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Abstract 

The Stillwater Complex of South Montana is a layered differentiated ultramafic intrusive body of late 
Archaean age. It crops out along strike over 48 km and contains one of the richest zones of platinum group 
elements (PGE) in the world - the JOHNS-MANVILLE Reef. This reef is almost two metres thick and 
consists of 0.5 to 2.0% sulfide enclosed in noritic rocks. The sulfides are principally pentlandite, pyrrhotite 
and chalcopyrite with locally minor pyrite. Minerals of the braggite-vysotskite series contain the bulk of the 
platinum group elements. A relatively high Ni/Cu ratio of 1.3, and extremely high- 32 g/ton - concentration 
of platinum and palladium, a (Pt+ Pd)/(Os + Ir+ Ru) ratio of 230 and a high magma/sulfide or R ratio are 
quite different from what may be expected from sequential differentiation and crystal settling in an ultra basic 
magma chamber. The most acceptable genetic model for the chemistry and geometry is one suggesting 
turbulent injection of a second buoyant magma into the original magma chamber to so alter the magma/ 
sulfur ratios that the observed metal abundances and ratios are reached. 

A number of the petrological and geochemical features of the Stillwater Complex, and particularly their 
geometrical distributions are of significance for the understanding of such complexes and can be used in 
exploration. Some of these can be summarized as follows: 

If in a sulfide zone, 400-1000 m above the first appearance of cumulus plagioclase, one finds 
- the presence of chromitite layers, 
- that olivine is the cumulus mineral in addition to plagioclase, 
- the presence of 'pegmatoid' zones (i.e. distinct orthocumulate texture) , 
- that there is evidence of magma injection (slump textures etc.), 
- that the Ni/Cu ratio is greater than 1, 
- that there is no apparent nickel depletion of the associated reef olivine, 
- and that rare earth element abundances and ratios of plagioclase change in a way suggesting magma 

replenishment, 
then it is highly probable that such a sulfide zone has an economically interesting platinoid content. 

Introduction 

In July 1985, during the Magmatic Sulfide Con­
ference IV (sponsored by IGCP - IUGS, project 
group 161 - and by UNESCO) the Stillwater Com­
plex in Montana was visited. This layered mafic-

ultramafic intrusive body hosts a stratiform de­
posit, the JOHNS-MANVILLE (Howland) or J-M 
Reef, which contains sulfides that are rich in plati­
num group elements (PGE). 

The aim of this article is to review some impor­
tant indications of PGE mineralization which are 
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Fig. 1. Geologic map of the Stillwater Complex, showing the location of the J-M Reef, the Minneapolis Adil (1) , West Fork (2) and Frog 
Pond (3) areas. The stratigraphy is that of Todd et al. (1982) , with modification ofUltramafic series terminology for consistency with this 
paper (adapted from Czamanske & Z ientek, 1985). 

of genetic significance and which also can be used 
in exploration . 

Geological setting 

The Stillwater Complex is a differentiated strat­
iform mafic and ultramafic intrusive body of late 
Archaean age: 2701 ± 8 Ma (DePaolo & Wasser­
burg, 1979). It is exposed in Stillwater, Sweet 
Grass- and Park Counties, Montana , for about 
48 km along the northern margin of the Beartooth 
Mountains. Intrusive contacts with folded meta­
sedimentary rocks are visible in the west and locally 
in the east , where the complex is intruded by late 
Archaean quartz monzonite plutons. The complex 
is only partly exposed and its entire original size 

and shape are unknown. Prior to emplacement, the 
metasediments were isoclinally folded and then 
refolded in broad warps along NW plunging axes. 
Before or during emplacement the sediments may 
have been subject to low-grade metamorphosis. 
Subsequently, the rocks were intruded by the Still­
water magma, which cooled and crystallized in a 
non-orogenic environment, demonstrated by con­
tinuously traceable thin cumulate layers (Fig. 1). In 
eastern exposures the complex cuts out some of the 
stratigraphy that is recognized in exposures of 
hornfels farther to the west. This relationship may 
imply emplacement along a fault zone or along an 
unconformity, although in certain other areas the 
protolith of the hornfels plays an important role in 
controlling the position of the intrusive contacts. 



Lithologies 

Sufficient fieldwork has not yet been done to pro­
pose the ultimate stratigraphic subdivision of the 
Stillwater Complex. Figure 2 (after Czamanske & 
Zientek (1985)) represents therefore a first attempt 
to reach a consensus among several different sche­
mes that have been proposed. There are three 
major units in the generally concordant layered 
mafic and ultramafic intrusive (Lambert & Sim­
mons (1983)): 
a) a Basal series, 30-70m thick consisting of 

bronzite-plagioclase cumulates, some of which 
are fine grained (chilled?), some are cumul­
ates, and others are contaminated with country 
rock (Page, 1979); 

b) an Ultramafic series, further divided into (1) a 
lower Peridotite member 610 m thick , consist­
ing, of cyclic olivine cumulates, chromite 
cumulates, olivine-bronzite cumulates and 
bronzite cumulates and (2) an upper Bronzitite 
member 366 m thick, consisting, of bronzite 
cumulates; 

c) a Banded series, which is the upper zone, con­
sisting of a about 4 .5 km thick sequence of 
plagioclase - bronzite cumulates, plagioclase­
bronzite augite cumulates, plagioclase cumul­
ates and minor plagioclase - olivine cumulates. 

The top of the Ultramafic series and the base of the 
Banded series is marked by the first appearance of 
cumulus plagioclase. The Banded series is sub­
divided into three subseries: Lower, Middle , Up­
per. The PGE-bearing J-M Reef occurs in the 
Lower Banded series and, more precisely, in the 
Olivine-bearing zone 1 (OBZl), (see arrow in Fig. 
2). 

Petrological setting of the J-M Reef 

The J-M Reef occurs in the Olivine-bearing zone 1 
(OBZl), which lies between Gabbronorite I and II . 
It is situated about 400 m above the top of the 
Ultramafic series. The most distinctive feature of 
OBZl is the reappearance of olivine as a cumulus 
phase. The reef is a semicontinuous layer extend­
ing over the entire strike length of the complex. 

It is approximately 2 m thick , consisting of 0.5 to 
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2% disseminated sulfides within troctolite, anor­
thosite and norite. In Minneapolis adit area sul­
fides are associated with the first appearance of 
olivine in OBZl, in contrast to the situation in the 
West Fork (see Fig. 3) and Frog Pond areas where 
the reef is associated with the fifth olivine cumulate 
layer. This represents a primary transgression in 
the OBZl stratigraphy, with the lower olivine 
cumulate layers pinching out to the east. Sulfides 
may occur higher in the section at the eastern end 
of the adit, although the situation is greatly compli­
cated by faulting (Bow et al. 1982). 

At the eastern end of the adit area, the sulfides of 
the reef occur within olivine-rich rocks - either in 
layers of olivine cumulate with intercumulus pla­
gioclase and pyroxene oikokrysts, or in an unusual 
heterogeneous rock type referred to as 'mixed 
rock' (irregular masses or 'boulders' of olivine-rich 
rocks - within a matrix of anorthosite (Bow et al. 
1982)). The sulfides occur as disseminated intersti­
tial blebs. 

From east to west , over approximately 700 m of 
strike, olivine becomes progressively more re­
sorbed and replaced by large oikocrysts of bronzite 
and the rock changes progressively towards a nor­
ite . 

Sulfide silicate textures indicate that sulfide (as 
at the eastern end) was present as a cumulus phase 
and that olivine resorption must have occurred at a 
stage when the sulfide blebs were at least partially 
solid with a temperature less than about 1100° C 
(Barnes & Naldrett , 1985). 

Composition of the J-M Reef sulfides 

The sulfide blebs consist principally of pentlandite, 
pyrrhotite, and chalcopyrite , the typical mineral­
ogy of a magmatic sulfide assemblage. Pyrite is a 
common minor constituent, particularly in the 
bronzite-rich, olivine-poor rocks. Platinum and 
palladium occur predominantly as sulfides of the 
braggite-vysotskite series and as a wide variety of 
Te-, As-, Bi-, and Sn-bearing phases (Todd et al., 
1982). Millerite, violarite, mackinawite , and mar­
casite occur in serpentinized samples. Barnes & 
Naldrett (1985) examined the average composition 
of the sulfide fraction of the reefin 40 rock samples: 
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Fig. 2. Subdivisions of Stillwater stratigraphy as used in this article and approximate stratigraphic distribution of cumulus minerals 
(adapted from Czamanske & Zientek, 1985). Because the ultimate stratigraphic subdivision of the complex cannot yet be established 
this represents the first attempt to reach some consensus among several different schemes that have been proposed. Stratigraphy 1 is of 
Segerstrom & Carlson (1982) , nr . 2 is of McGallum et al. (1980) and nr . 3 is of Todd et al. (1982) . (J-M Reef indicated by an arrow.) 
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Fig. 3. West Fork Cliffs exposure, West Fork of the Stillwater River, at approximately 7,000 feet e levation and 300 m west of the J-M 
exploration adit. Note the conspicuous layering in the TAZ J layer accen tuated by bands of vegetation which are best developed on 

members 07, 08, and to a lesser extent, OSa, OSb, and 06. The J-M Reef shows a darker. concave surface which is overlain by a thick 
pC unit and is underlain by the 05a and OSb marker layers and a footwa ll anorthosite. Several shallow rock trenches blasted across the 
PGE zone provide fresh exposures for sampling. The dark and light vertical banding is caused by growth of lichens and other weathering 
features on the smooth rock surface. 

olivine cumulates (15), mixed rock (17), plagioclase 
bronzite cumulates (11). Normalized to 100% sul­
fide and calculated for 35% (m/m) Sin bulk sulfide, 
the sulfides in the Minneapolis adit area contain 
9.3% Ni; 6.9% Cu and 0.7% PGE (1560 µg/g Pt, 
5540 µg/g Pd). The gold contents of he rocks are 
highly irregular; average 200 µg/g ± 290 for one 
standard deviation. The strongly coherent be­
haviour of the PGE elements, nickel, copper and 
sulfur indicates that all these elements are held 
dominantly in the sulfide fraction of the reef and 
that the major control on grade is sulfide abun­
dance. There is little variation in bulk sulfide com­
position between samples. However, a plot of 
nickel versus sulfur does allow identification of a 
group of rocks, rich in olivine, in which the nickel 
contents are proportionally high for a given sulfur 
content. 

The most striking feature of the composition of 
the J-M Reef sulfides is their extremely high con­
centration of platinum and palladium compared 
with all other known magmatic sulfide deposits 
except the UG-2 chromitite of the Bushveld Com­
plex, South Africa (McLaren & de Villiers , 1982). 
Even the most prolific of the world's producers -
The Merensky Reef-, South Africa is not as rich! 
The PGE content of the sulfides of the J-M Reef is 
about 14 times higher: the palladium content 42 
times higher and the platinum content about 5 
times higher than that of the sulfides of the Mer­
ensky Reef. The nickel and copper contents are 
about the same as those of the Merensky Reef or 
other Ni/Cu dominant deposits (Barnes & Nal­
drett, 1985). Equally exceptional is an unusually 
high (Pt+ Pd)/( Os + Ir + Ru) ratio of about 230 
for the J-M Reef, compared with 9.5 for the Mer-
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ensky Reef, 10 for the Norils'k, USSR and the 
Ungava, USA deposits, and 10 to 25 for sulfides 
associated with other gabbroic intrusions: Sud­
bury, Canada, Duluth, USA and Insizwa, South­
ern Africa (Naldrett, 1981). 

The platinum-palladium content of the J-M Reef 
is estimated to average 32 g/ton (Financial Times 
Sept., 17, 1985) whereas the total PGE contents of 
the Merensky Reef and the UG-2 chromitite layer 
are only 8g/ton (Campbell et al., 1983). 

Genetic considerations 

It is beyond the scope of this paper to undertake an 
exhaustive review of the genetic models that have 
been proposed to explain the PGE mineralization 
at Stillwater. However, a view of the origin of this 
exceptional deposit will inevitably influence explo­
ration concepts applied to PGE exploration world­
wide. In particular, an explanation of why the J-M 
Reef sulfides are so rich in platinoids and have such 
high (Pt+ Pd)/( Os+ Ir+ Ru) ratios may help 
identify equivalent situations elsewhere. 

By analogy with models suggested for other sys­
tems the obvious hypothesis is one involving ex­
treme fractionation of a PGE-rich silicate magma 
from which PGE-bearing sulfides exsolve and set­
tle out to form the reef (e.g. Irvine et al., 1983). The 
main problem with this hypothesis is that the nor­
mal consequence of such a fractionation mecha­
nism is marked enrichment of copper over nickel. 
The relatively high Ni/Cu ratio (1.3) in the J-M 
Reef is a strong indicator that it was not formed by 
any commonly accepted differentiation mechanism 
acting on an unusually PGE-rich magma. 

Nickel-copper deposits are normally low in PGE 
owing to: (1) the presence of low magma/sulfur 
ratios (R), (2) the rapid segregation of sulfide, and 
(3) the incomplete equilibration of sulfide with the 
silicate magma during the early stages of fractiona­
tion when such deposits normally form (Campbell 
& Barnes, 1984). Thus, a mechanism is required to 
raise the value of (R). Barnes & Naldrett (1985) 
suggested high values of (R) could arise from a 
process of efficient magma mixing during turbulent 
injection of a buoyant replenishing magma into the 

Stillwater magma chamber. This would enable 
wide dispersion of sulfide droplets through a large 
body of magma and enhance the opportunity for 
equilibration of the two liquids. Sulfide and con­
temporaneous olivine would form first in a layer of 
hybrid magma and then settle through the underly­
ing, more iron-rich liquid to accumulate into the 
crystal pile. As a consequence, and despite lateral 
variations in rock type, the resultant reef would 
have a high degree of compositional uniformity in 
copper, nickel and platinoids. Any lateral varia­
tions in the non-sulfide fraction could be due to 
variations in the composition of the mixing magmas 
or changes in the degree of mixing or both. Equili­
bration between olivine and sulfide in the J-M Reef 
is restricted to the reef itself and occurs on the scale 
of individual grains. This explains the highly fluc­
tuating nickel contents of the olivines. The olivine 
compositions have therefore been buffered by the 
associated sulfides, despite the high olivine/sulfide 
ratios in the reef. 

Exploration criteria 

A number of petrological, geochemical and spatial 
features are of exploration significance (Campbell 
et al., 1983): 
1. PGE are closely tied to sulfide; 
2. The magma/sulfide ratio needed for formation 

of a platiniferous reef is most likely to occur 400 
to 1000 m above the first appearance of pla­
gioclase as a cumulus phase; 

3. Thick chromitite layers indicate high magma/ 
sulfide ratios and associated sulfides have a high 
probability of being platiniferous; 

4. In the Stillwater Complex PGE mineralization 
is closely associated with a mixed package of 
olivine-bearing cumulates, intercalated be­
tween layered gabbroic and noritic cumulates of 
the Lower Banded Zone. The most distinctive 
feature in the J-M Reef is the reappearance of 
olivine, and elsewhere chromite ± olivine as 
cumulus phase. At one site the PGE mineraliza­
tion is associated with the first olivine cumulate 
or mixed rock layer and elsewhere with the 
fourth or fifth olivine-bearing layer. The loca-



tion of the mineralization depends at what stage 
in the liquid mixing process the sulfur fugacity is 
high enough to precipitate sulfide; 

5. PGE mineralization is associated with peg­
matoid layers at or near the base of cyclic 
(macro-rhytmic) layers. These pegmatoids have 
a distinct orthocumulate texture. Orthocumul­
ates* are true gravity cumulates with a high 
initial porosity (50-60% ) . Normal cumulates, 
formed by in situ crystallization have lower ini­
tial porosity (5-20%). As a consequence, 
orthocumulates have a lower intercumulus sol­
idus temperature and act as traps for volatiles 
and, to a lesser extent for incompatible elements 
that are expelled during solidification of cumul­
ates that formed with lower initial porosity 
(Campbell et al., 1983). 

6. The site of PGE-rich sulfides is intimately linked 
to a process of multiple injection and mixing of 
geochemically distinct magmas (Lambert & 
Simmons, 1983). Such injections which cause 
major disturbances in the magma chamber at 
the time that the olivine-rich zone was formed 
may be visible in the field, e.g. as slump struc­
tures near the top of Gabbro Norite Zone I 
(Todd et al., 1979). The addition of a fundamen­
tally different magma type to the magma cham­
ber at the time that the reef was formed is also 
confirmed by the crystallization sequence: pla­
gioclase crystallizing before bronzite in the asso­
ciated plagioclase-rich rocks. This is different 
from that observed in the Ultramafic series at 
lower levels in the complex. 

7 . A relatively high Ni/Cu ratio (> 1) of the sulfide 
suggests a high R factor and is a must for rich 
PGE mineralization to occur. The reef olivines 
are not depleted in nickel as indicated by plot­
ting the NiO/Fo contents and comparing these 
with he field of layered intrusion olivines from 
Simkin & Smith (1970). Moreover , outside the 

*An ortho- or true cumulate is composed chiefly of one or more 
cumulus minerals plus the crystallization products of the inter­
cumulus liquid. It is formed by gravity settling of the cumulus 
minerals. Normal cumulates are formed by in situ crystalliza­
tion, controlled by the balance between nucleation and crystal 
growth at the crystal-liquid interface (Campbell , 1978) . 
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reef,the within-sample scatter of nickel in 
olivine is in all cases Jess than 200 µg/g, whereas 
nickel contents in reef olivines fluctuate be­
tween 300-600 µg/g even within a single thin 
section between olivine grains and sulfide blebs 
(Barnes & Naldrett , 1985). 

8. At Stillwater the rare earth element (REE) 
abundances and ratios change dramatically as 
the olivine-bearing layer at the base of the PG E­
bearing reef is crossed with a decrease in abun­
dance of overall REE and change in REE 
ratios. REE contents in the cumulus plagioclase 
from a stratigraphic sequence representing the 
crystallization product of a single magma are 
normally continuously enriched upwards. How­
ever, the behaviour of REE in cumulus pla­
gioclase at Stillwater is better explained by ad­
dition of a new magma which mixed with the 
highly evolved residual magma. Also , it pro­
vides conclusive evidence that the reappearance 
of magnesium-rich olivine as a cumulus phase is 
not due to externally induced pressure fluctua­
tions acting in a single evolving magma (Lam­
bert & Simmons, 1983). 
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