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Abstract

The Dufek intrusion is a stratiform mafic body 8 to 9 km thick underlying 24,000 to 34,000
km2 in the Pensacola Mountains, Antarctica. Textures, structures, magmatic stratigraphy,
and chemical variation indicate that layered gabbros and related rocks ofthis body developed
by crystal accumulation on a magma chamber floor. Major cumulus phases in the exposed
part of the intrusion are plagioclase, Ca-rich pyroxene, Ca-poor pyroxene, and iron-titanium
oxide minerals. Modal amounts of cumulus oxide minerals, ferrian ilmenite and titaniferous
magnetite, generally range from 2 to 12 percent.

Existing textures and compositions of the oxide minerals largely reflect subsolidus recrys-
tallization and equilibration. Nevertheless, the amounts of vanadium and aluminum in
ilmeno-magnetite are reliable indicators of fractionation trends in the magma during crystalli-
zation of the oxide minerals. Application of experimental T-f(Or)-X relations suggests that,

for most of the intrusion with cumulus iron-titanium oxide minerals, conditions of crystalliza-
tion and cooling were close to the conditions ol the quartz-fayalite-magnetite buffer essen-
tially parallel to ilmenite isopleths. An oxygen fugacity of l0-r0 I bar is inferred for primary

crystall ization at 1090'C.

Introduction

The Dufek intrusion is a stratiform body of mafic
rock that makes up nearly the entire northern third of
the Pensacola Mountains (Fig. 1). Structure, rock
textures, and the relation of whole rock and cumulus
mineral chemistry to magmatic stratigraphy indicate
that the rocks developed by accumulation of crystals
on the floor of a magma chamber. This study is a part
of a continuing, detailed investigation of the miner-
alogy of the rock units and the chemical variation of
individual mineral phases, in order better to under-
stand the conditions of differentiation and cooling of
the complex. In this report we are specifically con-
cerned with the distribution, chemical variations,
fractionation trends, and conditions of primary crys-
tallization and subsolidus recrystallization of the cu-
mulus oxide minerals. (Following the usage of Bud-
dington and Lindsley, 1964, the term 'oxide minerals'
as used in this paper refers to opaque minerals in the
system FeO-FerOa-TiOr). Preliminary results of this
study were reported in an earlier article (Himmelberg
and Ford. 1975).

General features of the Dufek intrusion

The geologic setting and major features of the Du-
fek intrusion have been discussed in detail by Ford
and Boyd (1968), Ford (1970, 1976), and Himmel-
berg and Ford (1976), and only a brief summary of
those features relevant to this study is given here. The
layered cumulates are exposed in two partial, non-
overlapping stratigraphic sections (Fig. 1). The
lowermost 1.8 km of exposed rocks make up the
Dufek Massif section. The upper exposed section, the
Forrestal Range section, is approximately 1.7 km
thick and contains at its top a 300 m thick concordant
layer of granophyre. The total thickness is not di-
rectly known because two parts ofthe body, the basal
section and an intermediate section between the two
ranges, are not exposed. The intermediate section is
estimated to be 2-3 km thick (Ford, 1976), and
geophysical evidence suggests that the basal section is
1.8-3.5 km thick (Behrendt et al . ,1974, p. l4).  Thus
the total thickness of layered rocks may be as much
as 8-9 km. Geophysical reconnaissance surveys (Beh-
rendt et al., 1974) indicate that the body underlies a
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Fig. l. Index map showing extent of the Dufek intrusion in the Pensacola Mountains. Heavy dashed line marks contact of gabbro on
north with Permian and other sedimentary rocks to the south. Stippled areas show major outcrops. Crests of major rock and ice
escarpments are shown by hachured lines.

region of at least 24,000 to 34,000 km2; hence it is one
of the world's largest known stratiform complexes.

Distribution of cumulus phases is shown in Figure
2 relative to a generalized columnar section and prin-
cipal rock stratigraphic units. The columnar section
is a composite of 2l measured sections. Plagioclase,
calcium-rich pyroxene, calcium-poor pyroxene, and
oxide minerals are the major cumulus phases. The
dominant rock type is plagioclase-pyroxene cumu-
late, with cumulus oxide minerals abundant in the
Forrestal Range section. Layers of plagioclase cumu-
late are less abundant. Some thin layers that consist
of virtually a single cumulus phase grade upward into
cumulates of gabbroic composition.

The rocks show an overall enrichment in iron rela-
tive to magnesium upward through the sequence
(Ford, 1970). Amounts of total iron, titanium, va-

nadium, and oxide minerals increase upward through
the layered sequence. Calcium-poor pyroxenes in the
series bronzite-inverted pigeonite range upward from
Cas.rMg.r.rFazz.a to Carl.aMgso.oFeur.e. Calcium-rich
pyroxenes in the series augite-ferroaugite trend up-
ward from Ca3..nMgn6.7F€u.e to Caso.oMg2s.oF€n..u
(Himmelberg and Ford, 1976).

Distribution and petrography of the oxide minerals

Oxide minerals first occur as cumulus phases ap-
proximately 200 m from the top of the Dufek Massif
section (Fig. 2). Except in layers of plagioclase cumu-
late, cumulus oxide minerals continue upward
through the gabbro of the Forrestal Range section.
Proportions of cumulus oxide minerals typically
range from 2 percent to 8-12 percent by volume
(Table I ), with some thin layers of nearly 100 percent
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Fig. 2. Generalized composite columnar section and major rock-stratigraphic units of the Dufek intrusion, showing sampled locations'

Stratigraphic distribution of cumulus minerals shown by solid lines; postcumulus minerals and, in granophyre, noncumulus minerals

shown by broken lines. Pig+ denotes the lowest occurrence of cumulus inverted pigeonite. Pl, plagioclase; Kf, potassium feldspar; Qz,
quartz; Ol, olivine; Ca-px, calcium-poor pyroxene; Ca+px, calcium-rich pyroxene; Ox, iron-titanium oxides; Ap, apatite' From

Himmelberg and Ford (1976). Rock-stratigraphic nomenclature from Ford (1976).
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oxide minerals. Oxide minerals are also ubiquitous
minor constituents in the noncumulate granophyre
layer. Below the first occurrence of cumulus oxide
minerals and in the plagioclase cumulate layers, oxide
minerals occur as rare postcumulus grains.

The terminology used to describe the oxide miner-
als follows the usage of Buddington and others (1963)
and Anderson (1968):

Titaniferous magnetite: an optically homogeneous

Fe-Ti spinel phase having an oxide stoichiometry
approximately RsOr.

Ferrian ilmenite: an optically homogeneous Fe-Ti
rhombohedral phase having an oxide stoichiometry
of about RrO, with FezOs less than 50 mole percent.

Ilmeno-magnetite: A regular intergrowth of ferrian
ilmenite lamellae in a titaniferous magnetite host.

The oxide minerals generally occur as a titani-
ferous magnetite host with ferrian ilmenite lamellae
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petrographic data for analyzed samples

Seple
No, Helght - 2

LOCataon
3

L lEno ro  gy

lltnight" 
are styqtigrqphic heights in neteta nereured or

e,timqted aboue the base of each anposite secti@.
zFR, 

Forrestal Rmge; DM, Dafek M6sif. Locqli.ti,es a"e of tApe
o? refe?ence sect i@s giuen in Fo"d (1976),

'Cwlre 
mineyals indicated in order of decreasing abundmce:

pL, pLagioclase; qg, augite; fag, feftodqite; pig, pigenite
(nm.inuerted ta orthopyyosene); ou, ocide wLnerals; dp, dpatite,

=Volme 
pereent; detemined by point comting of Large rcck

slabs md (or) thin eeet ions.

parallel to {l I l} ( i lmeno-magnetite), intergrown with
a coarse, irregular, optically homogeneous ferrian
ilmenite to form a composite i lmeno-magnet-
ite-ferrian i lmenite grain (Fig. 3). The amounts, size,
and spacing of ferrian i lmenite lamellae in titani-
ferous magnetite host vary from sample to sample.
Ferrian i lmenite also occurs as discrete grains dis-
persed amongst the sil icates, but such grains are not
abundant and were not observed in all samples. Ex-
solution lamellae were not observed within the fer-
rian i lmenite.

Buddington and Lindsley (1964) proposed that in-
creasing degrees of oxidation and diffusion result in a
systematic series of oxide mineral textures ranging
from a single-phase, homogeneous titaniferous mag-
netite, through ferrian i lmenite lamellae in a titani-
ferous magnetite host, to composite grains of ferrian
ilmenite and titaniferous magnetite that formed by
granule 'exsolution.' Consistent with the above pro-
posal we interpret the textures of the Dufek oxide
minerals to reflect different generations of titani-
ferous magnetite and ferrian i lmenite, as follows:

Stage I: magmatic crystallization of a homo-
geneous titaniferous magnetite and, for those samples
with discrete i lmenite grains, a coexisting ferrian i l-
menite.

Stage II: subsolidus granule 'exsolution' of the
primary titaniferous magnetite to form composite
grains of titaniferous magnetite (of lower ulvospinel
content than the primary grains) and ferrian ilmenite.

Stage III: subsolidus 'exsolution' of Stage II titani-
ferous magnetite forming ferrian ilmenite lamellae in
a titaniferous magnetite host. Diffusion rates, and
hence in most cases temperature, would be greater for
Stage II than for Stage III (Buddington and Lindsley,
1964). No titaniferous magnetite of Stage I or Stage
II is preserved, but ferrian ilmenite of all three stages
is present.

Chemistry of the oxide minerals

Analytical procedures

Oxide minerals from l8 samples containing pre-
viously analyzed pyroxenes (Himmelberg and Ford,
1976) were analyzed with an ARL EMX-SM electron

Fig. 3. Representative texture of cumulus iron-titanium oxide
minerals in the Dufek intrusion. Ilmeno-magnetite, consisting of
ferrian ilmenite lamellae parallel to {l I l} in a titaniferous magnet-
ite host, forms a composite grain with coarse, irregular ferrian
i lmeni te.  Length of  scale bar is  0.1 mm. Sample 74Fa:
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microprobe. Natural ferrian ilmenite, titaniferous
magnetite, and chromite of known composition were
used as standards. Corrections were made for back-
ground, mass absorption, secondary fluorescence,
and atomic number. Iron was determined as total
iron, and the amounts of FerO, and FeO were calcu-
lated from stoichiometric considerations using the
procedures outlined by Carmichael (1967). Carmi-
chael's method was also used to calculate the propor-
tion of TiFezOo in titaniferous magnetite and of RzOg
in ferrian ilmenite.

An electron beam of approximately I pm diameter
was used to analyze titaniferous magnetite host and
ferrian ilmenite. Ilmeno-magnetite was analyzed by
step traversing with a beam of 25 p.m diameter to
obtain an approximate bulk composition of the host
titaniferous magnetite plus ilmenite lamellae. Analy-
ses of those samples for which the most complete
data were obtained relative to determining the condi-
tions of formation are presented in Tables 2 through
4. Analyses of titaniferous magnetite host and ferrian
ilmenite of composite grains for other samples are
available upon request.

Titaniferous magnetite host

For each sample, analyses were made at five to
seven points on each of two or three grains. Points
within a single grain commonly show a range in
composition of l0 to l5 and in some cases as much as
25 mole percent TiFerOr. The largest ranges in com-
position are associated with samples having abun-
dant fine ferrian ilmenite lamellae difficult to resolve
optically. Thus the apparent inhomogeneity may be
in part a result of analyzing two unmixed phases
rather than a single spinel phase, and any definitive
statement of homogeneity of the titaniferous magne-
tite host is precluded. The range in composition for
all samples is approximately from 5 to 50 mole per-
cent TiFerOn.

In Table 2, analyses of titaniferous magnetite host
are given for three samples in which ferrian ilmenite
lamellae were also analyzed. Those analyses identi-
fied by a superscript on the sample number are for
points adjacent to (within 2 pm) the ferrian ilmenite
lamella with the same superscript. Analyses of titani-
ferous magnetite more removed from ferrian ilmenite
lamellae have no superscript on the sample number.
Although no systematic study of zoning across
boundaries between titaniferous magnetite and fer-
rian ilmenite lamellae was made, points adjacent to
ilmenite lamellae show a depletion in titanium and an
increase in iron relative to the more general titani-

ferous magnetite host compositions (Table 2, Sample

74Fa). Mathison (1975) demonstrated a similar pat-

tern in the titaniferous magnetite host from the Som-

erset Dam layered intrusion, Australia.

Ferrian ilmenite

Individual ferrian i lmenite grains and lamellae are

chemically homogeneous, and the proportion of

RrO, for all samples ranges from 0. I to 5.8 mole

percent.
Mathison (1975), in his study of the Somerset Dam

intrusion, documented consistent compositional dif-

ferences between discrete ferrian ilmenite grains,

which he called primary i lmenite, and ilmenite la-

mellae and intergrowths with titaniferous magnetite,

which he termed secondary i lmenite. In almost all

cases the secondary ferrian i lmenite contained less

RrO, than the primary grains from the same sample.

In the Dufek intrusion, discrete grains of ferrian

ilmenite are not abundant, but in the two samples

where comparisons were made (74Fa and l7lFa,

Table 3 and 4) there are no significant differences in

RzOe between discrete grains and coarse intergrowths
with i lmeno-magnetite. On the other hand, some fer-

rian i lmenite lamellae do have less RrO, than the

coarse composite grains (Tables 2 and 3).In addition

different ferrian ilmenite lamellae, even within the

same host grain, may have different R2O3 contents.

For sample 74Fa the manganese content is succes-

sively greater in discrete ferrian ilmenite, ferrian

ilmenite of composite grains, and ferrian i lmenite

lamellae in titaniferous magnetite host (Tables 2

through 4). Sample lTlFa shows no significant differ-

ence in manganese content between discrete and com-
posite ferrian i lmenite grains, but the manganese con-

tent is greater in the ferrian ilmenite lamellae. Similar

distribution of manganese has been reported by Neu-

mann (1974) and Mathison (1975). Lindsley (1976,

written communication) demonstrated that the in-

creasing manganese values are consistent with the

experimentally-determined distribution of MnO be-

tween magnetite and ilmenite with decreasing tem-
perature. In general, when compared to titaniferous

magnetite host, ferrian i lmenite contains more man-
ganese and less aluminum, vanadium, and chro-

mium.

Ilmeno-magnetitite

Bulk analyses of t itaniferous magnetite host plus

ferrian i lmenite lamellae are given in Table 3. Each

tabulated analysis is an average of 2 or 3 grains. The

difference in amounts of individual oxides between
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Table 2. Analyses of host titaniferous magnetite and ferrian ilmenite lamellae of the Dufek intrusion

Uagnetlte 74Fa 74taL 74ta2 74ta3 U  r ! a lo4Fal t54Fa2 154Fa3 154Fa4 t54Fa5

si02

T102

A1203

Crr 01

n 
"2r3

Fe0

!h0

Mgo

Ca0

Total

t.io].e 7
Ulvosplnel

0 . 5 5  0 . 5 5

5 . 4 2  1 . 0 5

2 . L 7  L . 2 6

0 . 6 4  0 , 4 7

52.8 53.4

35 .9  32 ,5

0 . 2 7  0 . 0 9

0 . 2 0  0 . 0 5

0 .11  0 .11

9 8 . 1  9 9 . 5

1 7  C  (  t

0 . 5 6  0 . 5 5

1 . 6 1  1 . 6 1

2 . L 7  2 . L 7

o . 5 2  0 . 5 3

6L.9 59.3

33.4 34.4

0 .20  0 .20

0 .03  0 .09

0 . 1 1  0 . 1 1

100 .5  100 .2

5 . 7  1 0 . 3

0 . 6 1  0 . 5 7

9 , 4 2  7 . 3 9

0 . 8 5  0 . 9 5

o .o2  0 .02

49 .3  53 .3

40 ,7  38 .9

0 . 4 2  0 . 3 0

0 . 0 5  0 . 0 5

101 .3  101 .5

2 8 . 1  2 2 . 9

0 . 6 5  0 . 6 6

1 0 . 8  1 1 . 3

0 . 6 7  1 , 0 9

0 .01

47.0 45.L

42,L 42.8

0 . 4 0  0 . 4 5

o .o2

0 .05  0 .05

101.7 L02.5

32.7 33.7

0 . 4 5

1 0 . 3

L . 8 7

0 .05

+ o .  I

40.9

0 . 2 8

0 .34

0 . 2 3

101. 1

30 .5

0 . 7 1

9 , 4 4

o ,o2

5 0 . 0

4 0 . 8

0 . 4 3

0 .01

0.04

rur.  o

29.2

I lnenlte 74paL 74Fa2 74ta3 74ta4 74Fe5 t71Fs1 t71Fa2 u1Fe3 L64ELL L64Ea2 164Fa3 1d4Fa4 164Fa5

s102

TL02

flzo3

UT^U^
*  z J
F zo3
IEU

!&l0

!'s0

Ca0

Total

U o l e Z R 0

lroc 2 3

-log f^
"2

0 . 5 8  0 . 5 8

49.5 49,5

0 . 4 3  0 . 4 8

0 . 4 7  0 . 2 4

4 . 8 5  5 . 2 0

42.6 42,3

2 . L 7  2 . 2 4

0 , L 2  0 . 2 5

0.  13 0.  r .3

l -00.9 100.9

) . t  J . 6

<600 <600

<20 <20

0 . 5 8  0 . 5 8

49 ,O  s0 .8

0 . 3 3  0 . L 2

0 . 1 0  0 . 1 0

4 . 3 5  3 . 0 1

4 2 . 7  4 3 .  s

L . 7 5  2 . 6 3

0 . 0 8  0 . 0 3

0 .13  0 .13

99 .0  100 .9

4 , 8  3 . 1

590

20.3

0 . 5 8  0 , 5 2

50 .3  52 .3

0 . 0 7  0 . 0 5

0 .08

3 . 5 0  0 . 7 3

43.2 46,3

2 . 4 9  0 . 8 2

0 . 0 5  0 . 1 1

0 . 1 3  0 , 2 2

100 .4  101 .1

3 . 5  0 . 8

0 . 5 7  0 . 7 5

5 0 . 9  5 1 . 5

0 .1 .8  0 .03

0 .04

2 .06  L .62

45.2 45,7

o , 7 3  0 . 8 1

0 . 1 1  0 . 2 2

o . z L  0 , 2 3

r00 .0  101 .1

2 . 3  I  . 5

0 . 5 8  0 . 5 5  0 . 5 9

50 .4  50 ,2  49 .8

0 . 1 3  0 . 2 0  0 . 0 5

4 . 1 1  3 . 6 5  4 . 2 6

44.0 43.7 43.7

1 . 8 4  1 . 9 8  L . 6 9

0 . 0 2  0 . 0 3

0 .09  0 .06  0 .04

101 .2  100 .4  100 .1

4 . 0  3 . 7  4 . L

580 550 710

L8.2 19.0 L7.5

0 . 5 9  0 . 6 9

5 0 . 1  5 0 , 8

0 .08  0 .07

3 . 7 7  3 . 0 6

43 .2  44 .2

2 . 4 0  z . L L

0 . 0 3

0 .05  0 .08

100 .2  101 .1

3 . 7  3 . 0

710 680

L7 .5  18 .8

"Iotol ioo, um detemined od the dnowta of Fer|, otd. Fe\ de?e calculated wirq the nethod. of candchael (J.962).

frenpenatt*ee and orygen fwaeLties ueve deterrnined fnan the,-for-r data of BuddinTton ozd Lindsley (1964),

, 
1',2' 3 

"to'rndiuiduoL point onlyeie 9f ferrian thnenite T,aneLLa md titani.fetous na4netite lost afrjacent to the
l'anella. sanpLe nwnbera tlthout supbrscrip* ate for pointe nenotsed fnan Lonellae.

--, not deteeted.

grains of the same specimen is less than 5 percent of
the amount of the oxide present. Although there are
some inconsistencies in the amounts of minor ele-
ments, the bulk analyses should at least approximate
the average composition of the ilmeno-magnetite and
hence approximate the composition of the titani-
ferous magnetite that formed by granule.exsolution'
of Stage II.

Fractionation trends of the oxide minerals
The compositional change with stratigraphic

height of the cumulus pyroxenes (Himmelberg and

Ford, 1976) and bulk rock mafic index [100
(FeO+FeOg)/(FeO+FeOr+MgO)l (Ford, 1970) is
one of general enrichment in iron. Exceptions to this
trend are: (l) a I km thick section in the lower part
of the body that shows slight to no iron-enrichment,
and (2) a marked reversal in the Fel(Fe*Mg) ratio
at about the 600-700 m level in the Forrestal Range
section. These deviations from the general trend are
associated with parts of the column showing an
abundance of meter-scale, mineral-graded layers.
Such layers are believed to be related to convection,
and therefore the variations may be the result of
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Table 3. Analyses of ilmeno-magnetite and ferrian ilmenite of
composite grains of the Dufek intrusion

Ilreno-
l4agnetl te 266Fa 79Fa 74Fa 86Fa 310Fa 171Fa 161Fa 164Fa

trend. The results suggest that the distribution of
VrO, and AlrOs has been little affected by subsolidus
reequilibration. Because of strong partitioning of
AlrOg and VzO, into the spinel phase, the titaniferous
magnetite host should show the same variation with
stratigraphic height as the ilmeno-magnetite. How-
ever, variations in titaniferous magnetite host compo-
sitions are easily obscured by perturbations resulting
from including different amounts of ferrian ilmenite
lamellae in individual analyses. This complexity is
eliminated by using the bulk ilmeno-magnetite com-
positions. Similar variation of iron-titanium oxides

Table 4. Calculated composition of titaniferous magnetite* and

analyses of discrete ferrian ilmenite of the Dufek intrusion

Magneti te I71Fa

Ti02

A1203

v2o:
*Fe^o^

z l

feu

Mno

l{g0

IOEAI

Itole Z
Ulvoaplnel

1 1 . 1  1 5 , 0

2 , 2 9  1 . 7 0

2 . 2 L  1 . 5 7

4r ,9  37 ,9

4 0 . 5  4 4 . 7

0 . 3 0  0 , 3 0

0 . 3 5  0 , 5 8

9 8 , 6  1 0 1 . 7

3r .7  41 .5

1 5 . 0  1 3 . 7  1 3 . 4

1 . 5 3  1 . 5 9  2 , 2 4

n , d .  0 . 5 0  L . 2 8

3 7 . 9  4 0 . 8  3 8 . 8

44.2  43 .4  42 .9

0 . 6 5  0 . 3 4  0 . 4 2

0 . 1 3  0 . 3 3  0 . 2 2

9 9 , 4  1 0 0 . 8  9 9 . 4

42.6  38 .4  38 ,0

L4,5  t t .2  18 .8

1 . 9 1  1 . 4 0  0 . 8 0

0 . 8 2  0 .  l 1  0 .  1 5

36.9  44 .1  30 .0

43,7  40 .6  47 .6

o , 2 6  0 . 4 8  0 . 7 5

0 . 3 4  0 . 1 0  0 , 0 2

9 8 .  s  9 8 , 6  9 7  . 8

4r .7  32 .3  54 .4

I lnenlte 266Fa 79Ea 74Fa 86Fa 310F4 171Fa 151F4

s i 0 2  0 , 3 8  0 , 1 6  0 . 4 6

T lo2  50 .5  50 .0  49 .4

A 1 2 0 3  0 . 1 9  0 . 1 9  0 . 1 2

Cr2O3 0 .07

v 2 0 3  0 . 4 4  0 . 5 6  n .  d .
* r e r 0 ,  4 . 6 7  4 . 8 2  5 . 5 2

F e O  4 1 , 8  4 2 . 6  4 3 ' 1

M n o  0 , 4 8  0 . 4 3  L . 2 0
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mixing of different batches of magma within a cham-
ber.

Titanium and iron contents of the oxide minerals
are largely controlled by subsolidus recrystallization,
and thus do not show any regular variation with
stratigraphic height that can be related to differen-
tiation of the magma. However, weight percent V2Os
and AlrOa in ilmeno-magnetite do show fractionation
trends correlative with stratigraphic height (Fig. a).
The cation ration Mgl(Mg+Fe) of coexisting cal-
cium-rich pyroxenes is plotted to illustrate the gen-
eral fractionation trend of this part of the intrusion
(Fig. a).
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Fig. 4. Variation of mineral composition with stratigraphic height: (A) cation ratio Mgl(Mg*Fe) for calcium-rich pyroxene
(Himmelberg and Ford, 1976); (B) weight percent Al,O, in ilmeno-magnetite; and (C) weight percent V2O. in ilmeno-magnetite.
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with differentiation has been shown for the
Skaergaard (Vincent and Phillips, 1954) aid Somer-
set Dam intrusions (Mathison, 1975).

Crystallization conditions of the oxide minerals
Buddington and Lindsley's (1964) T-f(O2)-X re-

lations can be used to determine the conditions of
crystallization of 'magnetite'-.ilmenite' pairs, pro-
vided they crystallized in equilibrium with each other
and retained their original compositions. Application
of the Buddington and Lindsley data to .magne-
tite'-' i lmenite' pairs from yolcanic rocks has proved
to be a reliable indicator of liquidus conditions (Bud-
dington and Lindsley, 1964; Carmichael, 1967; An-
derson, 1968). Iron-titanium oxides from plutonic
rocks have invariably undergone subsolidus recrys-
tallization, and do not provide data for directly deter-
mining conditions of primary magmatic crystalliza-
tion (Buddington and Lindsley, 1964; Smith, 1970:
Mathison, 1975); instead their compositions reflect
complexities of subsolidus recrystallization, and
primarv conditions must be inferred.

The existing iron-titanium oxides in the Dufek
intrusion are interpreted to be a result of a minimum

of three stages of crystallization: Stage I-magmatic
crystallization, Stage II-granule'exsolution,' and
Stage IIl-lamellae 'exsolution.' The manganese con-
tent of successive generations of ferrian ilmenite is
consistent with the experimentally-determined distri-
bution of MnO between magnetite and ilmenite with
decreasing temperature, and suggests that each gener-
ation of ferrian ilmenite was closed and did not re-
equilibrate during later stages (Lindsley, 1976, writ-
ten communication). Thus the compositions of
discrete ferrian ilmenite (Table 4), ferrian ilmenite of
composite grains (Table 3), and ferrian ilmenite la-
mellae (Table 2) are assumed to be representative of
Stage I, Stage II, and Stage III, respectively. To apply
Buddington and Lindsley's (1964) T-f(O2)-X rela-
tions to determine the temperature and oxygen fugac-
ity conditions of each stage of crystallization, thr
composition of titaniferous magnetite that coexisted
with the ferrian ilmenite of each stage must be deter-
mined.

No primary titaniferous magnetite is preserved,
but the composition of the titaniferous magnetite
prior to any unmixing was calculated for two sam-
ples. Modal proportions of titaniferous magnetite
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host, ferrian ilmenite lamellae, and ferrian ilmenite of
composite grains were determined by point counting
on all oxide mineral grains in each sample. The
modal data, converted to weight percent, were com-
bined with the average composition of each of the
above iron-titanium oxide minerals to yield a compo-
sition approximating that of the titaniferous magnet-
ite before the beginning of 'exsolution.' By this
method values of 64.4 mole percent TiFezOn (sample
74Fa) and 57.9 mole percent TiFerOn (sample lTlFa)
were obtained (Table 4). An alternate calculation
using the compositions and modal proportions of
ilmeno-magnetite and ferrian ilmenite of composite
grains yielded similar values of 60.6 and 58.0 mole
percent TiFerOr for these samples. The calculated
compositions of titaniferous magnetite paired with
the compositions of discrete ferrian ilmenite yield
temperature and oxygen fugacity values of 960oC,
l0-1l 'e bar and 890oC, 10-13'2 bar.

These temperatures are obviously too low to repre-
sent conditions on the liquidus, and cannot be attrib-
uted to inaccuracies in the modal data. The composi-
tion of the primary titaniferous magnetite of sample
74Fa is estimated to have been about 77 mole percent
TiFerOr (see below); and to obtain this value by
recalculation would require a change in the modal
proportions of titaniferous magnetite host and fer-
rian ilmenite of about l8 percent. Errors expected
from point counting would only be about plus or
minus 3 percent (Plas and Tobi, 1965). Furthermore,
Mathison (1975), using a similar method, obtained
equally low temperature values for l5 samples from
the Somerset Dam intrusion. Mathison used a suf-
ficient number of samples to expect that errors in
temperature resulting from errors in modal data
would be equally distributed about the liquidus tem-
perature rather than yielding only temperature values
lower than expected for the liquidus.

Consequently we conclude that for the Dufek in-
trusion, and possibly for other mafic intrusions as
well, the primary magnetite composition cannot be
obtained by recalculation methods. After magmatic
crystallization and prior to any 'exsolution' the bulk
composition of the titaniferous magnetite was appar-
ently enriched in iron, possibly by reaction with the
intercumulus liquid. The composition of the discrete
ferrian ilmenite may also have been modified after
magmatic crystallization, but it is believed that cool-
ing of the Dufek intrusion was along ilmenite iso-
pleths, so any change in major constituents of the
discrete ferrian ilmenite was probably small.

Probably the best estimate of oxygen fugacity dur-
ing magmatic crystallization is obtained for sample

74Faby combining the composition of discrete fer-
rian ilmenite (Table 4) with the temperature of crys-
tallization obtained from pyroxene geothermometry.
Pyroxene compositions (Himmelberg and Ford,
1976) and temperature-composition relations in the
system CaSiOr-MgSiOs-FeSiO3 (Ross and Huebner,
1975) yield a temperature of cumulus pyroxene crys-
tallization of approximately 1090'C. Assuming the
cumulus iron-titanium oxides crystallized at the same
temperature, the data applied to Buddington and
Lindsley's (1964) experimental relations yield and ox-
ygen fugacity of l0-'o'1 bar at the time of crystalliza-
tion of sample 74Fa. The original titaniferous mag-
netite composition is then inferred to have been
approximately 77 mole percent TiFerOa.

All samples except l64Fa have textures indicative
of Stage II granule 'exsolution.' Compositions of
Stage II titaniferous magnetite, as approximated by
bulk analyses of ilmeno-magnetite, range from 31.7
to 42.6 mole percent TiFerOo fiable 3). These com-
positions paired with the compositions of coexisting
ferrian ilmenite of composite grains (Table 3) yield
temperature and oxygen fugacity values ranging from
790' to 730"C and l0-16'1 to l0-1?'1 bar for the condi-
tions of granule 'exsolution.'

Different ferrian ilmenite lamellae within the same
host grain may have significantly different RrOr con-
tents, and titaniferous magnetite host is chemically
inhomogeneous. Particularly, points adjacent to fer-
rian ilmenite lamellae are depleted in titanium and
enriched in iron relative to points more removed
from the lamellae. These data suggest that equilib-
rium during Stage III lamellae 'exsolution,' if ob-
iained, was local, and is best represented by the com-
positions of adjacent ferrian ilmenite lamellae and
titaniferous magnetite host (Table 2). One titani-
ferous magnetite host-ferrian ilmenite lamella pair
from sample 74Fa yields a temperature of 590oC and
and oxygen fugacity of l0-20'3 bar. Two other pairs
from the same sample do not yield precise values, but
indicate temperature and oxygen fugacity values less
than 600oC and 10-20 bar. For sample l64Fa temper-
ature and oxygen fugacity values range from 710' to
650'C and l0-1?'5 to 10-1e'0 bar.  Al though the data
are few, they suggest that if the compositions of adja-
cent host and lamellae do represent equilibrium then
lamellae 'exsolution' occurred over a range of tem-
perature and oxygen fugacity values.

The temperature and oxygen fugacity values deter-
mined for crystallization, granule 'exsolution,' and
lamellae 'exsolution' are plotted in Figure 5. Values
for most samples fall near the conditions of the QFM
(quartz-fayalite-magnetite) buffer. On the other
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lamellae, the RrO, content of successive generations
of ferrian i lmenite are similar. These data suggest
that, at least for these two samples, cooling took
place along temperature-oxygen fugacity trajectories
essentially along ferrian i lmenite isopleths. If this
model can be extrapolated to other samples, then
most of the Dufek intrusion that crystall ized cumulus
oxide minerals cooled along trajectories close to the
experimental Hemullmru isopleth.

During crystall ization and cooling of the Dufek
intrusion the inferred oxygen fugacities were lower
than those of the Somerset Dam intrusion, which plot
near the NNO (nickel-nickel oxide) experimental
buffer curve (Mathison, 1965), but were similar to
those of the Skaergaard intrusion (Buddington and
Lindsley, 1964). Possible factors causing the differ-
ence in oxygen fugacity during crystall ization and
cooling of the Dufek and Somerset Dam intrusions
include the composition of the melt (Yoder and Til-
ley, 1962; Carmichael and Nicholls, 1967), the nature
of the equil ibria between the condensed phases (Nash
and Wilkinson, 1970), and the amount of HrO pres-
ent  (Hami l ton and Anderson,  1967).

Conclusions

Although major-element contents of iron-titanium
oxide minerals are affected by subsolidus crystall iza-
tion, the amount of vanadium and aluminum in i l-
meno-magnetite can be used as reliable indicators of
the fractionation trend of the magma during crystall i-
zation. Estimates of temperattrre and oxygen fugacity
conditions during crystall ization and subsolidus
reequil ibration suggest that most of the intrusion
with cumulus iron-titanium oxide minerals cooled
along ferrian i lmenite isopleths near the conditions of
the QFM buffer. An oxygen fugacity of l0-10'1 bar at
1090'C is inferred for the Dufek magma.
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