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Among many different types of inclusions in the layered
gabbros of the Dufek Intrusion, one of the most interesting is an
unusual composite inclusion of olivine gabbro and caic-silicate
rock from the lower exposed part of this Jurassic igneous com-
plex. The caic-silicate rock part, possibly derived from the coun-
try-rock Cambrian Nelson Limestone, consists of clinopyrox-
ene (fassaite), spinet, and minor vesuvianite and other
minerals, an assemblage similar to those in metacarbonate in-
clusions in the Bushveld Complex. The gabhro part consists of
augite, orthopyroxene, olivine (Fo 59), and plagioclase (An65).
The inclusion may have been derived from a hidden contact
zone of the intrusion. The presence of olivine, a mineral not
occurring as a cumulus phase in exposed rocks, may be signifi-
cant, because it suggests the mineral might he a member of the
crystallization sequence of the Dufek magma and that would
indicate the possible presence of olivine-bearing mafic and ul-
tramafic rock in the concealed basal part of the intrusion.

The Dufek Intrusion is an unusually large body of differenti-
ated layered gabbro of Jurassic age in the northern Pensacola
Mountains (82'30'S 50 0 W). The stratigraphy and differentiation
history of the intrusion are described in detail by Abel, Him-
melberg, and Ford (1979), Ford (1970, 1976), Ford and Boyd
(1968), and Himmelberg and Ford (1976, 1977). It is mostly
covered with ice, but geophysical surveys show that its area
exceeds 50,000 square kilometers, comparable to South Africa's
Bushveld Complex (Behrendt et al. 1980). The gabbro and re-
lated rocks are exposed in two partial, nonoverlapping strati-
graphic sections: a lower one of 1.8-kilometer thickness in Du-
fek Massif and an upper one of 1.7-kilometer thickness in the

Forrestal Range. Sallee Snowfield conceals an intermediate in-
terval estimated to be 2-3 kilometers thick. A concealed basal
section is estimated from geophysical evidence to be 1.8-3.5
kilometers thick (Behrendt et al. 1974). The total thickness of
layered rock thus may be as much as 8-9 kilometers, which is
also comparable with the Bushveld Complex.

Inclusions, mostly xenoliths of recrystallized country rock
but including autoliths of gabbro and other rock related to the
intrusion, occur at a wide variety of stratigraphic levels. The
inclusions generally occur in trains sharply aligned in the plane
of layering. The xenoliths consist of lithologically varied
hornfelses and calc-silicate rock commonly containing pale
green garnet. The calc-silicate rock xenoliths were probably
derived from the Cambrian Nelson Limestone which is exposed
in the nearby Neptune and Argentina Ranges (Schmidt,
Williams, and Nelson 1978). The Nelson Limestone locally con-
tains argillaceous and silty impurities needed for caic-silicate
mineral crystallization. The subject of this report is an unusual
composite inclusion of gabbro and calc-silicate rock, sample
65F38D collected by W. W. Boyd, Jr. in 1965 from about 260
meters stratigraphic height in the Dufek Massif section. The
inclusion is tabular in shape (1.5 meters long by 30 centimeters
wide) and oriented parallel to the cumulate layering of the host
rock, a plagioclase-inverted pigeonite-augite cumulate. The in-
clusion is unusual because of its composite nature and, par-
ticularly, because of the presence of olivine in the gabbro part—
a mineral not found as a cumulus phase in the Dufek Massif
section and only rarely occurring as an iron-rich variety (Fa 95) in
the higher part of the Forrestal Range section (Himmelberg and
Ford 1976).

The calc-silicate rock part of the inclusion consists domi-
nantly of clinopyroxene and spinel with minor calcite, vesu-
vianite, epidote, and chlorite. The clinopyroxene is fassaite,
characterized by high concentrations of calcium oxide (CaO) (25
percent) and aluminum oxide (All-03) (10 percent) (table 1). This
mineral assemblage is not uncommon in metamorphosed car-
bonates (Deer, Howie, and Zussman 1978), and similar ones
have been reported in metamorphosed carbonate xenoliths in
the eastern Bushveld Complex (Willemse and Bensch 1964).

The gabbro part of the inclusion consists of augite,
orthopyroxene, olivine, and plagioclase, with minor secondary
actinolite and chlorite. A trace of quartz in irregular blebs is
also present. The olivine composition is F0 59; the ratio

100 X magnesium termed the magnesium
magnesium + iron + manganese,
(Mg) value, is 62 for orthopyroxene and 69 for augite; and
plagioclase composition is An 65 (table 2).

Cumulus minerals in the immediate host rock of the inclusion
were not analyzed in this study, but compositions of cumulus
pigeonite and augite (Mg values of 64 and 68, respectively) and
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Table 1. Chemical composition and structural formula of fassaite and spinel in the calc-silicate part of a composite inclusion In the
Dufek Intrusion

Chemical composition

Fassite	 Spinel

Si02	47.0	 Al203	62.1
Al 203	10.0	 h02	0.07
Ti02	0.8	 Cr203	-
Cr203	_a	 Fe203C	3.41
FeOb	6.02	 FeO	20.5
MnO	0.15	 MnO	0.74
MgO	12.1	 MgO	13
CaO	25.0	 Sum	100.42
Na20	0.02
Sum	101.09

a"—"denotes 'not detected."
bTotal iron as FeO.
'Total iron determined and Fe 203 and FeO calculated from stoichiometry.

cumulus plagioclase (An63) in a gabbroic cumulate about 30
meters above the inclusion locality (sample 40Fa in Abel, Him-
melberg, and Ford 1979; Himmelberg and Ford 1976) are similar
to mineral compositions in the inclusion gabbro. Showing iron
enrichment in pyroxenes and albite enrichment in plagioclase,
the minerals of the inclusion gabbro are geochemically more
evolved than cumulus orthopyroxene (Mg value of 71), augite
(Mg value of 76), and plagioclase (An 78) in a thin gabbroic layer
in the Walker Anorthosite about 200 meters below the inclusion
locality (sample 193Fc in Abel, Himmelberg, and Ford 1979;
Himmelberg and Ford 1976).

Our study of inclusions in the Dufek Intrusion is just begin-
ning. Many more of the numerous ones sampled need to be
examined for evidence related to possible interpretations of the
one described here, which we tentatively believe may be a piece
of the contact zone of gabbro with recrystallized carbonate
country rock, perhaps broken from the wall of the concealed
basal section or from a feeder conduit and transported by the
magma from which the host rock crystallized. If correct, impor-
tant implications of this interpretation would be that olivine is a
member of the mineral crystallization sequence of the Dufek
magma and that, accordingly, olivine-bearing mafic and possi-
bly ultramafic cumulate units may occur in some part of the
concealed basal section of the intrusion. Geophysical data also
suggest the presence of ultramafic rock in this part of the body
(Behrendt et al. 1974). Based on the first (lowest) occurrence of
cumulus pigeonite as a correlation marker (Ford, this issue), the
exposed parts of the layered sequence are stratigraphically com-
parable to the upper one-half to two-thirds of the Bushveld
Complex and thus are above the equivalent height at which
magnesian olivine disappears as a cumulus phase in its layered
sequence.

If the inclusion gabbro indeed represents a contact zone, its
compositional similarity with the host gabbro requires explana-
tion. Possibly, the inclusion was rafted laterally from a contact
position where the stage of chemical evolution was the same, or
it was transported from depth, in which case the similarity in
mineral chemistry could be explained by a reversal in fractiona-

Cations per formula unit

Fassite	 Spinel

Si	1.731	 Al	15.432
Al"'	0.269	 Ti	0.011
IT	2.000	 Cr	-
AM	0.165	 Fe 3 '	0.541
Ti	0.022	 1	15.983
Cr	-	 Fe2	3.617
Fe	0.185	 Mn	0.132
Mn	0.005	 Mg	4.270
Mg	0.664	 8.019
Ca	0.987
Na	0.001

2.029

tion trend or presence of a thick sequence of similar chemistry,
such as are known in exposed parts of the intrusion (Abel,
Himmelberg, and Ford 1979; Himmelberg and Ford 1976, 1977).
Thus the inclusion gabbro may have originated from a contact-
zone source somewhere below the height of the inclusion lo-
cality. An alternate explanation for the evolved nature of the
inclusion gabbro might be that an evolved chemistry is a charac-
teristic feature of the Dufek contact gabbros. Chemically
evolved gabbroic contact rocks are documented for the La Per-
ouse layered gabbro, Alaska (Loney and Himmelberg in press)
and the Stillwater Complex, Montana (Raedeke 1982), where
they are attributed to metasomatic contamination with country
rocks, a process that might explain the presence of minor quartz
in the Dufek inclusion gabbro. A contamination mechanism
seems to be required to produce the upward increase in initial
strontium-87/strontium-86 values in the Dufek's layered se-
quence found in a preliminary survey by Hedge (personal com-
munication). At the only exposure of the contact, in the south-
ern Forrestal Range, highly evolved, iron-rich, magnetite-
bearing noncumulus fine-grained gabbro is in contact with the
Devonian Dover Sandstone, lying between the Dover and an
upper part of the layered sequence of cumulates (Ford 1970).
The cumulates at this stratigraphic height are also iron rich and
contain abundant iron-titanium oxide minerals (Himmelberg
and Ford 1977). It is difficult to conceive how metasomatic
contamination by the Dover Sandstone, a white, nearly pure
quartzose rock, or other Paleozoic formations nearby (Ford et al
1978) might have produced such iron enrichment in the contact
gabbro. At this locality a more likely mechanism would be the
chilling of the iron-enriched differentiated magma from which
the nearby layered cumulate sequence crystallized (Ford 1979).

If some cognate inclusions, such as the olivine-gabbro auto-
lith of this report, are fragments of contact gabbro that crys-
tallized from magma that produced the layered sequence, their
study can provide important mineralogical and chemical data
on the evolution of the magma during its differentiation.
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Table 2. Chemical composition and structural formula minerals in the gabbro part of a composite Inclusion in the Dufek Intrusion

Chemical composition

Plagioclase

Si02	50.5
Al 203	30.4
CaO	13.6
Na20	3.81
K20
Sum	98.72

Olivine	 Ortho-
pyroxene

Si	 1.002	 Si	 1.972
Fe	 0.811	 Al'	 0.028
Mn	 0.014	 IT	 2.000
Mg	 1.166	 Alvi	 0.001
Ni	 0.002	 Ti	 0.013
Ca	 0.004	 Cr	 -

Cations	2.999	 Fe	 0.715
100 x Mg	586	

Mn	 0.014
(Mg + Fe + Mn)	 Mg	 1.175

Ca	 0.080
Na	 0.001
Im	 1.999

lOOxMg	617
(Mg + Fe + Mn)
Mg	 59.6
Fe	 36.3
Ca	 4.1

alotal iron as FeO.
b"-"denotes not detected."

Augite	 Plagioclase

Si	 1.962	 Si	 9.327
Al ly	 0.038	 Al	6.617

2.000	 Ca	2.691
Al"	 0.030	 Na	1.364
Ti	 0.011	 K	 0.097
Cr	 0.002	 Y.Cations	20.096
Fe	 0.374	 Or	2.3
Mn	 0.009	 Ab	32.8
Mg	 0.854	 An	64.8
Ca	 0.706
Na	 0.011
Im	 1.997

100 x Mg	690(Mg + Fe + Mn)
Mg	 44.2
Fe	 19.3
Ca	 26.5
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Minor-metal reconnaissance survey
related to possible resources in the

Dufek Intrusion
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approaches that of South Africa's resource-rich (von
Gruenewaldt 1977) Bushveld Complex makes this speculation
even more attractive.

As part of a continuing petrologic study (with C. R. Him-
melberg of the University of Missouri), a reconnaissance geo-
chemical survey of minor metals of possible resource interest
(table) has been made, including the platinum-group elements
(PGE) platinum (Pt), palladium (Pd), and rhodium (Rh) that are
not shown averaged in the table because of the many results
below limits of determination—Pt, 10 parts per billion (ppb);

The geology of the Dufek Intrusion (82°30'S 50°W), a differen-
tiated layered mafic igneous complex of Jurassic age in the
northern Pensacola Mountains (Ford 1976), was studied by U.S.
Geological Survey field parties in the 1965-1966, 1976-1977, and
1978-1979 summers. Of a total 8-9 kilometers estimated thick-
ness, about 1.8 kilometer of a lower (but not the lowest) part is
exposed in Dufek Massif (Ford, Schmidt, and Boyd 1978) and
about 1.7 kilometer of the highest part is exposed in the For-
restal Range (Ford et al. 1978). Major unexposed stratigraphic
parts are a 1.8-3.5-kilometer-thick basal part beneath the Dufek
Massif section and a 2-3-kilometer-thick interval beneath Sallee
Snowfield between the two exposed sections. Preliminary pet-
rologic studies [including electron microprobe analysis of the
chief cumulus minerals, plagioclase (Abel, Himmelberg, and
Ford 1979), calcium-rich and calcium-poor pyroxenes (Him-
melberg and Ford 1976), and iron-titanium oxides (Himmelberg
and Ford 1977)] show compositions and variations approximat-
ing those at inferred equivalent intervals in other complexes of
this type. Characteristic chemical trends are enrichment of iron
in pyroxenes and of albite in plagioclase with increasing strati-
graphic height. In exposed parts, conspicuous mineralogical
differences from other differentiated complexes are the absence
of cumulus chromite and magnesian olivine. Aughenbaugh's
(1961) reported occurrences of the minerals are probably in
xenoliths (see Himmelberg and Ford this issue). Cumulus oc-
currences of the minerals may exist at depth, however, as pe-
trologic comparisons with other complexes, including use of
cumulus arrival of pigeonite as a correlation marker, suggest
that the Dufek Massif section lies above analogous sections
containing them in the other complexes (figure 1).

Mafic layered intrusions are well known for their variety of
economically significant metal deposits generally in lower strat-
igraphic parts and associated with early crystallized mafic and
ultramafic cumulates (Wilson 1969). The Dufek Intrusion ac-
cordingly has attracted considerable speculation on its possible
resources (Lovering and Prescott 1979; Runnells 1970; Zum-
berge 1979; among many others). Behrendt's et al. (1980) deter-
mination that its size (in excess of 50,000 square kilometers)
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Figure 1. Possible stratigraphic comparison between lower parts of
the Bushveld and Dufek Intrusions. Modified from Ford et al. (in
press). Bushveld from Wager and Brown (1967). A and B show
Behrendt's et al. (1974) estimated limits (1.8-3.5 kilometers) for
thickness of the concealed basal section of the Dufek Intrusion.
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