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SULFIDE MINERALOGY AND CHEMICAL EVOLUTION
OF THE BABBITT Gu-Ni DEPOSIT, DULUTH COMPLEX, MINNESOTA
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ABSTRACT les roches-hdtes incluent i Ia fois des sections igndes et des
sections mEtas€dimentaires. Les assemblages de sulfures

The Babbitt Cu-Ni deposit is one of several, located consistent en pyrrhotine, cubanite, chalcopyrite, pentlan-
within troctolitic and noritic rocks of the Duluth Complex, dite, avec, en moindres quantit6s: troilite, blende et bor-
in Minnesota. Sulfide mineralization at Babbitt is some- nite. Le rapport de cubanite i chalcopyrite crolt avec la
what erratically distributed, but trtro major sulfide zones profondeur et le pourcentage en volume de sulfure. La
are identifiable. Basal mineralization occurs neal the lower min€ralisation en sulfures est riche en cuiwe, avec Ie rap-
contact with metasedimentary rocks of the Virginia For- port CulNi variant de 4 d 8. On peut discerner, dans la
mation, whereas cloud-zone mineralization is found 150 mindralisation de la zone de base et de la partie infdrieure
to 200 m higher in the sequence. Xenoliths of country rocks de la "zone nuageuse", certaines tendances dans la cQm-
lend to be abundant within cloud zones. Mineralization is position de pyrrhotine, pentlandite, olivine et orthopy-
typically disseminated, with sulfide-volume percentages roxEne. La teneur en nickel de la pentlandite et de I'oli-
ranging from less than I to - 30. Massive mineralization vine a tendance i varier avec I'abondance de la pentlandite
occurs rarely, but is most common within a spatially res- dans l'assemblage des sulfures, Le rapport de la distribu-
tricted region of the basal zone where hosf rocks include tion de Ni et Fe entre sulfures et olivine, c'est-d-dire
both igneous and metasedimentary material. Sulfide assem- (NiS/FeS)sur/NiO/Fe0),or, varie de 2.6 d 39.6. Les carac-
blages consist of pyrrhotite, cubanite, chalcopyrite, pent- tdristiques de la composition du gite peuvent s'expliquer
landite, and minor amounts of troilite, sphalerite, and bor- en fonction de la teneur en m6taux du magma, du rapport
nite. The ratio of cubanite to chalcopyrite increases with silicate d sulfure immiscible liquide, de la oistallisation frac-
sulfide-volume percentage and depth. Sulfide mineraliza- tionn6e et de l'€quilibration locale des sulfures avec silica-
tion at Babbitt is copper-rich, with Cu,zNi ratio ranging tes mafiques.
from 4 to 8. Trends in pyrrhotite, pentlandite, olivine, and
orthopyroxene composition are discernible throughout the (Traduit par la R&action)
basal zone and lower cloud-zone mineralization. Nickel con-
tent in both pentlandite and olivine tends to vary with pent- Mots-clds: complexe de Duluth, glte Cu-Ni de Babbitt,
landite abundance in the sulfide assemblage. The ratio of genbse des sulfures, variations de composition, Min-
the distribution of Ni and Fe between sulfides and olivine nesota.
i.e., (NiS/FeS)sdr/(NiO/FeO)o1, is extremely variable,
ranging from 2.6 to 39,6. Compositional characteristics of INtnopucrroN
the deposit may be explained by the metal content of the
magma, the ratio of silicate to immiscible sulfide liquid, Several low_grade Cu_Ni deposits are located
fractionalcrystal l izat ion,andlocaleq' ' i | ibrat ionofsulf ides.:-.- .- .--
with mafic iilicat"s, 

' wruun malrc rocKs ol tne rrecamDnan L^uutn uom-
plex (Figs. 1, 2). These occurrences are generally

Keywords: Duluth Complex, Babbitt Cu-Ni deposit, sul- included in a class known as flood-basalt-related
fide genesis, composirional variarions, Minnesora. Cu-Ni deposits (Naldrett l98l). Several studies con-

ducted during the past ten years have dealt with the

Sonavrerns genesis of sulfide mineralization in the Complex
(e.9., Boucher lWs, Weiblen & Morey 1976, Main-

Le glte Cu-Ni de Babbitt est situ6, avec plusieurs autres, waring & Naldrett 1977 , Matlack 1980, Bonnichsen
,rans les roches roctolitiques et noritiques du complexe mas - et ol. l98l , Ripley 1981, Rao & Ripley 1983, Tyson
sif de Duluth, au Minnesota. La mindralisation en sulfu- & Chang 1984, Pasteris 1984, 1985, Foose &
res y est quelque peu erratique, mais on peut identifier deux Weiblen, in press). Virtually all of these studies have
zones principales de sulfures, La mindralisation i la base empha$ized the role of contamination by country
se prdsente prds du contact infdrieur avec les roches m6ta- rocks in sulfide formation. The deposits are gener-
s€dimentaires de la formation Virginia, tandis que la min6- ally found in the lower portions tf troctoliiic or
r a l i s a t i o n e n  " z o n e n u a g e u s e "  s e t r o u v e  d e  1 5 0 d 2 @ m ' , ; -  - - ,  - , , , , -  - _ -
plus haut datrs la s6rie. L,abondance de x€nolithes dans ls noritic s€quences near the contact with underlying

roches encaissantes tend i augmenter dans ces ..zones nui] metasedimentary rocks of Middle Precambrian age.
geuses". La mineralisation eit typiquement diss6minde; ie Even at the Spruce deposit (Fig. 2)' where immedi-
pourcentage volumique de sulfure 

-varie 
de I d -30. La ate footwall rocks are those of the Early Precam-

mindralisation massive se pr€sente rarement, et le plus sou- brian Giants Range Massif, abundant xenoliths of
vent dans une rdgion bien d€limit6e de la zone de base of metasedimentary rocks are found. Although petro-
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Flc.4. Plan map of the 1700 level, Babbitt deposit, showing Cu distribution and cubanite percentages.

logical and geochemical studies have-shown rather
conclusively that sulfur from country rocks is cru-
cial for ore genesis, many questions remain unan-
swered concerning the timing of sulfide saturation
and the genetic relationship between various sulfide-
bearing zones in the Complex.

The Babbitt deposit (Frg. 2) is one of the larger
in the Duluth Complex, and has been studied exten-
sively by geologists of AMAX Exploration, Inc.
Several styles of sulfide mineralization are found in
the deposit (e.9., Matlack 1980, Pasteris 1984' Tyson
& Chang 1984). We have examined in detail a por-
tion of the Babbitt deposit, including the area of
highest-grade mineralization. This report summarizes
our results concerning the mineralogy, distribution

and composition of sulfide occurrences in the Bab-
bitt deposit. Results of isotopic (Ripley & Al-Jassar,
in press) and mass-transfer (Alawi 1985) studies are
reported elsewhere.

LoCAL GSOTOCY AND DISTRIBUTION OF SUIT OTS

At the Babbitt deposit, footwall material is com-
posed principally of rocks of the Vireinia F9rm4i9n
and SiwaUik Iron Formation. Pelitic rocks of the
Virginia Formation are cordierite - biotite -

plalioclase I orthopyroxene t quartz hornf-els,
*ittr toinot amounts of K-feldspar' ilmenite' graphite

and sulfides (predominantly pyrrhotite). The thick-
ness of the footwall Virginia Formation varies.from
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Frc.5. Summary stratigraphic section showing whole-rock
sullide abundance and mineralogy of the sulfide assem-
blages, drill hole 136, Babbitt deposit.

l0 to 50 m in the area of the Babbitt deposit. The
Biwabik Iron Formation underlies the Virginia For-
mation, but is never found in direct contact with
igneous rocks of the Duluth Complex. Inclusions are
abundant in some areas of the Babbitt deposit, espe-
cially within the area of higher-grade mineralization
known as the Local Boy deposit. Xenoliths of the
Virginia Formation are most abundant, and are
always orthopyroxene-bearing. Lesser amounts of
Biwabik Iron Formation, volcanic rocks, and calc-
silicate units of the Virginia Formation are also found
as xenoliths. Xenoliths range from a few centimetres
to several metres in diameter, and may be as abun-
dant as 25 volume 9o in areas of basal-zone miner-
alization.

The Babbitt deposit occurs within a mafic
sequence known as the Partridge River Intrusion.
Several researchers have divided the intrusive
sequence into various units. Crant & Molling (1981)
and Chalokwu & Grant (1983) have studied two drill

cores from the Babbitt deposit and divided the
sequence into three major units based on trace ele-
ment and petrochemical distinctions. Tyson & Chang
(1984) studied four drill cores from the deposit and
described five unis based on textural and modal ana-
lyses. Rao & Ripley (1983) divided the Partridge
River Intrusion in the area of the Dunka Road
deposit (Fig. 2) into three major units based on
petrochemical characteristics. In the area ofthe Bab-
bitt deposit, our studies sugge$t that heterogeneity
is the rule, and that correlation from drill core to
drill core is extremely tenuous. What seems to be cer-
tain from results of the studies is that the igneous
sequence in the area of the Babbitt deposit developed
through repeated magmatic pulses. A lack of well-
defined trends in mineral chemistry may be due to
replenishment and repeated re-equilibration with
melt of similar composition. At the same time, repeti-
tive trends in mineralogy and composition may also
reflect periodic addition of magma.

Because of the dynamic nature of rift-related igne-
ous activity, many possibilities exist regarding the
genetic evolution of sulfide mineralization. At the
Babbitt deposit, at least three major zones of sul-
fide mineralization are present, which may or may
not be correlative with the divisions suggested by the
researchers mentioned above. To avoid possible
ambiguity, we use the distribution of sulfides to sub-
divide the igneous sequence. This division may be
applicable only in the area of the Babbitt deposit that
we have studied (Line 3600 E, and drifts on the 17@
level of the deposit: Figs. 3, 4). Our research has
included the petrogaphic investigation of over 300
polished thin sections. Tabulated values of the
proportion of sulfides in *hole rocks in volume 9o
and of individual minerals in sulfide assemblages
from samples collected from several drill-cores are
available from the Depository of Unpublished Data,
CISTI, National Research Council of Canada,
Ottawa, Ontario KlA 0S2.

Unit I at Babbitt contains what is normally
referred to as basal-zone mineralization. In drill core
136, this unit extends from the basal contact (546
m) to a depth of 4ll m (Figs. 3, 5). Sulfide miner-
alization in this unit is both disseminated and mas-
sive in form. Areas of high-grade ore containing
greater than 4.790 S and 1.090 Cu occur within both
norite and hornfels. The distribution of sulfide in
this unit is erratic (Fig. 5), with no clear distinction
between massive aud disseminated ore. The most
continuous occurrence of sulfide mineralization, with
grades in excess of 190 Cu, has been outlined in the
vicinity of 518 m (1700 level, Figs. 3, 4). This area
was extensively evaluated by AMAX as part of the
Minnamax project. The high-grade ore rests essen-
tially on the contact with the Virginia Formation,
and high concentrations of sulfide commonly are
found around and within inclusions of hornfels.

% Sulfide MineralVol. % Sulfide
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415.4
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462.7
465.4
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Values in tr4xn. Drill hole 135. - not detected.

Above the basal mineralized unit an overall
decrease in proportion of sulfide is encountered. In
the depth interval 411 to 353 m, sulfides are sparse,
commonly constituting no more than I volume 9o
of the igneous host. In drill hole 136, two exceptions
to this general distribution occur. A very thin (< 6
cm) occurrence of norite containing 890 sulfide is
found at 394 m, and an interval ssalaining up to
1090 sulfide is found between 370 and 380 m.

Cloud-zone mineralization OVatowich 1978, Ryan
1984) is desiguated Unit II and h found between 353
and257 m. The proportion of sulfide is again varia-
ble in this interval, ranging from 0.5 to 58 Vo. Cop-
per grade is generally less than in the basal zone,
averaging between 0.3 and 0.4 weight 90.

The interval from 257 m to the surface is desig-
nated Unit III, and is characterized by low abun-
dance of sulfides, normally less than 0.5 volume 90.

Massive-sulfide mineralization occrus at several
localities, but is not spatially extensive. For exam-
ple, in drill hole 136, only eight intervals with sul-
fide abundance in excess of l0 volume 9o are encoun-

tered (Table l). Four of these are within the cloud
zone and have a thickness of less than a few cen-
timetres. Massive mineralization is most extensive in
the lower portion of the basal mineralized zone,
within the interval 528 - 531 m in drill hole 136 (e.9.'
Figs. 3, 4). Thin intervals of massive mineralization
are also found in drill holes 156, 189 and 146 (Fig.
3), all within 3 m of the basal contact.

We stress that the divisions suggested here based
on sulfide distribution are not rigid. It is clear that
although sulfides are found throughout the bulk of
the Duluth Complex, proportions and grade vary
erratically. The divisions outlined above provide a
convenient frame ofreference for our analytical and
geochemical studies.

SuLrDs TExTURES

General textural features of sulfide minerals in the
Babbitt deposit have been described by Boucher
(1975), Tyson (1979), Matlack (1980) and Pasteris
(1934). The textural types include massive, intersti-
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Frc.6. Photomicrograph showing sulfides (s), itnenite (ilm), and biotite Oio) inter-
stitial to plagioclase (pl). Field width is 1.7 mm. Reflected, plane-polarized light.

Frc.7. Symplectitic intergrowth of sulfides (s) and orthopyroxene (opx) near the mar-
gin of a plagioclase erain. Field width is 1.7 mm. Transmitted light, crossed polars.

tial, veins and veinlets, inclusions in or intergrowths
with silicates and oxides, and exsolutions. Most of
the sulfides at Babbitt are broadly classified as inter-
stitial, but several textural variations may be found
within a single sample.

Three types of interstitial sulfides characterize the
Babbitt deposit. Sulfide minerals may occru in voids
between olivine or orthopyroxene and plagioclase,
strongly associated with interstitial biotite and
ilmenite (Fig. O. Less commonly, sulfides occur
interstitially to mafic silicates and plagioclase without

associated interstitial silicates or oxides. Where the
proportion of sulfides is high, particularly near the
massive occurrences of the basal zone, a continuous
network of sulfide surrounds the silicates. This tex-
true may occur in igneous rocks or Virginia Forma-
tion hornfels.

Sulfide veins and veinlets occur on two scales.
Veinlets are part of the interstitial mineralization,
normally connecting two sulfide masses. The vein-
lets cross-cut silicate minerals and suggest a liate crys-
tallization of sulfides and, in some sases, a second-
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Ftc.8. lnclusions of chalcopyrite (s) within a plagioclase (pl) overgrowth. Field width
is 1.7 mm. Transmitted light, crossed polars.

ary mobilization. The mineralogy of the veinlets is
variable (see below), but tends to be essentially the
siune as the sulfide grains that they connect. A simi-
lar observation has been made by Pasteris (1984).
Large scale (metres) veins have been described by
Matlack (19s0) and Matlack & Watowich (1982) as
characteristic of massive mineralization. At Babbitt,
the massive mineralization does not show a well-
defined lenticular form. It is more accurately
described as a series of anastomosing veins in both
igleous rocks and footwall hornfels, as proposed by
Matlack (1980) and Matlack & Watowich (1982).
However, mineralization of this type is confined to
very near the footwall contact and does not extend
vertically upward or downward as part of a well-
defined fracture system.

Sulfide minerals may be intergrown with intersti-
tial silicates. Symplectitic intergrowths with pyrox-
ene and oxides @ig. 7), as well as simpler inter-
growths with biotite, are found. Sulfides may also
be included within olivine, orthopyroxen€, ilmsnilt
and, more commonly, plagioclase. Inclusions within
plagioclase tend to be Cu-rich, and are commonly
found along marginal overgrowths (Fie. 8). Silicate
alteration tends to be more intense in theqe areas,
compared to the core of the plagioclase. Sulfide
inclusions (principally chalcopyrite) in plagioclase
overgrowths have been described in several areas of
the Complex (Weiblen & Morey 1976, Pasteris 1984:
South Kawishiwi intrusion; Ripley l98l: Dunka
Road). Weiblen & Morey (197Q and Pasteri$ (1984)
have shown that the Ca content of plagioclase is
higher in overgrowths containing included Cu-rich
sulfides than in sulfide-free cores. Our analvses of

samples from the Babbitt deposit indicate that this
trend generally holds, but that more sodic sulfide-
bearing margins also occur. Figure 9 illustrates the
trends observed in three samples from different zones
in the Babbitt deposit. An abrupt increase in An con-
tent within sulfide-bearing margins on plagioclase is
observed for most of the grains, followed by a rapid
decrease. A slight increase in An content is also
observed within grain margins free of sulfide inclu-
sions. The magnitude of the An increases is depressed
relative to that observed in sulfide-bearing margins,
and suggests that large shifts in An content are
related to the local presence of included sulfide.
Although core compositions of plagioclase may be
extremely variable (An'3 to Anre), there appears to
be no correlation between core and rim compositions
and the presence of sulfide inclusions.

Exsolution features are cornmon in the sulfides'
with a variety of lamellar and bleb-like forms
observed. Exsolution textures are recognized in all
textural types of sulfides mentioned above. Specific
exsolution-controlled assemblages are discussed
below.

DISTRIBUTION OF SULFIDE MINERALS

Variations in the proportion and mineralogy of
sulfides for drill hole 136 are shown graphically in
Figures 5 and l0; tabulated values are available from
the Depository of Unpublished Data. Some of the
more important aspects of sulfide mineralogy and
distribution with respect to genetic evaluation are dis-
cussed below.
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Pyrrhotite

Within the basal mineralized unit, the concentra-
tion of pyrfhotite relative to the entire sulfide assem-
blage ranges from l0 to 50%. Although anhedral,
monomineralic grains do occur, pyrrhotite more
commonly is associated with other sulfide phases in
both massive and disseminated occurrences. Minor
amounts of troilite are intergrown with pyrrhotite
throughout the sulfide-bearing intervals. In massive
sulfide and higher-grade disseminated ore, pyrrho-
tite occurs intergrown with cubanite and with lesser
amounts of chalcopyrite and pentlandite. Grains of
pyrrhotite may be enclosed in cubanite (Fig. l l) or
may enclose cubanite and chalcopyrite (Fie. l2). The
percentage of cubanite generally exceeds that of pyr-
rhotite in massive ore-zones, although local areas of
massive pyrrhotite are also noted.

In disseminated sulfide zones, or at higher strati-
graphic levels in the troctolitic sequence (Units II,
III), pynhotite ranges from 5 to 90 volume 9o of the
sulfide phase. However, within these zones pyrrho-
tite is normally far less abundant than cubanite plus
chalcopyrite. Pyrrhotite occurs as part ofpolyrdner-
alic interstitial grains, as veinlets, or intergrown with
silicates.

Troilite

Although troilite occurs in most sulfide assem-
blages in the Babbitt area, its abundance rarely
exceeds 5 9o of the sulfide phase. It occurs in greatest
abundance where total sulfide and cubanite propor-
tions are high. Troilite is found exclusively as irregu-
lar lamellae within pyrrhotite grains.

Cubonite

DULUTH COMPLEX, MINNESOTA
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Cubanite occurs in all sulfide zones, and is the FIc.10. Detailed stratigraphic section through the lower
most important Cu-bearing sulfide mineral in the portion of drill hole 136, showing sulfide mineralogv

basal mineralized zone. ItJabundance varies from ahd volume proportions'

10 to 80 9o of the sulfide volume. Cubanite normally '\
occurs as part of a polymineralic mass including pyr-
rhotile, chalcopyrite and pentlapdite. Individual of sulfide present. Figure 13 indicates that at volume
mineralsarepresentinthefollowingranges: lG-60V0 proportions in excess of -6V0, cubanite is the
pyrrhotite, 20-7or/o cubanite, l-1090 chalcopyrite, predominant copper-bearing sulfide. Pasteris (1984)
0-590 pentlandite. Grain boundaries with other sul- and Boucher (1975) have suggested that replacement
fides are generally smooth and, in most cases, sug- of early-formed pyrrhotite by more Cu-rich minerals
gestive of a cogenetic relationship. Cubanite may has occurred, and that massive cubanite is the result
enclose small gtains of both pynhotite and pentland- of such a process. However, our studies of both mas-
ite, flames of pentlandite, and lamellae of chal- sive and disseminated mineralization suggest that the
copyrite. Cubanite, with or without lamellae of chal- observed textures may result from fractional crys-
copyrite, is also commonly found enclosed by tallization of a sulfide liquid, the attainment of sul-
pyrrhotite. Areas of disseminated miner4liiation fide saturation at varying ratios of silicate magma
typically exhibit polymineralic grains in which Cu- to sulfide liquid (see below), and equilibration dur-
sulfides occur near the margin of pyrrhotite grains. ing cooling.

There is a correlation between the chalcopy- Althoughphasesinthecentralportionofthesys-
ritelcubanite ratio in a sample and the volume 9o tem Cu-Fe-S, such as mooihoekite, haycockite and
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talnakhite, have not been detected in our study, a
mineral that is optically distinct from (but composi-
tionally similar to) cubanite occurs locally. Figure
12 shows the two minerals in direct contact, both
enclosed within pymhotite. The mineral is always
associated with cubanite, but is paler in color and
much less anisotropic. Qqmpositional differences
between the mineral and cubanite are essentially non-
detectable, as discussed below. The observed differ-
ences between grains may be a function of optical
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Frc. ll. Photomicrograph showing cubanite (cb) enclosing grains of pyrrhotite (po).
Field width is 0.85 mm. Reflected, plane-polarized light.

FIc. 12. Pyrrhotite (po) enclosing grains of cubanite (cb l) and a compositionally
similar phase (cb 2). Field width is 0.85 mm. Reflected, plane-polarized light.

orientation. However, the magnitude of the differ-
ences in physical and optical properties, as well as
the scarcity of grains with similar characteristics, do
not support such a premise.

Chalcopyrite

Chalcopyrite is markedly less abundant than
cubanite in the basal zone, with sulfide proportion
varying between 5 and 20 90. Chalcopyrite normally
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Volume Sullide in Troctolite -

Frc. 13. Plot of chalcopyrite/cubanite ratio versus volume 9o sulfide, Babbitt deposit.
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occurs in the massive-sulfide zones as lamellae within
cubanite (Fig. 14) or as small blebs dispersed as a
halo around larger polymineralic sulfide masses. The
abundance of chalcopyrite increases upward. It is
more abundant within the disseminated sulfide
zones, where it may occur to the total exclusion of
cubanite and pentlandite. Within areas containing
less than I volume 9o sulfide, chalcopyrite is the
predominant Cu-bearing mineral, and commonly
exceeds pyrrhotite in abundance. Chalcopyrite occurs
either as part of composite grains with pyrrhotite or
as independent monomineralic grains. Minor
amounts of pentlandite may be found in the com-
posite grains; higher in the troctolitic sequence, bor-
nite may occur with chalcopyrite as an abundant
phase formed by exsolution.

Pentlandite

Pentlandite occurs in all sulfide-bearing zones at
Babbitt, but its concentration rarely exceeds 10 9o
of the total volume of sulfide. Only sporadically
(Figs. 5, 10) does pentlandite abundance reach 20 90.
Pentlandite occurs as fractured, equidimensional
grains within composite sulfide grains or as exsolu-
tion flames and lamellae within pyrrhotite and
cubanite. In composite clusters of sulfides, pentland-

ite tends to occur along the outer margin of grains.
Discrete grains of pentlandite are rare, but do occur
in zones of disseminated sulfide associated with chal-
copyrite and pyrrhotite.

Bornite

Bornite occurring with chalcopl'rite probably
formed by exsolution (Fig. 15). Stratigraphically it
is first identified with chalcopyrite and cubanite in
a sample located 25 m above the basal contact, but
is not seen again until - 72m above the contact.
At higher stratigraphic levels bornite is almost always
found with chalcopyrite in zones of disseminated sul-
fide. Only rarely does bornite constitute the major
portion of a sulfide grain. Intergrowths of chal-
copyrite, bornite and pentlandite are also encoun-
tered locally.

Sphalerite

Sphalerite occurs as a prismatic, flame-, or st€u-
like exsolution mineral within cubanite (Fig. 16) and,
locally, chalcopyrite. Sphalerite abundance is highest
in the basal massive-sulfide zones, but its concen-
tration never e*ceeds I Vo. Although sphalerite is
most abundant in massive zones, it is found in all
areas where cubanite concentration is relatively high.
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ConnposrrroN oF THE SULFIDE MINERALS

Concentrations of major and minor elements
present in sulfide assemblages from the basal miner-
alized zone were determined using a wavelength-
dispersion electron microprobe and atomic absorp-
tion (AA). Sulfide mineral separates for AA analyses
were obtained with a dental drill and digested using
a perchloric acid - liquid bromine solvent. Because
many of the sulfide minerals from the Babbitt deposit
are polymineralic in form, contamination problems
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Ftc. 14, Photomicrograph showing lamellae of chalcopyrite (cp) within cubanite (cb).
Field widrh is 0.85 mm.

in this technique are difficult to detect. However,
purity of individual samples is estimated to be > 90
Vo, and minor-element results are therefore consi-
dered instructive. Concentrations of Ag, Mn, Znatd
Pb were determined by AA methods, whereas con-
centrations of Ni, Co, Fe, Cu and S were measured
by electron-microprobe techniques.

Results of representative analyses are given in
Tables I and 2. A complete set of results of 94
electron-microprobe analyses of sulfide minerals
through the lower mineralized zones of drill holes

Frc. 15. Composite grain of bornite (bn) and chalcopyrite (cp). Field width is 0.43 mm.



136 and 156 is available from the Depository of
Unpublished Data. Iron content of pyrrhotite varies
between 59.5 and 62.2 weight 70, whereas Ni never
exceeds 0.460/o, and averages -0.1590. Although
pyrrhotite composition varies somewhat erratically,
a general pattern with depth is found in drill hole
136 (Fig. 17). The iron content ofpyrrhotite fluctu-
ates about a mode of 6l weight Vo Fe throughout
the interval 5461o 442m. Above this depth though
- 350 m, Fe content drops to near 6090 before again
increasing to 6190. The increase in Fe content ofpyr-
rhotite at - 350 m coincides closely with the begin-
ning of cloud-zone mineralization. Values from 4l l
to 350 m are representative of sulfide-poor trocto-
litic rocks. Minor-element contents of pyrrhotite are
also variable, and show no spatial trends or differ-
ences between types of sulfide. Relatively hieh Zn
values in several pyrrhotite separates are attributed
to sphalerite associated with minor amounts of
included chalcopyrite.

Copper contents of chalcopyrite and cubanite vary
from 33 to 35.2 and 21.0 to 23.8 weight Vo, respec-
tively. Cubanite stoichiometry varies between
Cu1.6Fe2.1S3 and Cuo.*Fet.eS3. Major- and minor-
element compositional 2qning within grains is not
detected, nor are regular spatial variations within sul-
fide zones. Silver tends to be enriched in Cu-bearing
phases relative to pyrrhotite; concentrations range
from 7 to 300 ppm. We have failed to detect sie;rifi-
cant difference between cubanite and the associated
optically distinct phase described above. Table 3 is
a partial listing of compositions obtained from a
traverse through cubanite and the associated phase
shown in Figure 12. There are nrinor compositional
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differences between various spots, but the range in
compositions shows a complete overlap between the
two minerals. Computation of chemical formulae
reveal no differences; these fall in the normal range
for cubanite.

Pentlandite exhibits the most variable chemical
composition, with Fe and Ni contents langing from
27,4to34.3 and29.3 to 37.4weight 90, respectively.
Cobalt is concentrated in pentlandite, and ranges in
abundance from 0.6 to 5.0 weight 90. Copper con-
tent of pentlandite is generally low, but values as high
as 3.890 are locally encountered (Table 2).
Experimental studies by R. Hill (CSIRO, pers.
comm.) indicate that cupriferous pentlandite is not
uncornmon in low-sulfur systems, such as those
which give rise to cubanite-rich assemblages. Spa-
tial variations in the nickel content of pentlandite are
similar to those of Fe in pyrrhotite (Fig. l7). In the
depth interval 393 to 546 m, the nickel content in
pentlandite varies from about 3l to 34 weight 90,
with most samples near 32 weight 90. Between 312
and 380 m, the nickel content of pentlandite
increases, before again decreasing at 3ll m. The
stratigraphic divisions based on the nickel content
ofpentlandite in general conform to the boundaries
established for basal and cloud-zone.mineralization,
and suggest a possible genetic difference between sul-
fides in these zones, Nickel content of pentlandite
also shows a moderately strong correlation with
amount of pentlandite present. Figure 18 shows that
the nickel content of pentlandite in basal-zone miner-
alization is variable in samples where pentlandite
abundance is less than or equal to 3 volume 9o of
the sulfide phase. Where pentlandite abundance

THE BABBITT Cu-Ni DEPOSIT, DULUTH COMPLEX, MINNESOTA

Frc. 16. Grains of exsolved sphalerite Gph) within cubanite (cb). Field width is 0.43
mm.
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TABIE 2. ELECTRON-MIGROPROBE ANALYSES oF REPRESENTATM SUIFIDE l.tINEMLs FROM THE DABBITT DEPOSITI
DR.ILL HOLE ],35. VALUES IN WEIGHT PERCENT

exceeds - 3 t/o, there is a systematic decrease in the Ot-IvNe-QnrHoPYRoxENE CoMPoSITIONAL DATA
nickel content of pentlandite with increased modal
proportion. A similar trend is apparent for the sam- Nickel content$ and Mg/(Mg + Fe) values of oli-
ples in the lower section of Unit II, but is displaced vine and orthopyroxene from basal zone and lower
toward higher nickel contents of pentlandite (Fig. cloud-zone mineratzation are given in Table 4 and
18a). graphically illustrated in Fieure 19. Because of the
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presence of abundant xenoliths, 4a uninferuplsd
igneous sequence could not be sampled. In interpret-
ing the compositional data the possible effects of
country-rock contamination must be considered.
However, analysis by Alawi (1985) suggests that
although some orthopyroxene crystallization was
initiated by the addition of SiO, from country
rocks, transfer of Fe and Mg was minimal. We con-
sider the variations in Fo and En contents to reflect
differences in magma composition produced by
processes other than contamination. The composi-
tions of olivine and orthopyroxene in the basal
mineralized zone at Babbitt vary from For6 to Fox
and En67 to En37, respectively. A distinct break in
compositional trends occurs at - 493 m, where Fo
and En contents decrease dramatically. The
orthopyroxene in the norites maintains these values
to a depth of 5M m. A thin (2 m) troctolite unit just
at the contact between footwall hornfels and igne-
ous material is characterized by olivine and
orthopyroxene of much higher Mg-content.

Nickel contents of olivine and orthopyroxene
closely parallel variations in Mg content. Nickel
values of olivine vary from 0.07 to 0.20 weight go
NiO and those of orthopyroxene, from 0.02 to 0.08
90. Of particular note is the correlation between
nickel content ofotvine and pentlandite, and pent-
landite abundance. A plot of nickel content of oli-
vine versus modal abundance of pentlandite (Fig.
l8b) is very similar to that of nickel in pentlandite
uerszs pentlandite abundance. For pentlandite abun-
dances below - 3 90, a wide variation in the nickel
content of olivine is found, but where pentlandite
abundance increases, the amount of nickel in olivine
shows a pronounced decrease. Samples from the
lower cloud-zone highlight the association between
nickel-enriched oliviire and nickel-enriched pentland-
ite (Figs. 17,l9).

Distribution coefficients (l(p) for Fe-Ni parti-
tioning between sulflde and olivine, uncorrected for
activity coefficients, were determined for 7 samples.
Nickel and iron content of the sulfide assemblage was
estimated using electron-microprobe data and modal
abundance. Values were computed as

Ko=

with concentrations expressed as mole fractions. Cal-
culated values for various assemblages in the Bab-
bitt deposit (Iable 5) range from 2.6 to 39.6. These
values are extremely variable, and span virtually the
entire range of values computed for other magmatic
sulfide deposits (e.9., Naldrett 1979, Fleet &MacRae
1983, Thompson et al. 1984). It should be noted that
these values represent FelNi partitioning on a thin-
section scale. Computed Kp values show little vari-
ability at this scale, but are highly variable at larger

Frc. 17. Trends in the iron and nickel contents of pyrrho-
tite and nickel content of pentlandite throughout the
lower portio4 of drill hole 136.

scales. The differences in computed K, values may
be related to local control of sulfide-olivine
equilibration under a variety of physical and chemi-
cal conditions.

D$CUssIoN

Previous isotopic studies by Ripley & Watowich
(1982) and Ripley & Al-Jassar (in press) indicate that
much of the sulfur in the Babbitt deposit has been
derived from metasedimentary country-rocks
through devolatilization reactions. However, the iso-
topic data for the basal-zone mineralizatio\ (e.9.,
large differences in 3aS between country rock and
igneous sulfides) strongly suggest that in situ dei-
vation of sulfur was unlikely, and that sulfur must
have been added to the melt either prior to or dw-

't300
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o

(450 m)

(s.un."/(#;)",,""



362 THE CANADIAN MINER-ALOGIST

Atoblc Ploporllons
0 . 7 4 0  0 . 7 1 1  0 . 7 4 1  0 . 7 4 6  0 . ? t 9
o.t71 0.168 0,t55 0.354 0.t62
1 . 1 0 6  1 . 1 2 0  1 . 1 1 0  1 . 1 0 7  1 . 1 0 9
2,214 2.219 2.211 2.207 2.210

fe
Cu
s
Total

F€
Cu
s
Total

FE

M 3 .  @ @ @ m w a r c : M @ w s @
W r c M N r e N

41.19 40.80 41.18 41.68 41.25 4' t .67 41.19
21.57 2t. t5 22.56 22.51 2t.O3 22.76 2r.27
55.46 '5.92 t5,85 55.50 t5.55 15.42 t5,99

100.4f 100.08 99,78 9.60 99.81 99.A5 100.75

0 . 7 4 6  0 . 7 4 1
o,a5a 0,566
1 . 1 0 '  1 . 1 2 2
2.209 2.211

CheElcal tro.oula
2.00  2 .00  z .o t  2 .o t  2 .41  2 .o t  2 .o1

cu 1 ,0o  1 .00  4 .97  0 .97  o .99  o .97  0 .99
s  t .00  t .oo  , .90  , .00  , .0o  , .0o  f .00
gqlrltl@, errd r4th & dltu @ 91@ ln ttE dl€dotr
of tu t@. bqlrdry h "crht@ 2. ed gdiDg b tu ld!-M
@4ln of rortanlb Ln l& h €1t@ f b 5 Ft€ln b erb€ntb 2, €rd
b h dlrG 6 d 7, b db 1. Sq)le U58, drl[ de 86.

ing emplacement. In sllz derivation of sulfur for
6iselaliz4fien found above the basal zone remains
a possibility, especially if xenolith-rich areas
represent previous intrusive floors (e.9., Grant &
Molling 1981, Rao & Ripley 1983).

Weiblen & Morey (1976) suggested that addition
of volatiles to the South Kawishiqd intrusive body
occurred late in the crystallization history. This
premise is ih part based on the increase in An con-
tents of plagioclase wifhin sulfide-bearing marginal
overgrowths, which is attributed to a volatile-

controlled lowering of liquidus temperatures. Our
data from the Babbitt deposit suggest that compo-
sitions and zoning profiles in plagioclase are
extremely variable. Abrupt increases in the An con-
tent of plagioclase generally occup only within mar-
gins containing sulfide inclusions qnd hence are local-
ized phenomena (Fie. 9). The of overgrowth

trapped liquidplagioclase is restricted to areas
was present. For this reason tle arTangement
of plagioclase grains is i in interpreting An
zoning. For example, two plagioclase
erains with little or no interstitial
either included sulfides or a
content. However, isotopic thermochemical

, in press; Ripleycomputations (Ripley & At
& Andrews 1985) suggest that lqfe and in situ dei-
vation of volatile phases was in the Babbitt
area. The textures and presence of abundant chal-
copyrite strongly indicate that saturation was
achieved only after initial of

maynot show
increase in An

plagioclase, and that the coe{isting liquid was
enriched in copper. In order to explain the rather
abrupt shifts in An content wherf sulfide inclusions
are found, we suggest that crystallization of
plagioclase was promoted, and fhat of Ca-bearing
pyroxene depressed in trapped liquid owing to the

A
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FIc. 19. Olivine and orthopyroxene compositional data
from the lower portion of drill hole 136.

rocks at Babbitt suggests that a sulfide-rich liquid
was physically capable of infiltrating country-rock
material. The cross-cutting nature of the sulfide
mineralization and the distinct isotopic difference
between massive, Cu-rich ore and disseminated pyr-
rhotite in country rocks preclude a possible origin
through metamorphic segregation of sedimentary
material.

Although distinct areas of nearly massive pyrrho-
tite and cubanite=chalcopyrite locally occur in both
igneous and metasedimentary host-rocks, there is no
spatial distribution that suggests that massive mirier-
alization resulted from filter pressing of a Cu-rich
sulfide liquid away from a crystalline pyrrhotite or
monosulfide solid-solution mss (e.8., Craig &
Kullerud 1969). However, a plot of copper assays
versus olo sulfur for samples from the 1700 level (Fig.
20) clearly shows two distinct clusters. One group
of'samples shows copper values less than 1.190,
whereas the other is characterized by values in excss
of 1.5 Vo copper. within each group there is a general

TABIE 5. DISTRTBUI]ION OF IRON AND NIC(EL BEITEEN SULFIDE AND
OLIV]NE, DRILL I IOLX 1]6'  BABBIIT DEPOsIT
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continued uptake of Fd+ by a Cu-Fe sulfide phase.
The overall Cu-rich nature of sulfide mineralization
has been discussed by Rao & Ripley (1983), Pasteris
(1984), and Ripley (in press). Copper contents ofsul-
fide assemblages are variable, but values as high as
15 to 200/o are not uncommon. Values of the cop-
perlnickel ratio are normally in the range of 5 to 10.
Such characteristics are not atypical for flood-basalt-
related deposits, and have led Naldrett (1981) to sug-
gest that the parent magmas for these deposits have
been derived from melting of pristine mantle material
containing disserninated copper sulfides. In addition
to this mechanism for copper enrichment of the
magma, Rao & Ripley (1983) have illustrated possi-
ble coppo-enrichment trends through a combination
of fractional crystallization and magma blending.

Isotopic, petrochemical and mass-balance con-
straints have led Ripley (in press) to suggest that for
basal-zone sulfide mineralization at Babbitt, sulfide
saturation must have occurred either prior to or dur-
ing magma emplacement. A process is envisioned
whereby a magma is enriched in copper through
mechanisms described by Rao & Ripley (1983), but
within an auxiliary chamber located at depth. Cal-
culations utilizing the approach outlined by Camp-
bell & Naldrett (199) and Carnpbell & Barnes (1984)
show that mass ratios of silicate to sulfide liquid of
- 1000 to 3000 are required in the auxiliary cham-
ber to explain the Cu and Ni contents of massive
mineralization. The occurrence of massive to semi-
massive mineralization in metasedimentary host

Sanp le  Depth  NIS/FeS N 10/Feo

, 7 1 . 2  o . o 1 2 t
1 8 0 . 4  0 . 0 1 0 2
4 4 5 . 9  o . O o 7 7
44A.9 0.0760
4 7  4 . 9  0 . 0 2 5 0
4 8 8 . 9  0 . o 1 4 f
544.0 0.0532
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0. ool00
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Ftc.20. Plot of copper rrersas sulfur (weight 9o) from the
1700 level, Babbitt deposit. Two distinct populations
of sulfide appsr to be present.

tendency for copper content to increase with sulfur
content, with copper content of the lower-grade
assemblage apparently limited to a maximum value
near I 9o copper. These two populations are spatially
distinct (Fig. 4), and sulfur isotope values (Ripley
&'Al-Jassar, in press) also show quite different
ranges. Isotopic and chemical data suggest that either
a process of fractional crystallization occurred
through which a Cu-rich sulfide liquid was separated
from silicates and dispersed sulfide (rather than mas-
sive nss), or the sulfide assemblages result from dis-
1ins1 minelalizing events. Both the relationship
between Cu and S detected in the disseminated
mineralization and its characteristic isotopic compo-
sition suggest an origin distinct from tlat of the mas-
sive mineralization. In either case, available evidence
suggests that sulfide saturation and at least partial
accumulation of a sulfide liquid occurred at depth.
Basal-zone mineralization at Babbitt was strongly
related to the emplacement of a sulfide-rich mag-
matic liquid whose history was marked by interac-
tion with country rocks as well as by fractional crys-
tallization.

Differences in sulfide mineralogy (particularly
cubanite distribution), patterns of distribution, pent-

landite compositions, and olivine-orthopyroxene
compositions determined in this study suggest that
sulfide generation in the Babbitt area was a complex
process, occurring through a range of physiCal and
chemical conditions. Individual sulfide zones and
styles of mineralization may be characterized by quite
different genetic histories, and several periods of sul-
fide generation (see, for example, Pasteris 1984,
Foose & Weiblen, in press, Ripley, in press) are
undoubtedly represented at Babbitt.

Data gathered in this study relevant to the interpre-
tation of sulfide genesis at the Babbitt deposit indi-
cate the following:
l) Cubanite occurs throughout the sulfide-bearing
zones at Babbitt, but is the predominant Cu-sulfide
where the sulfides exceed - 6 vol. Vo.
2) Within the mineralization of the basal zone, two
distinct populations of sulfide are recognized. One
is characterized by a copper content less than I wt.
Vo, the other by a copper content in excess of 1.5
wt. 90.
3) The copper ore-grade tends to be highest in high-
sulfide zones, but the relative copper content of the
sulfide phase increases upward through the dissemi-
nated and cloud-zone mineralization. This trend is
accompanied by an increase in abundance of chal-
copyrite over cubanite.
4) Massive mineralization occurs uncommonly at
Babbitt, but is common in tle region called the Local
Boy deposit, where host rocks include both
metasedimentary and igneous units.
5) Disseminated mineralization in the basal sulfide
zone and in the overlying cloud-zones is at times
difficult to distinguish, but areas of low abundance
of sulfides and high content of xenoliths normally
occur between the two.
6) Intervals sharacterized by variations in pyrrho-
tite and pentlandite compositions are discernible
from the lower cloud-zone through basal-zone miner-
alization. Within these intervals, pentlandite com-
position varies with pentlandite abundance.
7) Chemical compositions of olivine and
orthopyroxene suggest that magma composition
varied throughout the same intervals, and that sul-
fide evolution must be evaluated in terms of the com-
plete magmatic system.
8) Qsmputed coefJicients for the distribution of Fe
and Ni between olivine and sulfide range from 2.6
to 39.6, with no spatial trends observed.
9) Nickel content of olivine tends to correlate with
pentlandite composition and abundance.

Many of the characteristic features of sulfide
mineralization at Babbitt may be explained using the
mass-balance and element-distribution approach
developed by Campbell & Naldrett (1979). Composi-
tional variations between sulfide a$semblages may
be attributed to equilibration of variable amounts
of silicate and sulfide liquid. The distribution and



THE BABBITT Cu-Ni DEPOSIT, DULUTH COMPLEX, MINNESOTA 365

abundance of cubanite at Babbitt are unlike those
reportd for most magmatic Ni-Cu sulfide deposits,
where chalcopyrite is the predominant copper-
bearing mineral. Our data suggest that cubanite
becomes more abundant where the proportion of sul-
fide is high. Cubanite-bearing assemblages are richer
in Fe than assemblages containing an equivalent mass
of chalcopyrite. According to Cabri (1973), cubanite
in a magr.natip assemblage forms by the decomposi
tion of initially crystallized intermediate solid-
solution (iss). This process may include reaction
between pyrrhotite and chalcopyrite to produce addi-
tional cubanite. We suggest that the principal differ-
ence in copper content and mineralogy between dis-
seminated and massive mineralization is related to
the amount of sulfide in the system and the metal
content of the rnagma. Compositional data from
troctolitic suites of the Duluth Complex (e.g.,
Weiblen&Morey lT16, Grant&Molling 1981, Rao
& Ripley 1983, Tyson & Chang 1984) indicate that
the parent melts were strongly fractionated and
enriched in iron. Given similar copper contents in
magmas, the sulfide assemblages that form at low
values of R (mass ratio of silicate to sulfide liquid)
and high sulfide content will be characterized by
lower grades of copper and higher contents of iron
than assemblages that form at higher R values and
lower sulfide contents. Therefore, where sulfide
proportion is low and high R values inferred, the
relative amount of chalcopyrite present should
exceed that of an assemblage that formed in a low-
& high-sulfide environment. According to Rajamani
& Naldrett (1978), tlle'distribution coefficient for
copper between sulfi{e and}asaltic liquids is - 250,
whereas that for iron, althouih poorly constrained,
is considerably lower. These Kp values also suggest
that higher values of the FelCu ratio in high-sulfide
zones relative to disseminated mineralization are con-
sistent with formation of high-sulfide zones at lower
.R values. The combination of relatively high iron
content of Duluth Complex magmas and variable R
values (perhaps related to sulfur distribution in coun-
try rocks) offers a partial solution to the distribu-
tion of cubanite in sulfide-bearing zones. Further
fractional crystallization of the sulfide liquid may
be responsible for spatially associated assemblages
of different erades of copper, such as those found
in the vicinity of the 1700 level at Babbitt.

An attempt was made to relate cubanite distribu-
tion to variations in intensive paxameters such as
/(SJ. However, pyrrhotite compositions proved to
be unreliable for estimates of /(Sj, yielding
extremely high values. Because pyrrhotite is known
to re-equilibrate during cooling, pyrrhotite compo-
sitions may not be representative of original /(S)
conditions. As a check, a log /(OJ-log /(S) dia-
gram was constructed for 1000oC and 2 kbar. The
presence of ilmenite, pyrrhotite and graphite in the

ore zones at Babbitt serves to restrict possible/(O)
and/(SJ conditions. A computed/(CO) value of
0.06 (Alawi 1985) was used to estimate a lower
/(O) value, with the upper limit of graphite stabil-
ity defining the uppermost f(O) value. Although
small perturbations in /(S) and /(O) cannot be
documented, a range of /(SJ values between 10-2
and l0-3 is indicated, atf(O) values between 10-10'5
and 10-12'5. These ranges are sufficient to induce
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sulfide saturation in basaltic melts (Buchanan &
Nolan 199), but small fluctuations in"f(S, or/(Or)
cannot be correlated with abundance of cubanite or
composition of the sulfide assemblage.

Variations in pentlandite compositions .are
attributable to two principal causes. High-nickel
pentlandite from the lower cloud-zone and transi-
tion zone between basal and cloud zones (Fig. 11)
is believed to have resulted from crystallization of
a sulfide liquid that equilibrated vi'ith a magma of
relatively high nickel content. This premise is sup-
ported by the occurrence of high-nickel olivine in
association with pentlandite from this zone. The Mg
contents of olivine and orthopyroxene also tend to
be higher within this interval, supporting the
hypothesis that the magma with which the sulfide
equilibrated was less fractionated, and characterized
by higher nickel contents than magmas that produced
the basal-zone sequence.

Our data also suggest that pentlandite composi-
tion varies with pentlandite abundance, with high-
nickel pentlandite correlated with low abundance of
pentlandite in the sulfide phase @ig. l8a). This trend
is observed for both high-nickel pentlandite of the
lower cloud-zone and pentlandite from basal-zone
mineralization. However, the trend is essentially
unrelated to the amount of total sulfide present.
Figure 21 illustrates tlrat pentlandite most commonly
reache abundances in excess of l0 volume 7o in sam-
ples containing from 3 to 6 volume % sulfide. The
abundance of pentlandite in sulfide assemblages
flom samples senlaining less than 3 or greater than
6 volume Vo sulfide is much lower. Variations in
pentlandite abundance in sulfide assemblages is
thought to be in part related to the timing of sulfide
saturation and to the magnitude of R values. Basal
zones of sulfides are thought to have formed from
a sulfide liquid that separated at depth within an
auxiliary magma-chamber. The coexisting silicate
liquid was highly fractionated, Cu-enriched, and
somewhat depleted in nickel owing to early crystal-
lization of more Mg-rich olivine. Because of tle rela-
tively large amounts of sulfide involved (lower R
value), thd grade of nickel in the sulfide assemblage
produced was correspondingly low. For disseminated
mineralization with less than - 3 volume 9o sulfide,
sulfide saturation may have been achieved late in the
crystallization history, from a melt enriched in cop-
per but depleted in nickel by olivine or orthopyrox-
ene formation.

Samples containing 3 to 6 volume 9o sulfide may
represent a unique set of conditions where pentland-
ite abundance is higher owing to earlier attainment
of sulfide saturation at higher R values. Characteris-
tic compositional variations may also be related to
local sulfide-olivine equilibration, whose effects may
otherwise have been masked by either a low or high
proportion ofsulfide. In particular, the association

between nickel contents of olivine and pentlandite
and pentlandite abundance (Fig. 18a,b) is most eas-
ily explained by local equilibration between sulfides
and olivine. Abundant low-nickel pentlandite is
produced where the surface area for iron-nickel
exchange is the greatest, normally within areas of
high content of olivine. Where the surface area for
exchange is reduced, the depletion of nickel from oli-
vine is less important, and a decreated proportion
of pentlandite slightly richer in nickel forms in the
sulfide assemblage. The highly variable nature of
computed Fe-Ni distribution coefficients in the pair
sulfide-olivine is consistent with a model of locally
variable histories of exchange involving olivine and
sulfide.

In summary, the Babbitt Cu-Ni deposit is charac-
terized by a history of multiple injections of magma.
Sulfide evolution is an integral part of the dynamic
system. At least three sulfide-bearing zones exist at
Babbitt, most likely related to distinct intrusive epi-
sodes. Many of the compositional features of the sul-
fide mineralization at Babbitt may be explained by
a combination of variable metal-content in the
magma and variable R values, fractional crystalli-
zation, and local sulfide-olivine equilibration.
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