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Abstract

The Banded Series of the Archean-aged Stillwater Complex contains three thick anorthosites overlain by olivine-bearing
rocks with apparently different crystallization sequence in that orthopyroxene appears late, if at all, as compared with that
of the Ultramafic and Lower Banded series where orthopyroxene appears before plagioclase. Conventional models suggest
that the rocks above the anorthosites represent injection of a magma with a different liquid line of descent than the rest of
the complex. Alternatively, it has been suggested that the plagioclase + pyroxene mush protolith above the anorthosites was
hydrated by the degassing of the underlying thick anorthosite units to produce olivine rather than pyroxene by either expan-
sion of the olivine phase field by addition of H,O, incongruent melting of pyroxene, and/or silica loss to the vapor. To test
for hydration melting and a late silica loss, electron microprobe core/rim analyses were done on plagioclase grains from
troctolite of Olivine-bearing zone V (OB-V). Approximately a dozen grains were analyzed for each of six thin sections. In
total, 69 pairs were reversely zoned, and 22 were normal or unzoned. The most negative An difference was — 8.25, the most
positive was 4.32, but the majority of pairs were clustered from — 5 to 1. The average was —2.1. Core grains had an average
An number of 77.8, typical for other plagioclase from the Middle Banded series. A green, Na-rich hornblende is commonly
associated with plagioclase where the latter is enclosed in olivine. The prevalence of reversely zoned grains is consistent
with silica and sodium loss from pre-existing plagioclase. This evidence, as well as the lack of plagioclase core composi-
tions being reset to more primitive, An-rich compositions, the amoeboidal, poikilitic habit of the olivine, and the presence
of amphibole are all consistent with the troctolite and olivine gabbro of the Middle Banded series and lower parts of the
Upper Banded series having formed as the result of a combination of processes including hydration, incongruent melting,
and element leaching during degassing of the underlying anorthosites.
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Introduction

The reappearance of minerals such as olivine and chromite
in the stratigraphic sequence of layered intrusions is com-
Communicated by Chris Ballhaus. monly cited as evidence for the addition of more primitive
magma during the crystallization of these intrusions. How-
ever, these minerals can also form during hydration melting
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or by a metasomatic leaching by silica-undersaturated vola-
tile fluids of a pyroxene-bearing protolith (e.g., Boudreau
1988, 1999; Nicholson and Mathez 1991; Meurer et al.
1997). The former may require magmas with different crys-
tallization behavior from the original magma, whereas the
latter would suggest that changes in the apparent crystalliza-
tion behavior can occur by fluid—-magma—mush (hydromag-
matic) interactions during the prolonged solidification of a
single parent magma.

The Stillwater Complex in Montana is typical of layered
intrusions in which olivine sporadically reappears in the
stratigraphic sequence. Some of the more pronounced of
these include the troctolite (olivine + plagioclase) units that
occur above thick (to~600 m) anorthosites of the Banded
series. Boudreau (2016) noted the lack of compositional
offsets to more primitive compositions as well as textural
and mineral compositional similarities with stratigraphically
nearby discordant troctolites. He suggested that extensive
degassing of the (evolved) interstitial liquid from the under-
lying, uncompacted anorthosite created a vapor front that
moved through norite and gabbronorite protoliths, leading
to the flux melting and metasomatism to produce troctolite
and olivine gabbro. This study analyzed the plagioclase zon-
ing of samples from the troctolite units of Olivine-bearing
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zone V (OB-V) overlying the thickest anorthosite unit of the
Middle Banded series to test for evidence of silica leaching
by late stage igneous fluids.

General geology and previous
interpretations

The Stillwater Complex is a 2.7 Ga (DePaolo and Was-
serburg 1979) layered intrusion situated in south-central
Montana (Fig. 1). More recent zircon geochronology has
suggested the complex was assembled piecemeal over ~3
million years (Wall et al. 2018), although this has proved
controversial and it has been suggested that there is no
intrinsic reason whatsoever for the random emplacement of
separate multiple sills into pre-existing solidified rocks to
mimic the regular crystallization sequences of the Stillwater
Complex. (Latypov 2019).

The complex has been divided into three main strati-
graphic divisions: from the bottom up they are: the Basal
Series, the Ultramafic Series and the Banded Series. Each
series has been further divided into a number of informal
zones and subzones, those used here are shown in Fig. 2.
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Fig. 1 Geologic map of the Stillwater Complex including the major divisions within the complex and its relative location compared to the sur-

rounding geology
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Fig.2 Major stratigraphic units (formal and informal), mineral and sulfides are common (labeled “P” and “S”, respectively), the
modes, and mineral compositional trends as a function of strati- alaskite body described by Czamanske et al. (1991), and the locations

graphic height in the Stillwater Complex. Modal olivine in poikilitic of the J-M reef and the Picket Pin PGE zone (labeled). Modal data
and granular harzburgite from the Ultramafic series is in part sche- after McCallum et al. (1980) and Raedeke and McCallum (1984).
matic, based on average modes. Also shown are the locations of the The stratigraphic location of the detailed section shown in Fig. 3 is
A through K chromitites (labeled “A”—“K”), zones where pegmatoids shown marked at the top of the Middle Banded Series

The Basal Series extends from the base of the Stillwater ~ hornfels, is locally faulted and cuts across footwall strati-
Complex to an average height of 160 m until the start of the ~ graphic units, suggesting that the complex was emplaced
Ultramafic Series. The contact with the underlying metasedi-  along an unconformity. The Basal Series is composed largely
mentary country rock, altered largely to cordierite—pyroxene  of norite and bronzitite. The contact with the overlying
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Ultramafic Series is defined by the appearance of olivine-
bearing lithologies. The 1-2 km thick Ultramafic Series is
divided into two zones: the peridotite zone, in which the
rocks are composed of multiple cyclic sequences of dunites,
harzburgites, chromitites and orthopyroxenites, all defined
by variable proportions of orthopyroxene, chromite, and oli-
vine, and the Bronzitite zone, which is comprised of mostly
uniform composition orthopyroxenite.

The base of the Banded Series is defined by the appear-
ance of abundant plagioclase. This series has been infor-
mally divided into three zones: the Lower Banded Series
(LBS), the Middle Banded Series (MBS), and the Upper
Banded Series (UBS) (McCallum et al. 1980). The LBS
extends from about 2200 m to about 3600 m, and is com-
prised primarily of gabbronorites and norites. This series
also contains Olivine-bearing zone I (OB-I) which is marked
by the reappearance of olivine-bearing rocks and which con-
tains the J-M Reef, a zone containing economic grades of
palladium and platinum hosted in disseminated sulfides.
The MBS extends from about 3600 to 5500 m. Much of
this series is comprised of three large anorthosite units, the
largest up to 600 m thick. The middle anorthosite is the
thinnest and is not broken out in the stratigraphic subdivi-
sions of McCallum et al. (1980), who denoted the lower and
upper anorthosites Anorthosite subzones I and II, respec-
tively. Boudreau (2016) noted the similarities of the middle
anorthosite with the other two and denoted them the Lower,
Middle and Upper Anorthosite subzones of the Middle
Banded series, consistent with earlier subdivision of Hess
(1960), and it is this nomenclature that is used here. Besides
plagioclase, the anorthosites contain heterogeneously dis-
tributed interstitial to oikocrystic inverted pigeonite, clino-
pyroxene, magnetite, apatite, and quartz. A zone of lenticular
and podiform platinum-group element-bearing disseminated
sulfides occurs in the upper part of the Upper Anorthosite
subzone (the Picket Pin PGE zone).

Troctolite, more medium-grained anorthosite, and olivine
gabbro make up most of the remainder of the Middle Banded
series. Unlike the Ultramafic series and the much of the rest
of the Banded series, orthopyroxene appears to crystallize
late, if at all, in the Middle Banded series and is discussed
more below. The Upper Banded Series, in contrast, again
returns to norite and gabbronorites above the troctolite unit
of Olivine-bearing zone V (OB-V). It is the origin of OB-V
that is the subject of this report (Fig. 2) but has implications
for the origins of olivine in OB-III and OB-IV.

Two features associated with the MBS and the imme-
diately surrounding rocks have been the subject of several
contrasting interpretations. The first is the cause for the
reappearance of olivine in the MBS, in OB-II just below
the MBS, and in OB-V just above the MBS. The second
has to do with the apparent change in the crystalliza-
tion sequence in the MBS in which opx crystallized late

@ Springer

(olivine + plagioclase — olivine + plagioclase + clinopy-
roxene — plagioclase + clinopyroxene + orthopyroxene) as
compared with that elsewhere where orthopyroxene appears
early (olivine + chromite — orthopyroxene — orthopyrox-
ene + plagioclase — orthopyroxene + plagioclase + clino-
pyroxene). This crystallization sequence is so distinct from
those elsewhere in the Stillwater Complex that it has been
hypothesized that the composition of its parental magma
differed dramatically from that which formed the Lower and
Upper Banded series (Raedeke 1982 and Irvine et al. 1983).
For example, Irvine et al. (1983) proposed that both mag-
mas were present in the magma chamber but were separate
due to their different densities. The troctolite unit of OB-V
above the Upper Anorthosite unit was the last expression
of this different magma prior to the return to crystallization
of norites and gabbronorites similar to those of the Lower
Banded Series.

In contrast, Boudreau (2016) noted the abundance of
podiform and discordant bodies of replacement troctolite
and anorthosite in the Middle Banded series, the compo-
sitional similarities of these replacement bodies with the
layered olivine-bearing rocks (e.g., Meurer et al. 1997),
and the lack of offsets in mineral compositional trends to
more primitive compositions. He suggested that a plagio-
clase + pyroxene mush protolith and/or magma was hydrated
with H,0O-bearing vapor by the degassing of the underlying
anorthosite mush that stabilized olivine rather than pyroxene
through partial melting and silica leaching. It was suggested
that the thick anorthosite units were particularly prone to
degas large volumes of H,O owing to their thickness and
large volume of evolved interstitial liquid abundance that
was not lost early to compaction. The development of troc-
tolite above the anorthosite units was an expected conse-
quence of this degassing as these fluids moved into the hotter
overlying pyroxene-bearing mush where it induced partial
melting and leached silica and the alkalis. It was suggested
that reverse zoning in plagioclase would be an expected con-
sequence of these processes and is the subject of this study.

Petrography

Figure 3 shows a detail of the lithologic units of the upper-
most part of the Upper Anorthosite and into the lower
part of the overlying Olivine-bearing zone V. The bulk of
the ~600 m thick Upper Anorthosite unit consists of abun-
dant course-grained plagioclase with <5 to 20% pyroxene
oikocrysts, the latter composed of subequal proportions of
a high Ca pyroxene and an inverted pigeonite. While com-
mon in the thick anorthosite units of the Middle Banded
series, inverted pigeonite does not occur elsewhere in
the section until it occurs in the more evolved rocks in
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Fig.3 Detail of the section at the Middle Banded series—Upper
Banded series contact. All petrographic sketches are 1 cm in diam-
eter. a Plagioclase (showing orientation of albite twins) with minor
interstitial augite (green-ruled). b Plagioclase enclosed within
oikocrysts of augite (green-ruled); also minor quartz (q) and ilmen-
ite (blue-stippled). ¢ Interstitial PGE-bearing sulfide (red), quartz
(q), and minor pyroxene (brown-cross ruled). d Monomineralic
anorthosite with well-developed triple junctions of the Medium-
Grained Anorthosite member. e Troctolite with olivine (pale green)
and plagioclase. Olivine may enclose grains of plagioclase. f Olivine
rimmed with low-Ca pyroxene (brown-cross ruled). The amount of
pyroxene increases up-section within the Troctolite member. Redrawn
after Boudreau and McCallum (1986)

the upper part of Gabbronorite zone III at the top of the
exposed portion of the complex.

A thin, 5-10 m thick medium-grained anorthosite com-
posed almost entirely of plagioclase defines the top of the
Upper Anorthosite. Occurring in the upper ~ 150 m of the
upper anorthosite but below this medium-grained unit are
podiform and discordant pipes of disseminated sulfide
mineralization with modest PGE enrichments (~1 ppm
each Pt and Pd, maximum), known as the Picket Pin PGE
zone (Boudreau and McCallum 1985, 1986).

Fig.4 Example of the “wispy layered” troctolite of Olivine-bearing
zone V (OB-V) at the base of the Upper Banded series. The troctolite
above the Lower Anorthosite zone at the base of the Middle Banded
series is similar

The top of the Upper Anorthosite marks the base of
Olivine-bearing zone V (OB-V) and the start of the Upper
Banded series. Troctolite and lesser anorthosite are the main
lithologies of this section. The lower part of OB-V is com-
posed almost entirely of plagioclase and olivine with modal
variations producing a discontinuous “wispy” layering in
outcrop (Fig. 4). Olivine grains vary in size from several
mm to~ 1.0 cm. The olivine has an irregular “amoeboidal”
shape with a poikilitic texture and contain small, tabular to
rounded plagioclase chadacrysts. The non-chadacrystic pla-
gioclase is primarily euhedral to subhedral and of a similar
to larger size as the chadacrysts (approximately a millimeter
in length). With increasing height, orthopyroxene becomes
more abundant, occurring as an intersititial-oikocrystic min-
eral enclosing plagioclase and as a rimming mineral to oli-
vine. Several samples contain a green hornblende, typically
found associated with plagioclase chadacrysts in an olivine
host (Fig. 5).

Materials and methods

Polished thin sections of fresher troctolite samples from
drillcores through Olivine-bearing zone V (Boudreau and
McCallum 1986) were used in the analysis. Petrographic
identification of unaltered grains of plagioclase next to or
within grains of olivine, orthopyroxene, or other grains of
plagioclase were marked on photomicrographs of the thin
sections.

The specified grains were then analyzed with a Cameca
Camebax electron-microprobe to determine the compo-
sition of specific points on the marked grains. Standard
analytical conditions were 15 keV acceleration voltage,
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Fig.5 Photomicrograph of plagioclase and hornblende inclusions in
partly altered olivine, sample CM1-87

15 nanoamp beam current, and a beam defocused to
10 microns. Natural feldspars were used as standards. A
Phi-Rho-Z correction routine (PROZA96, Bastin et al.
1996) was used to correct the data. The grains were ana-
lyzed in core/rim pairs, with one point on the edge of a
plagioclase grain and the other point towards the center.
Several core/rim analyses were conducted for each grain,
and approximately a dozen grains were analyzed for each
thin section. The microprobe was also used to analyze a

Fig.6 Histograms for plagio-
clase core-rim analyses for each
sample analyzed. The differ-
ence between the An numbers
of core-rim pairs lies along the
x-axis, while the y-axis shows
the number of pairs with the
observed differences. Colors

A) CM1 -57.5
n=18

straight line of 19 evenly spaced points across the grain
shown in Fig. 5.

Results

In total, 99 core/rim pairs from 5 samples from Olivine
Bearing zone V were analyzed with the electron micro-
probe; results are shown in the histograms in Figs. 6 and 7.
Typical analyses are shown in Table 1 and additional data is
presented in the supplemental data file. Eighty-three pairs
were reversely zoned, and 16 were normally zoned. The
most negative difference was — 8.3, the most positive was
4.3, but the majority of pairs were clustered between — 6
and 1. The average difference was —2.8. Core points had
an average An number of 77.8, typical for other plagioclase
from the MBS (McCallum et al. 1980). Rim points had an
average An number of 80.7. All of the averages and highest
and lowest values are shown in Table 1. The transect across
the grain enclosed in olivine is shown in Fig. 8. The core
analyses tend to be erratic but overall less anorthitic than
either rim.

There is no marked difference between the An num-
bers of plagioclase grains bordering other plagioclase
grains versus bordering olivine or (in samples where pre-
sent) orthopyroxene. All have similar reversely zoned An
averages: — 2.6 for pl-pl grains, —2.7 for pl-ol grains,
and — 3.2 for pl-opx. All of the thin sections analyzed
generally follow the same pattern. No one sample had a
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Fig.7 Histogram of plagioclase core-rim analysis for all five sam-
ples. Colors denote the type of adjacent mineral for the rim analysis

substantial difference in the ratio of reversely zoned points
to normally zoned points; all had a few normally zoned but
a majority reversely zoned.

It is noted that, with the exception of one outlying core
(Table 2), the average rim An of 80.7 is not seen in any
core compositions anywhere in the upper part of Mid-
dle Banded and Upper Banded series (McCallum et al.
1980). Indeed, the Upper Banded series plagioclase show a
marked trend of decreasing An numbers with stratigraphic
height above OB-V. One has to go down to the lower parts

of the Lower Banded series to find plagioclase core com-
positions as An-rich as the OB-V rims (Fig. 2).

The amphibole analysis of a grain from CM1-87 is
shown in Table 3. The grain is associated with plagioclase
trapped within olivine (Fig. 5). The amphibole is a par-
gasitic (sodium-rich) green hornblende. It has a calculated
hornblende-plagioclase equilibration temperature (893 °C)
and pressure (1.5 kbar) that is constant with a high tem-
perature, low pressure formation of the hornblende and the
host olivine.

Discussion

Conventional cumulus theory suggests that cuamulus miner-
als will continue to grow by postcumulus overgrowth during
solidification of the pore liquid (Wager et al. 1960). Nor-
mal zoning is expected for plagioclase crystallizing from a
magma undergoing crystallization along a closed system lig-
uid line of descent. For plagioclase accumulating in a mush
zone on the floor of the magma chamber, closed system crys-
tallization of interstitial liquid and the slow solid state dif-
fusion in plagioclase should lead to modest normal zoning,
the enrichment depending on the amount of residual liquid
present (but see below). For example, plagioclase from the
Rum intrusion can have typical normal zoning of about 20%
An content (O’ Driscoll et al. 2009). In contrast, normal zon-
ing is absent for the majority of plagioclase in OB-V.
Other examples of reverse zoning in igneous intrusions
have been explained through a variety of orthomagmatic
models. For example, Morse and Nolan (1984) suggested
that reverse zoning can be caused by the re-equilibration
effects of adjacent Al-bearing augite. This would not be
effective in troctolite of OB-V owing to the paucity of
pyroxene, particularly Ca-rich pyroxene, in most samples.

Table 1 Examples of

. . Sample CM1-57 CM1A-46 CM1-57.5
plagioclase core and rim
analyses Contact pl-opx pl-ol pl-pl
Core Rim Core Rim Core Rim
Sio, 48.2 47.7 48.3 472 48.5 46.9
Al O, 33.8 339 334 339 332 34.1
FeO na na 0.35 0.34 0.41 0.31
MgO na na nd nd 0.02 0.01
CaO 15.9 16.2 16.1 16.2 15.3 16.4
Na,O 2.53 2.32 2.63 2.24 1.98 1.67
K,0 nd nd 0.02 nd 0.07 0.05
Total 100.5 100.1 100.8 100.2 100.1 99.1
An# 77.4 79.2 77.2 77.9 75.8 81.1
Si+Al+Fe** 4.00 4.00 3.99 1.01 4.01 4.00
Na+Ca+K 1.00 1.00 3.99 1.01 0.99 1.00
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Fig.8 Compositional profile of the grain from CM1-87 shown in
Fig. 5, in which each point represents the An number of a point of
analysis, with points spread equidistantly across the grain

Table 2 Plagioclase composition summary

Average core 77.8 (n=99)
Lowest core 73.1
Highest core 81.9
Average rim 80.7
Lowest rim 71.2
Highest rim 86.3
Average difference -2.83
pl-pl average —-2.62
pl-ol average -2.67
pl-opx average -3.16
Largest negative difference -8.34
Largest positive difference 4.31

Plagioclase in the Skaergaard intrusion, where the cumu-
lus paradigm was developed, commonly show reverse,
oscillatory and skeletal zoning, and has been attributed to
supercooled crystallization (Maalge 1987; Mathison 1987).
Even if supercooling were true for core compositions, one
would still expect the rims to tend towards normal zoning
once the grains were trapped within the crystal pile. Toplis
et al. (1980) noted that the plagioclase rim compositions are
approximately constant in composition from the Lower Zone
to the lower Middle Zone of the Skaergaard intrusion, which
they attribute to buffering by convection of an interstitial
liquid crystallizing through a density maximum.

Hayes et al. (2017) explained a modest reverse zoning of
plagioclase (~2 mol%, similar to that seen here) in the Main
Zone of the Bushveld Complex by the downward percolation
of a more primitive magma through the crystal mush to pro-
duce the reverse-zoning. If this orthomagmatic model were
true for the plagioclase of this study, then one would expect
to see plagioclase crystallizing with core An numbers that
are at least as An-rich as the most primitive OB-V rim values
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Table 3 Amphibole analysis, sample CM1-87

Wt% Structural formulae®

SiO, 44.6 6.33
TiO, 1.81 1.93
AL O, 13.2 1.67 (IV), 0.541 (VD)
FeO 8.83 0.585 (Fe?*), 0.464 (Fe**)
MnO nd 0.00
MgO 15.2 3.27
CaO 11.8 1.80
K,O 0.75 0.14
Na,O 2.00 0.55
F 0.09 0.04
Cl 0.23 0.06
H,0 1.51 1.90
Total 100.0 17.5
Calculation scheme

(Ca+Na) (B) 2.000

Na (B) 0.205

Na+K) (A) 0.481

Mg/(Mg + Fe?™) 0.846

Fe**/(Fe*t+AlY) 0.461

Sum of S2 13.00
Name: Hornblende

Temperature” 893 °C

Pressure® 1.52 kbar

Structural formulae and calculation scheme calculated by the excel
spreadsheet “Probe-Amph” distributed for free by Andy Tindel, Cen-
tre for Earth, Planetary, Space and Astronomical Research, The Open
University, UK

"Temperature and Pressure from the plagioclase-hornblende geother-
mometer of Holland and Blundy (1994) with modifications of Ander-
son (1996) using average plagioclase rim compositions of Table 1
and calculated using the excel spreadsheet “RiMGO069_hbld_plag_
thermo-jla.xls”, distributed for free by Lawford Anderson, University
of Southern California

somewhere in the overlying stratigraphy. Instead, as noted
above the core compositions become less anorthitic with
stratigraphic height throughout the Upper Banded series
(McCallum et al. 1980; see also Fig. 2).

The presence of reversely zoned plagioclase grains is
observed elsewhere in the Stillwater Complex. Rounded,
reversely zoned plagioclase are characteristic of the olivine-
bearing rocks of OB-I, the host zone of the PGE-rich J-M
Reef (Barnes and Naldrett 1986; Boudreau 1988). Barnes
and Naldrett (1986) suggested the reverse zoning was the
result of a magma mixing scheme. In contrast, Boudreau
(1988, 2016) noted the lack of stratigraphic offsets to more
An-rich compositions across the J-M Reef section and
instead suggested that the reversely zoned plagioclase (and
the presence of olivine as well) was the result of volatile fluid
fluxing and incongruent partial melting of a gabbronorite
and norite protolith. In regard to the hydromagmatic model,
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Maier et al. (2016) noted that reversely zoned plagioclase is
typical of plagioclase in the UG3 section of the Bushveld
Complex. Similarly, Maier (1995) noted rounded, reversely
zoned plagioclase entrained in olivine oikocrysts in Bush-
veld anorthosite similar to the observed in OB-V. In both
cases a hydromagmatic model of partial melting or resorp-
tion of plagioclase by an interstitial liquid enriched in H,O
was proposed.

There are two ways by which the addition of H,O can
produce reverse zoning in plagioclase. First, illustrated in
Fig. 9, the addition of H,O to the plagioclase system leads
to a lowering of the plagioclase solid solution loop to lower
temperatures (e.g., Yoder and Tilley 1962; Schmidt et al.
2008). Hydration of a plagioclase-liquid mixture at a con-
stant temperature and pressure will shift both the liquid and
the plagioclase to more anorthitic compositions, resulting in
a reversely zoned plagioclase. It is also noted that continued
cooling and crystallization of the hydrated system should
then crystallize a normally zoned plagioclase unless the
hydrated melt is lost. However, this could account for some
of the observed weakly but normally zoned plagioclase.

The second fluid-mediated mechanism involves a migrat-
ing aqueous fluid (aq) that becomes silica-undersaturated as
it moves into hotter rocks, leaching SiO,, alkalis, and other
elements as it does so:

aq plagioclase aq

Sverjensky et al. 2014). Given that the Stillwater fluids could
be interacting with a mush that is just below its liquidus,
one needs to extrapolate to these higher temperatures where
other aqueous species can become increasingly important
but poorly explored. For example, the experimental work by
Newton and Manning (2000) suggest that modest amounts
of NaCl in a hydrous fluid (Xy,;20.1) can cause a roughly
50% increase in SiO, solubility compared to NaCl-absent
aqueous fluids at 700 °C and 2 kbar. These experiments
show the importance of Cl-Na complexing in enhancing
silica solubility at high temperatures that is not significant at
lower temperatures. Evidence for a Stillwater fluid Cl com-
ponent is seen in the Cl concentrations in apatite that range
as high as 50 mol% chlorapatite in OB-V (Boudreau and
McCallum 1989) as well as the Cl in amphibole reported
here (Table 3).

The prevalence of reversely zoned grains relative to nor-
mally zoned grains is consistent with silica and sodium loss
from pre-existing plagioclase. There is also no evidence of
plagioclase core compositions being reset to more primitive,
An-rich compositions either in OB-V or any of the overly-
ing units. Instead, the plagioclase core compositional trends
continue fractionation trends typical of the UBS rocks in
general. The preservation of the green hornblende associ-
ated with plagioclase enclosed in olivine also supports a

H + 2H20 + (Ca, Na)(Al, Si)(AlSi,O4) — Na +H,SiO, + CaAlL,Si, Oy . )

plagioclase

Experimental studies of silica solubility in aqueous fluids
at pressure applicable to the Stillwater Complex (2—3 kbar)
are typically limited to 7<700 °C (c.f. summary by

Temperature

Shift to more An-rich

g: composition with

1 hydration of interstitial

o' liquid

£\

s

=

3

@
Albite Anorthite
NaAlISi,O, CaAlSi,0,

Fig.9 The shift in the solid solution loop for plagioclase between
pure albite and pure anorthite for both dry (red) and wet (blue) condi-
tions. Generalized after Yoder and Tilley (1962); see text for details

hydration hypothesis.

This also has implications for the reappearance of oli-
vine in OB-V. Raedeke (1982) and Irvine et al. (1983) have
proposed orthomagmatic models in which either an olivine-
saturated magma was introduced into the partly crystallized
magma chamber or that mixing of the resident magma with
an anorthositic liquid produced an olivine-saturated hybrid
liquid. As noted above, the lack of any compositional off-
set in the stratigraphic trends of minerals compositions,
particularly plagioclase, would suggest that these mixing
schemes would have to have rather fortuitous compositional
characteristics to match the fractionation trends of the resi-
dent magma. Instead, the silica loss of reaction (1) can also
convert pyroxene to olivine by an incongruent dissolution
reaction:

2H,0 +Mg,Si,04 — H451O4 +Mg,SiO, . )

aq opx olivine

The model proposed here is similar to that proposed
by Meurer et al. (1997) to explain transgressive zoned
anorthosite-troctolite bodies developed in (gabbro)norite
rocks of the Middle Banded Series. They noted that aque-
ous fluids moving into hotter parts of the crystal mush will
become undersaturated in Si (Fig. 10a) such that the fluid
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Fig. 10 a Solubility of SiO, in fluid saturated in quartz in SiO,-H,0
fluids (labeled “qtz”) and for fluids buffered by enstatite + forsterite
(labeled “fo+en”), all at pressures noted. Owing to the increasing
silica content of the fluid of the various buffers with increasing tem-
perature, heating of fluids will result in the fluid to become increas-
ingly silica-undersatured as shown schematically for the quartz
saturation curve. The forsterite-enstatite buffered curves are after
Mysen et al. (2013; dashed portions are extrapolated), and the silica
solubility curve and the activity diagram are as calculated by the pro-
gram CHNOSZ (Dick 2019) an update of the SUPCRT92 program
(Johnson et al. 1992). b Activity diagram showing the stability fields
of the anorthite, enstatite, and forsterite as a function of the activity
ratio dy; e+ / ai{,{ and dagjo, 4q)> all reactions balanced on H,O in forma-
tion reactions at 950 °C and 2 kbar. Lowering the activity of silica

moves into an anorthite-alone field as shown in the activity
diagram of Fig. 10b. Reaction of this fluid with a norite host
results in incongruent dissolution of pyroxene to olivine.
With continued fluid inflow, the olivine eventually dissolves
leaving a residual anorthosite. The final reaction sequence is
norite (protolith) — troctolite — anorthosite. A similar model
was suggest by McBirney and Sonnenthal (1990) and Son-
nenthal (1992) to explain discordant anorthosite bodies in
the Skaergaard intrusion. For the rocks of OB-V, it is pro-
posed that degassing of the underlying Upper Anorthosite
was the main source of the fluid affecting the overlying
rocks.

The origin of the thick anorthosite units of the Middle
Banded series is uncertain. McCallum et al. (1980) sug-
gested that they represent plagioclase that failed to accu-
mulate on the floor of the chamber during crystallization
of the Bronzitite zone of the Ultramafic series whereas
Czamanske and Bohlen (1990) suggested that they may
have intruded as a plagioclase-pyric mush. Whatever their
origin, the lack of stratigraphic variability in the average
plagioclase composition, the unusually large grain size
relative to plagioclase elsewhere in the complex, complex
plagioclase zoning and extensive normal zoning in the
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in a fluid initially saturated in enstatite + anorthite (point “A”) moves
the fluid to be within the anorthite-alone field (point “D”). The red
arrow shows a reaction path as the silica-poor fluid reacts with the
anorthite 4 enstatite protolith assemblage at point “A” to produce troc-
tolite (path B—C) at low fluid/rock mass ratios and anorthosite (path
C-D) at higher fluid/rock mass ratios. Activity diagram calculated
using the program CHNOSZ (Dick, 2019) with ausing typical Upper
Banded series mineral compositions reported by Raedeke (1982) and
activities calculated by the online MELTS supplemental calculator
(http://melts.ofm-research.org/CalcForms/index.html): a,, =047,
a,=0.62, and a,,=0.80. Additional aqueous activities set as follows:
logacy+ = —1.0; loganon), = —2.4, all other aqueous species log
a=0.0 See supplemental data for additional assumptions and a copy
of the CHNOSZ script used to compute the activity diagram

pyroxene oikocrysts (McCallum et al. 1980; Czamanske
and Scheidle 1985; Gitlin et al. 1985) all have been used
to support the notion these rocks initially formed as thick,
plagioclase-rich mushes.

Previous workers have suggested that there was very lit-
tle trapped liquid in the Middle Banded series anorthosites
owing to the low incompatible element concentrations, and
thus some have suggested that the rocks started out as “adcu-
mulates” (e.g., Salpas et al. 1983). However, as summarized
by Boudreau (2016), the trace elements are only part of the
story. With the exception of the thin, almost pure anorthosite
at the top of the Upper Anorthosite (the Medium-Grained
Anorthosite member of Fig. 3), the anorthosites are hetero-
geneously composed of up to 20% large pyroxene (cpx and
inverted pigeonite) oikocrysts that are compositionally nor-
mally zoned, with quartz, apatite, and magnetite are locally
abundant away from these oikocryst-rich regions (Fig. 3a, b).
It is otherwise noted that interstitial to poikilitic pigeonite
and magnetite do not again become common until pigeonite
gabbros appear in the upper part of the Gabbronorite zone 111
at the very top of the complex. Furthermore, while most bulk
rock REE plots of the thick anorthosites show a pronounced
positive Eu anomaly expected from the modally dominant
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plagioclase, samples with a low abundance of pyroxene can
have a flat to even slightly negative Eu anomaly.

Boudreau (2016) suggested that the anorthosites origi-
nally started with 30-40% interstitial liquid. Crystallization
of this pore liquid produced the large, zoned pyroxene and
later magnetite oikocrysts that displaced the increasingly
evolved pore liquid. Some of this enriched residual liquid
eventually crystallized the locally abundant quartz and apa-
tite. Most, however, was eventually lost, either through com-
paction owing to the increasing weight of the anorthosite
solid assemblage with crystallization of the interstitial
pyroxene and magnetite as well as the weight of the rocks
above the anorthosites, or simply because the residual liquid
evolved to a low density liquid that was advected away. The
rocks with negative Eu anomalies were proposed to repre-
sent pathways by which this enriched liquid was lost. It was
also suggested that “alaskite” body described by Czamanske
et al. (1991) may have formed from this late liquid fraction
that was lost from the anorthosite.

Presumably at some time during crystallization of the
interstitial liquid (and prior to the last residual liqud being
lost) the liquid became vapor-saturated. The amount of vapor
released could have been substantial: if the mush was ini-
tially comprised of 30-40% liquid with 1.0 wt% H,0, then
on degassing the ~600 m thick Upper Anorthosite could
exsolved enough water to produce a layer of water about
5-7 m thick. In contrast, it is suggested that the rocks above
and below the thick anorthosites initially crystallize norite
and gabbronorite comprised of plagioclase + relatively more
Mg-rich pyroxenes typical of those that make up most of the
Banded series away from the thick anorthosite units. This,
and the paucity of late-crystallizing minerals in the (gabbro)
norite implies that these rocks had a low residual porosity
and degassed a proportionally smaller volumes of vapor.

A MELTS model illustrating the effect of the isothermal
addition of H,O to an initially dry, partly molten norite is
shown in Fig. 11. It is seen that addition as little as 0.7 wt%
H,O can convert a norite into a troctolite by incongruent
hydration melting. A similar model calculation for the
hydration of a partially molten gabbronorite was presented
by Boudreau (2016), and illustrates that a similarly small
amount of H,O can convert a gabbronorite into an olivine
gabbro typical of the Middle Banded series. Mathez and
Kinzler (2017) have shown experimentally that the addition
of H,O to a partly crystallized liquid saturated in plagio-
clase and two pyroxenes can produce a plagioclase + olivine
-saturated liquid.

The combined thickness of the olivine-bearing rocks of
OB-III and OB-1V of the Middle Banded series and OB-V of
the overlying Upper Banded series is roughly half the strati-
graphic thickness of the three thick anorthosites of the Mid-
dle Banded series. If the anorthosites exsolved 1 wt% H,O
that was all added to the overlying norite or gabbronorite

< Norite ...................... TrOCtOIite
100 = T T T l' T T T T T
- o T=1175°C 7
3 8ot Liquid P=2kbar -
lg'/ = -
> 6o .
E - Plagioclase -
Saor— .
s L §
[
S 20 Orthopyroxene 7
B Olivine
0 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Bulk H,O added (wt. %)

Fig. 11 A MELTS Excel (Gualda and Ghiorso 2015) calculation on
the modal changes of a partially molten norite (plagioclase 4+ orthopy-
roxene + liquid) with addition of H,O at 1175 °C and 2 kbar pressure.
The initial dry bulk composition is that of a typical Bushveld norite
(Eales et al. 1986, Table 1 analysis 6). The phase assemblages are cal-
culated as a function of water added to this initial dry composition

protolith, this would be equivalent to the addition of 2 wt%
the protolith, more than enough to account for the olivine in
these rocks by incongruent melting.

A petrogenetic model is illustrated in Fig. 12. The initial
geometry of the system is a thick homogenous anorthosite
mush containing up to 40% of a relatively evolved silicate
liquid, overlain by what was initially a norite or gabbronorite
mush (Fig. 12a), the latter being largely solid owing to a low
residual porosity. As the interstitial liquid in the anorthosite
cools and crystallizes by heat loss out from the base, it
becomes vapor saturated. Although this vapor could move
into hotter magma and lead to expansion of the olivine phase
field, this is considered less likely owing to the textural
observation that the olivine is typically irregular/amoeboi-
dal rather than the equant/euhedral shape one might expect
if the olivine grew in a liquid-rich environment. The texture
is more associated with the replacement troctolite bodies
found locally throughout the Banded series.

As the vapor moves upward into hotter mush, it reacts to
remain in chemical equilibrium with the solid assemblage by
two main reactions: (1) hydration of interstitial liquid leads
to incongruent melting producing olivine after pyroxene.
Loss of the melt produced by this melting event allows the
olivine to be preserved as the system continues to cool and
resolidify. (2) Heating of the fluid will also drive the fluid
to be undersaturated in silica, and the reactive fluid further
leaches silica to produce olivine and reverse-zoned plagio-
clase to produce troctolite (Fig. 12b).

It has been suggested by reviewers of this manuscript
that if the olivine replaced pyroxene by an incongruent
melting or dissolution reaction event, it should form rims
of olivine on the pyroxene. That is, the replacement should
be the reverse of the commonly observed peritectic reaction
observed in crystallizing magmas where orthopyroxene will
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Fig. 12 A degassing model for the formation of the Medium-Grained
Anorthosite member and overlying troctolite of Olivine-bearing
zone V by hydration melting and vapor leaching during degassing

rim earlier formed olivine. Evidence for the replacement
mechanism is seen in the Middle Banded series where dis-
cordant troctolite locally replaces a gabbroic protolith. The
early stage of replacement forms what Hess (1960) called
“egg-like” features, with olivine surrounded by cm-scale
zones of plagioclase devoid of pyroxene (Boudreau 2016;
see Fig. S1 in supplemental data file). This olivine gabbro
can transition to a discordant troctolite with complete loss of
pyroxene. In both rocks the olivine has the same composi-
tion and has an amoeboidal shape with abundant plagioclase
inclusions (Meurer et al. 1997). The textural evidence shows
that olivine grow by nucleating new grains that grow by
the dissolution of surrounding pyroxene to produce the pro-
nounced anorthositic selvages in the olivine gabbro where
the replacement is only partial. The same kind of reaction
relationship in which olivine grow as a separate grains rather
than rimming the dissolving/melting pyroxene is also seen
in the pillow troctolite that comprises Olivine-bearing zone
II (Boudreau 2016). It is evident that the dissolving face of
the pyroxene is not a favorable site for olivine nucleation
when the net mass of solids is decreasing. Once the hydra-
tion/vapor leaching event has passed, however, the crystal-
lization of any residual melt can form the typical peritectic
orthopyroxene reaction rims on olivine, as seen in the upper
parts of OB-V just below the overlying norite unit at the base
of GN-III.

With continued melting and fluid influx, olivine itself
melts or dissolves leaving only plagioclase, resulting in the
mono-mineralic medium-grained anorthosite member at the
very top of the coarse-grained anorthosite member. Towards
the end of the solidification of the anorthosite, S-bearing
vapor becomes impeded by this low-porosity anorthosite and
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of the underlying coarse-grained anorthosite member of the Upper
Anorthosite unit of the Middle Banded series. See text for discussion

precipitates disseminate PGE-bearing sulfide in pods, pipes,
and lenses in the upper part of the coarse grained anorthosite
member of the Upper Anorthosite zone (Fig. 12c¢).

The lack of hornblende outside of the small amounts seen
trapped within the secondary olivine suggest that the vapor
degassing, melting and leaching event was short lived. It is
suggested that falling f(H,O) while the rocks were still hot
destabilized any high temperature (=900 °C) amphibole that
may have formed during the main leaching event and not
protected by being enclosed in olivine.

There are a number of features of Olivine-bearing zone
V that have been attributed to current activity, including
the wispy layering and suggestions of cut and fill structures
seen in the troctolite immediately above the two thickest
anorthosite units, and soft-sediment-like layer deformation
containing rolled “snowball” pyroxene oikocrysts seen in the
norites just above the troctolite unit of OB-V (e.g., McCal-
lum 1996). In the model here, these are interpreted to reflect
the increase in the silicate liquid fraction during hydration
melting and shear instabilities in the crystal mush as com-
paction and interstitial liquid convection drives loss of the
melt rather than true sedimentary structures.

This model is a modification of an earlier model pro-
posed by Boudreau and McCallum (1992), who suggested
that the monomineralic anorthosite zone at the top of AN
II can be attributed to infiltration of interstitial silicate lig-
uids from AN II, saturated in plagioclase alone, that were
displaced upward into the troctolite during modest compac-
tion of AN II and redissolved olivine. Their model had the
troctolite as pre-existing unit, where it is proposed here that
the formation of the Medium-grained Anorthosite member
of the Upper Anorthosite zone and the overlying troctolite
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of Olivine-bearing zone V are the result of the same partial
melting/vapor leaching processes described here.

In the rocks above Olivine-bearing zone V the effect
of the degassing anorthosite decreased with stratigraphic
height as the vapor re-equilibrated with the host assem-
blage or was otherwise lost and the rocks returned to the
plagioclase-pyroxene assemblages typical of the Lower
Banded series. In contrast, the gabbros and norites of the
Middle Banded series, being interlayered with the Lower
and Middle Anorthosites zones were unable to escape the
effects of the degassing of these units. The result is the
abundance of troctolite and olivine gabbro typical of the
Middle Banded series.

Conclusions

The prevalence of reversely zoned core-rim pairs indi-
cates the existence of silica-undersaturated fluid move-
ment through the cooling Stillwater magma, leading to the
formation of olivine after pyroxene and resultant troctolite
and olivine gabbro by hydration melting and metasomatic
reactions with plagioclase-pyroxene protoliths above the
thick anorthosites of the Middle Banded series. The model
implies that stratigraphic sections with apparently differ-
ent crystallization sequences need not be the result of the
injection of either more primitive magmas or magmas with
a different liquid line of descent. Instead these modal and
mineral changes can be produced by processes that occur
during the crystallization of a single, monogenetic magma.

Reverse-zoned plagioclase is not uncommon in layered
intrusions, and the processes discussed here in regard to
leaching by high temperature fluids may be more common
than generally recognized. It is suggested that these fluids
can play much more subtle effects on crystallization behav-
ior such as the formation of modal layering as described by
the constitutional zone refining model of McBirney (1987).

Finally, this work illustrated the need for mineral solu-
bility studies at temperatures appropriate for the solidifica-
tion of mafic magmas (72 900-1000 °C) at upper crustal
pressures. The work of Newton and Manning (2000, 2016)
illustrate the importance of Cl complexing on silica solu-
bility under these conditions that are not evident by extrap-
olation from lower temperature studies. The role of fluids
as solutions and not just a gas phase that is extensively
studied in the granite literature needs to be expanded to
include ultramafic—mafic rocks.
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