclusions walls after entrapment 
(Roedder 1984). With this caveat in mind, we calculated 
the average liquid composition for the inclusions by us- 
ing visual estimates of the proportions of phases in the 
inclusions and mineral compositions determined from 
electron microprobe analyses. To arrive at the mineral 
proportions and to take into account plagioclase crystal- 
lization along the walls of the inclusions, the amounts 
of ilmenite and apatite in the inclusions were first esti- 
mated. Clinopyroxene and plagioclase represented the 

remainder of each inclusion, and their relative propor- 
tions were calculated based on the width of  the zoned 
plagioclase that rimmed the largest inclusions. It was 
assumed that similar zones were present but too thin 
to detect around the smaller inclusions. Therefore, 34% 
plagioclase of An9o was included in the calculation of 
the liquid composition. 

The calculated average liquid composition of the in- 
clusions is shown in Table 5, and is plotted on the pseu- 
do-ternary Greig diagram (Fig. 8) along with the compo- 
sitions and tie-lines of immiscible pairs in some terrestri- 
al and lunar basalts for comparison. The fields of im- 
miscibility (dashed fields) found experimentally in the 
system leucite-fayalite-silica by Roedder (1951) are also 
shown. The Stillwater anorthosite inclusion liquid plots 
within the mafic end of the miscibility gap defined by 
the other immiscible pairs (Fig. 8). 

Table 5. Calculated liquid composition of inclusions 

Average Standard 
(wt. %) deviation 

SiO 2 43.61 1.80 
T i O  2 4.82 1.40 
AI2Oa 13.45 0.94 
FeO 9.78 1.10 
MnO 0.54 0.17 
MgO 7.92 0.33 
CaO 18.43 0.41 
K20 0.02 0.01 
Na20 0.43 0.07 
P205 0.80 0.49 

Total 99.80 

FeO + MgO +MnO + CaO 
+ P205 + TiO 2 

Na20 + K20 + AI203 

An90% 
An70 

III , \  
SiO 2 

Fig. 8. Pseudo-ternary Greig diagram showing 
the calculated average composition of the inclu- 
sions in the Stillwater anorthosites and represen- 
tative compositions and tie-lines for immiscible 
silicate liquid pairs from various basalts. Star, 
calculated Stillwater inclusion liquid, this study; 
filled squares, variole and matrix of Archean tho- 
leiite (GaIinas et al. 1976); filled circles, oceUi 
and matrix of Barberton Mountain Land (Trans- 
vaal) basaltic komatiites (Ferguson and Currie 
1972); open triangles, coexisting glasses in melt 
inclusion in plagioclase phenocrysts (Philpotts 
1981); open squares, coexisting glasses in lunar 
basalt (Rutherford et al. 1974) ; filled triangles, 
ocelli and matrix from alkali basalts (Philpotts 
1976); Xs, experimentally produced immiscible 
pair; open circles, sills and dikes from the base 
of the Stillwater Complex (Helz 1985);filled dia- 
mond, Ao liquid of Irvine et al. (1983); dashed 
fields, fields of liquid immiscibility in the system 
leucite-fayalite-SiO2 (Roedder 1951) 
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Fig. 9a-f.  Plots of SiO2 against various oxides for immiscible liquid pairs from the literature and the calculated Stillwater anorthosite 
inclusion liquid. Representative tie-lines for selected pairs are shown, other tie-lines are omitted for clarity. Symbols as in Fig. 8 

Although the Greig diagram is useful for showing 
immiscible liquid compositions, the grouping of ele- 
ments is also a drawback because liquids of very differ- 
ent compositions can project at the same point on the 
diagram. Silica variation diagrams are therefore shown 
in Fig. 9 a f. Many examples of immiscibility cited in 
the literature are for tholeiitic residual liquids that are 
extremely Fe-rich. The Stillwater inclusion liquid is not 
of this type and its low FeO and high MgO contents 
are more similar to those ofmafic end-members of other 
types of proposed immiscible pairs reported in the litera- 
ture. These include rocks having �9 textures such 
as Archean tholeiites (Gelinas et at. 1976), basaltic ko- 
matiites (Ferguson and Currie 1972), and alkali basalts 
(Philpotts 1976) as well as immiscible pairs of glasses 

from melt inclusions in plagioclase phent>crysts (Phil- 
potts 1981). High MgO contents in all of these liquids, 
including the Stillwater inclusion liquid, are consistent 
with textural evidence that immiscibility occurred at a 
relatively early stage in the crystallization history. 

The MnO and TiO2 contents in the calculated inclu- 
sion liquid are very similar to the characteristically high 
contents found in other immiscible mafic end members. 
Only the high C a � 9  content of the calculated Stillwater 
inclusion liquid is distinct from the mafic end member 
of other immiscible pairs (Fig. 9). This is a reflection 
of the calcic plagioclase and ctinopyroxene and is there- 
fore partly an artifact of our calculations. However, it 
is possible that the Stillwater inclusion liquid was differ- 
ent from other previously reported immiscible pairs be- 



75 

cause of an unusually calcic bulk composition of the 
anorthosite parent liquid. 

A second test of liquid immiscibility concerns mineral 
chemistry. At equilibrium, two immiscible liquids will 
crystallize the same phases, although in different propor- 
tions, and these phases will have the same initial compo- 
sition in both liquids (Roedder 1979). One test of im- 
miscibility, therefore, is to check that the phases that 
crystallized from two suspected immiscible liquids have 
identical compositions. As pointed out by Roedder 
(1979), the application of this test is difficult at best 
because it assumes equilibrium and continual exchange 
of components between the two liquids. We have shown 
(Figs. 3 and 4) that in the Stillwater anorthosites, the 
compositions of the inclusion and intercumulus clinopy- 
roxene overlap, as do the compositions of the two types 
of ilmenite. The areas of compositional overlap could 
represent the original compositions, indicating the same 
initial compositions for the phases that crystallized from 
the immiscible liquids in the anorthosites. However, two 
potential problems with the mineral chemistry test are 
as follows. First, the relative timing of crystallization 
of the intercumulus and inclusion phases in the anortho- 
sites is not known. Second, and more importantly, al- 
though the activities for all components must initially 
be the same in both liquids, the final compositions of 
the phases will not necessarily be identical. If the immisc- 
ible liquids are separated the activities of their compo- 
nents can change independently and the compositions 
of crystals forming in each may diverge. Such composi- 
tional divergence could have occurred when the immisc- 
ible droplets became completely isolated in the plagio- 
clase host. This may be the origin of the calcic plagio- 
clase that rims the inclusions. 

Implications for the origin of the anorthosites 

If the inclusions did form from immiscible liquid drop- 
lets as hypothesized, then this has implications for the 
parent liquid of the anorthosites. The two immiscible 
liquids in the Stillwater anorthosites were probably anal- 
ogous to other immiscible pairs in terms of their melt 
structures: one was polymerized and the other, depoly- 
merized. The depolymerized liquid is represented by the 
inclusions. We suggest that the polymerized liquid was 
far more voluminous, but, rather than having the typical 
granitic composition of many other two-liquid pairs, was 
high in normative plagioclase content and approached 
an anorthositic composition. Not all "Si-rich" end- 
members of other immiscible pairs are granitic. For ex- 
ample, in the alkali basalts and the basaltic komatiites 
the Si-rich liquid contains as little as 48.6 wt.% SiO2 
(Fig. 9). We further suggest that the highly polymerized 
aluminosilicate melt was the main parent liquid of the 
anorthosites from which the bulk of the plagioclase and 
the intercumulus phases crystallized. 

There are no experimental studies that would be use- 
ful in constraining the location on the Greig diagram 
of the hypothesized miscibility gap encountered by the 
anorthosites. We can offer the following observation, 

however. Only a small quantity of the mafic immiscible 
liquid was produced in the anorthosites, as no evidence 
has been found for any rocks that may have crystallized 
from this immiscible liquid. This indicates that the misci- 
bility gap was encountered near the anorthositic limb. 

Another possibility for the immiscibility within the 
anorthosites is that, rather than occurring pervasively 
throughout the liquid, it occurred only very locally at 
the margins of crystallizing plagioclase grains within 
compositional boundary layers. As was observed in an 
experimental study on the crystallization of a lunar ba- 
salt, local fractionation can cause the liquid in the 
boundary layers around plagioclase grains to split into 
two liquids while the main body of liquid does not split 
(Rutherford et al. 1974). Also, in an experimental study 
of the crystallization of natural tholeiitic basalts, Phil- 
potts (1978) found that the first immiscible globules to 
form on cooling were Fe rich. The globules nucleated 
on the surfaces of growing plagioclase laths. On cooling, 
additional Fe-rich globules formed throughout the resid- 
ual liquid, but the early ones that formed on plagioclase 
continued to grow and remained the largest. With fur- 
ther cooling, the immiscible globules were trapped in 
plagioclase grains and crystallized to form inclusions of 
pyroxene and minor amounts of opaque oxide. Such 
a process might account for the multiphase inclusions 
in the Stillwater anorthosites. 

A potential problem with boundary layer immiscibi- 
lity for the anorthosites is that the large size of some 
of the inclusions would require compositional boundary 
layers tens of micrometers thick around plagioclase 
grains. One prerequisite for the development of substan- 
tial compositional boundary layers is that the rate of 
crystal growth must be more rapid than the rate of diffu- 
sion (Bacon 1989). This is unlikely in slowly cooled rocks 
such as the Stillwater anorthosites. Studies ofplagioclase 
phenocrysts in basaltic liquids reveal boundary layers 
typically less than 5 gm thick (Bottinga et al. 1966; Mun- 
cill and Lasaga 1987). However, the width of composi- 
tional boundary layers increases not only with cooling 
rate, but also with melt viscosity and with the amount 
of a particular phase crystallizing (Roedder 1984). 
Therefore, crystallization of large quantities of plagio- 
clase from a viscous polymerized melt could potentially 
result in a boundary layers of substantial thickness 
around plagioclase grains, and the immiscibility could 
have occurred within these boundary layers. 

We hypothesize that zones of polymerized melt ex- 
isted in the Stillwater magma chamber and that AN 
I and AN II as well as some of the other rocks in the 
Middle Banded series crystallized from these zones. Evi- 
dence that such a liquid might be formed in layered 
intrusions comes from two sources. First, in studies of 
the Kilauea Iki lava lake, Helz et al. (1989) found geo- 
chemical evidence for the diapiric transfer of low-density 
melt from the lower to the upper part of the lava lake. 
The low-density melt was hypothesized to have moved 
upward in thin finger-like diapirs, and the transfer oc- 
curred rapidly enough that the diapirs did not mix with 
the surrounding melt during transit. In the lava lake, 
this low-density melt did not form a separate layer; rath- 
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er it mixed with the crystal+liquid suspension below 
the roof of the chamber. However, Helz et al. (1989) 
note that diapiric melt transfer might occur in large in- 
trusions such as the Stillwater Complex, thus producing 
a low-density, plagioclase-rich melt within the magma 
chamber. Second, metallurgical studies of the solidifica- 
tion of alloys have focused on the physical processes 
that occur during crystallization in the crystal § liquid 
mush zone. These studies have shown that, during solidi- 
fication, buoyant rejected solute streams out of the mush 
zone in thin pipes and channels and is expelled upward 
into the overlying liquid in plumes (Hellawell 1987). Po- 
lymerized melt could have been concentrated in the Still- 
water magma chamber by such processes. 

Crystallization from polymerized melt may account 
for the distinctive coarse-grained texture of the anortho- 
sites. Based on the positive correlation between the de- 
gree of polymerization and melt viscosity (Scarfe and 
Cronin 1986), the polymerized liquid would have been 
more viscous than the rest of the liquid in the Stillwater 
magma chamber. Experimental studies have shown that, 
with increased melt viscosity, the nucleation density 
tends to decrease for a given degree of supercooling 
(Lofgren 1980). Therefore, the coarse grain size of AN 
I and AN II may be the result of a low nucleation density 
caused by crystallization from a relatively viscous melt. 

The complex plagioclase zoning in AN I and AN 
II may also be the result of crystallization from polymer- 
ized melt. Previous workers have hypothesized that the 
plagioclase zoning in the anorthosites was the result of 
extensive circulation of plagioclase grains through differ- 
ent temperature regimes of the magma chamber. How- 
ever, if the zoning were due to P - T  changes during 
crystallization, then plagioclase grains should have zon- 
ing patterns that resemble their nearby neighbors. The 
fact that zoning patterns do not match up from grain 
to grain in a single thin section (Czamanske and Scheidle 
1985) suggests that the zoning was caused by factors 
other than P - T  changes. Diffusion-controlled growth 
from a viscous polymerized melt may account for the 
plagioclase zoning in AN I and AN II. 

Czamanske and Bohlen (1990) proposed than AN 
I and AN II formed as discrete sill-like intrusions of 
plagioclase-rich crystal mushes that were generated in 
a deep staging chamber and followed a pathway that 
repetitively entered the Stillwater magma chamber. 
However, various observations indicate that AN I and 
AN II are an integral part, rather than separate from, 
the rest of the Middle Banded series. This argues against 
a discrete origin of these thick anorthosites. For exam- 
ple, much of the Middle Banded series is plagioclase 
rich (Fig. 1). There are numerous thin anorthosite layers 
as well as the 100-m thick anorthosite in Olivine-bearing 
zone IV. Many of the rocks in Olivine-bearing zones 
III and IV have anomalously low cumulus olivine con- 
tents of 1 to 10%, compared with cotectic proportions 
as predicted from appropriate phase diagrams of 15 to 
30% (McCallum et al. 1980). Thus, many of these rocks 
are anorthositic, implying a relationship between their 
origin and the origin of AN I and  AN II. In fact, it 
is the entire Middle Banded series that is unique corn- 

pared with much of the Stillwater Complex. AN I and 
AN II are separated by rocks that (1) have a high pro- 
portion of cumulus clinopyroxene relative to orthopy- 
roxene (Fig. 1), as first noted by Hess (1960), in distinct 
and striking contrast to rocks in the rest of the Stillwater 
Complex, (2) contain cumulus Mg-rich olivine after its 
absence for approximately 1000 stratigraphic meters, 
and (3) display a crystallization sequence different from 
that of most of the underlying part of the Stillwater 
Complex (Raedeke and McCallum 1980), with the possi- 
ble exception of part of Olivine-bearing zone I. 

In contrast to a discrete origin as sill-like intrusions, 
the following observations imply a common origin for 
AN I and AN II and at least some of the other rocks 
in the Middle Banded series. 
1. The multiphase inclusions of the present study occur 
in rocks throughout the Middle Banded series, not just 
in AN I and AN II. 
2. Our petrographic study shows that textural features 
previously reported to be unique to AN I and AN II 
also occur in Olivine-bearing zones III and IV. These 
cumulus-olivine-bearing rocks contain notably coarse- 
grained and nonlaminated plagioclase, textures that are 
nearly identical to those of AN I and AN II, implying 
a common origin. This texture is in striking contrast 
to that of our samples from the Upper and Lower 
Banded series, including samples from thin anorthosite 
layers, in which the plagioctase is distinctly finer grained 
and commonly shows laminations. 
3. Plagioclase compositions are virtually constant across 
the Middle Banded series (Raedeke and McCallum 
1980), a feature difficult to explain, but nevertheless im- 
plying a common origin for many of the rocks in the 
Middle Banded series. 
4. Evaluation of REE geochemistry of plagioclase sepa- 
rates shows that AN I and AN II are not unique, but 
instead are geochemically similar to some of the other 
plagioclase-rich rocks throughout the Lower, Middle, 
and Upper Banded series (Loferski and Arculus 1991). 
Based on these lines of evidence, therefore, we believe 
it unlikely that AN I and AN II formed as discrete sill- 
like intrusions of crystal-rich mush and prefer a model 
whereby they formed within the magma chamber from 
polymerized melt. 

The fact that the multiphase inclusions described here 
have thus far only been observed in plagioclase from 
the Middle Banded series is noteworthy and may indi- 
cate the presence of polymerized liquids at various hori- 
zons throughout the Middle Banded series. 

Conclusions 

The clinopyroxene + ilmenite + apatite inclusions in the 
plagioclase from the Stillwater anorthosites are hypothe- 
sized to have formed from droplets of immiscible liquid 
that exsolved from the main liquid giving rise to crystalli- 
zation of the anorthosites. The immiscibility could either 
have occurred locally in compositional boundary layers 
around crystallizing plagioclase grains, or it could have 
occurred pervasively throughout the parent melt. Analo- 
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gy to the melt s tructures o f  immiscible liquid pairs re- 
por ted  in the li terature implies that  the parent  liquid 
was a highly polymerized aluminosil icate melt. Crystalli- 
zat ion o f  the anorthosi tes  f rom such a polymerized melt  
m a y  account  for  distinctive features o f  the anorthosites,  
such as their coarse grain size and complex plagioclase 
zoning. 

The processes that  fo rm nearly monominera l ic  rocks 
such as the Stillwater anorthosi tes  are no t  well under-  
stood. Hypotheses  typically involve the physical concen-  
t rat ion o f  plagioclase f rom a basaltic melt  fol lowed by 
the expulsion o f  intercumulus liquids by various mecha-  
nisms. We suggest tha t  processes in the liquid pr ior  to 
crystall ization might  be o f  greater  importance.  Specifi- 
cally, we suggest tha t  the liquid in the m a g m a  chamber  
became composi t ional ly  stratified and that  the anor tho-  
sites fo rmed f rom regions that  conta ined layers of  poly-  
merized aluminosil icate liquid enriched in plagioclase 
components .  

The ult imate origin o f  the polymerized melt cannot  
be deduced solely on the basis o f  data  f rom the multi- 
phase inclusions, but  previous hypotheses  include con-  
centrat ion o f  felsic rejected solute expelled f rom underly- 
ing parts  o f  the complex  and  intrusion o f  a highly alumi- 
nous melt  fol lowed by double  diffusive convection.  

Regardless o f  the origin o f  the inclusions, the fact 
remains tha t  REE-bea r ing  apati te  occurs within cumulus  
plagioclase in the Middle Banded  series. Our  analysis 
shows that  the apati te  is no t  present in amounts  large 
enough  to significantly affect the R E E  geochemist ry  o f  
the anorthosites.  However ,  as similar inclusions might  
be present elsewhere in the complex,  caut ion should be 
used when a t tempt ing  to use R E E  geochemistry  to mod-  
el processes in the parent  liquid or  to look for  evidence 
o f  multiple parent  liquids in the Stillwater Complex.  
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