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Secondary alteration
of iron-rich Tholeiitic rocks

of the Kirkpatrick Basalt,
northern Victoria Land

have been derived directly by crustal contamination and/or
fractional crystallization of a low-titanium parent magma.
Chemically the high-titanium rocks are extremely homoge-
neous with the exception of the more mobile elements (i.e.,
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Jurassic tholeiites with unusually high 87Sr/86Sr (strontium-
87/strontium-86) initial ratios (> 0.709) and crustal trace-ele-
ment patterns crop out in a linear belt which extends along
the Transantarctic Mountains from the Dufek Massif to Horn
Bluff and continues in Tasmania and southeastern Australia.
In northern Victoria Land the tholeiites occur as lavas (Kirk-
patrick Basalt) and sills (Ferrar Dolerite) (Elliot, Siders, and
Haban 1986). Among the lavas, two distinct magma compo-
sitions, designated the high-titanium and low-titanium units,
have been recognized (Siders and Elliot 1985) (figure 1).

The high-titanium unit occurs as the uppermost series of
flows of the lava pile, and compared to the low-titanium unit,
it is strongly evolved toward iron enrichment. Siders (1983)
has shown that the high-titanium unit is internally homoge-
neous with respect to most of the major and trace elements.
This homogeneity is attributed in part to the extremely fine
and uniform grain size of these rocks. The chemical uniformity
suggests that the various high-titanium flows may be part of
a compound flow unit (Walker 1972) formed during a single
eruptive event.

Compared to the high-titanium unit, the underlying low-
titanium flows, which make up the bulk of the lava sequence
in northern Victoria Land, are generally coarser grained, have
more variable textures, and show much greater chemical var-
iability both within and between the flows (Siders 1983). Trends
on chemical variation diagrams are compatible with fraction-
ation of plagioclase and pyroxene (Siders and Elliot 1985); how-
ever, oxygen isotope and initial strontium isotope ratios of the
low-titanium rocks are high and variable and have been in-
terpreted in terms of magma evolution by assimilation-frac-
tionation processes (Mensing et al. 1984).

The high-titanium unit has initial "Sr/"Sr ratios (0.7085-
0.7095, Elliot et al. 1984) lower than those of the underlying
low-titanium lavas (0.7098-0.7120, Mensing et al. 1984), in-
dicating that the more evolved high-titanium rocks could not
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Figure 1. Trace-element variation diagrams for lavas in northern
Victoria Land (NVL) showing the distinct chemistry of the high- and
low-titanium units and showing coherent trends among some of
the less mobile elements (chromium and titanium versus and zir-
conium) and large amount of scatter for an easily altered element
(rubidium versus zirconium).
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sodium, potassium, and rubidium) which are easily affected
by secondary alteration. Strontium and oxygen isotopes also
show variations which, considering the overall homogeneity
of the unit, suggest modification by post-magmatic processes.
On an isochron diagram the strontium isotope compositions
of 25 high-titanium whole-rock samples fall along a poorly
defined linear array with a slope equivalent to a 103 million-
year age. Fourteen magnetically separated fractions of a single
sample, however, fall along a 165-million-year array (figure 2).
The non-magnetic fractions of this sample have low rubidium/
strontium ratios and are dominated by feldspar whereas the
more magnetic fractions have high rubidium/strontium ratios
and are dominated by glassy matrix material. Oxygen isotope
analyses for eight whole rock samples show a range of 8 180
(oxygen-18/oxygen 16, per mil difference from Standard Mean
Ocean Water) from +5.8 to +8.2 and do not correlate signif -
icantly with initial 87Sr/86Sr.

The chemical and isotopic variations observed in the high-
titanium rocks are attributed largely to low temperature alter-
ation of the abundant glassy matrix which leads to redistri-
bution of the more mobile elements and exchange of oxygen.
The 103-million-year rubidium-strontium date from the whole
rock samples is interpreted to reflect mid-Cretaceous mobility of
rubidium in the originally homogeneous high-titanium rocks.
The inferred age of rubidium redistribution is coincident with a
mid-Cretaceous paleomagnetic component identified in both the
Ferrar Rocks (Delisle 1983; Delisle and Fromm 1984) and the
nearby Cambrian-Ordovician Bowers Supergroup (Schmierer and
Burmester 1986) and precedes the separation of Australia (Tas-
mania) from Antarctica in the Late Cretaceous.

The 165-million-year date from the magnetically separated
fractions approaches the generally accepted age of 180 million
years for Ferrar magmatism (Elliot, Fleck, and Sutter 1985;
Kyle, Elliot, and Sutter 1981). Rather than representing the
crystallization age of the rocks, however, the 165-million-year
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Figure 2. Isochron diagram for samples from the high-titanium unit
in northern Victoria Land. The whole rock analyses form an array
with a slope equivalent to 103 million years. A series of magnetic
separates of a single sample give an array with a slope equivalent
to 165 million years. Separates with low rubidium/strontium ratios
are dominated by plagioclase. Because of the low concentration
of rubidium and strontium in other minerals (pyroxenes and ox-
ides), the rubidium/strontium (Rb = 8-95 parts per million, Sr =
92-282 parts per million, Rb/Sr = 0.03-0.85) and 87Sr/86Sr ratios of
the magnetic separates essentially represent two component mix-
tures of feldspar and mesostasis.

date is thought to be a mixing line, resulting from varying
proportions of plagioclase and altered glassy matrix in each of
the analyzed fractions. If the concentration of rubidium in the
matrix of this sample was modified about 100 million years
ago, as inferred for some of the whole-rock samples, the 165-
million-year date would only be an artifact resulting from al-
teration.

Potassium-argon data for the Mesa Range have been inter-
preted by Elliot and Foland (1986) to indicate a 179 million year
crystallization age. Low dates (90-143 million years) from the
high-titanium and the underlying low-titanium lavas are thought
to be the result of argon loss from the poorly retentive glassy
matrix of these rocks. The young dates may reflect integration
of argon loss over the last 180 million years or an episode of
partial argon loss which may have been coincident with the
other forms of alteration observed in the rocks.

The 8 180 of the high-titanium rocks is inferred to have been
originally in the range + 5.5 to + 6.0 which is typical for mantle-
derived rocks and subsequently to have been modified by low-
temperature alteration to values up to + 8.2. Alteration must
have involved relatively oxygen-18 enriched surface waters
(compared to modern local meteoric water) and occurred at
low temperature (< 200°C); otherwise mineral-water fraction-
ation factors and initial differences in 8 180 values between
water and basalt would have been too large to produce the
observed increase in 8 180 of the basalts. The alteration is
therefore likely to have predated Late Cenozoic glacial con-
ditions in northern Victoria Land when surface waters would
have been strongly depleted in 8 180 (current value - 20, Mor-
gan, 1982). The oxygen isotope exchange could well have co-
incided with the time of rubidium redistribution and
remagnetization about 100 million years ago. A much warmer
climate has been inferred for that time (Barron 1983) and, as
a result, meteoric water in the region was likely to have been
less depleted in oxygen-18.

If the strontium- and oxygen-isotope variations in the oth-
erwise homogeneous high-titanium unit can best be explained
by secondary processes then secondary alteration may also
have contributed to the range of strontium and oxygen isotopic
compositions observed in the underlying low-titanium rocks.
Compared to the high-titanium rocks, these rocks typically
show much greater signs of alteration both macroscopically
and microscopically. The low-titanium lavas show good cor-
relations between concentrations of the less mobile elements
(i.e., titanium, yttrium, zirconium, rare-earth elements) but
large scatter when these are plotted against the more mobile
elements (sodium, potassium, rubidium, strontium) (Siders
1983). The scatter shown by the more mobile elements is con-
sidered to be the result of post-magmatic alteration (Wood,
Gibson, and Thomas 1976). Interelement correlations between
strontium and less mobile elements can be improved by elim-
ination of the most altered samples (figure 3), suggesting that
both strontium and rubidium concentrations have been changed
during the more intense alteration suffered by many of the
low-titanium rocks. Movement of radiogenic strontium may
have caused the positive correlation between strontium con-
centrations and initial strontium isotope ratios inferred by
Mensing et al. (1984) for low-titanium lavas at Solo Nunatak.
The range of initial strontium isotope ratios within single flows
at Solo Nunatak also suggest that alteration has contributed
to strontium isotopic variations in the low-titanium lavas. Ad-
ditional unpublished data for a single flow at Siders Bluff like-
wise show a range of initial strontium ratios from 0.7098 to
0.7108. The correlation between oxygen isotope and initial
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also be the cause of strontium isotopic disequilibrium reported
by Ford et al. (1986) for mineral pairs from the Dufek intrusion.
The lavas of the Ferrar Group do not show comparable per-
vasive high-temperature modification and the inferred low
temperature alteration may be largely confined to the fine grained
or glassy matrix material. The best approach for reconstructing
the original oxygen and strontium isotopic composition of Fer-
rar magmas may, therefore, be through the analysis of mineral
separates from the lavas.

Samples used in this work were collected during 1981-1982
and 1982-1983 field seasons by Marta Haban and Mary Siders
who also conducted the initial work on the chemistry of these
rocks. Field and laboratory studies have been funded by Na-
tional Science Foundation grants DPP 80-21401, DPP 83-18957,
and EAR 89-04948. We also thank CONOCO, Inc., for use of
their analytical faciities.
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Figure 3. Plot of strontium versus iron/magnesium for Ferrar rocks
from northern Victoria Land (NVL). A. All available data. B. All avail-
able data except those with loss-on-ignition (LOl) greater than 1.75
percent or with no reported LOl. (Data from Siders 1983; Haban
1984; Mensing et al., 1984; Siders and Elliot, 1985; Fleming 1986).

strontium isotope ratios in the low-titanium lavas reported by
Mensing et al. (1984) might have been produced by strontium
mobility coupled with low temperature exchange of oxygen.
The data, taken as a whole, strongly suggest that the strontium
and oxygen isotopic variations observed in the low-titanium
lavas may be more easily accounted for by secondary pro-
cesses. If this is the case, crustal contamination may have played
a smaller role in the petrogenesis of the low-titanium rocks
than previously suggested.

Data from intrusive rocks of the Australian/Antarctic mag-
matic province, which includes the Ferrar rocks in northern
Victoria Land, suggest both strontium and oxygen isotope ra-
tios have been modified by high temperature meteoric hydro-
thermal systems. Low 6 180 values which are typically produced
by these systems have been reported by Hergt et al. (1989a);
Ford, Kistler, and White (1986); and Faure, Mensing, and Kib-
ler (1988). The Tasmanian Dolerites show a weak negative
correlation between 6 180 and initial strontium isotope ratios
which suggests addition of radiogenic strontium in the more
altered samples (Hergt et al. in press a). Constant initial neo-
dymium isotope ratios in a sill at Portal Peak, which has widely
varying initial strontium isotope ratios, also suggest the stron-
tium isotope ratios have been hydrothermally altered (Hergt
et al. 1989b). High-temperature hydrothermal systems may
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Lystrosaurus Zone (Triassic)
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In addition to the new Cynognathus Zone (Late Scythian)
fossils reported from the Gordon Valley (Hammer et al. 1986;
Hammer, Ryan, and DeFauw 1987; Hammer 1988 in press) an
abundance of Lystrosaurus Zone (Early Scythian) material was
collected in the Beardmore Glacier region during the 1985-
1986 season. All of this material came from the lower member
of the Fremouw Formation rather than the upper member
which contains the younger Cynognathus Zone fossils.

Bone was collected from the lower Fremouw at Willey Point,
Lamping Peak, Coalsack Bluff, and Graphite Peak (for map
see Hammer et al. 1986). Fossils were most abundant at Coal-
sack Bluff (figure 1) and Graphite Peak (figure 2), the other
two sites yielded only four specimens of the nearly 300 that
were collected during the season from this level. Three of these
four were found in a small erosional remnant right at the cliff
edge along the Beardmore Glacier at Willey Point, while a
single specimen from Lamping Peak was found near the very
top of the peak in a limited exposure; the extensive bedding
planes lower in the section are Permian in age as evidenced
by the occurrence of Glossopteris.

For the most part, the lower Fremouw material is highly
fragmentary. At four different places on Coalsack Bluff (figure
1), where vertebrates were first discovered in 1969 (Elliot et al.
1970), bone clasts were collected from poorly sorted channel
conglomerates and sands. Although the largest pieces rarely
exceed 5 or 6 centimeters in any dimension, many of these
fragments are identifiable to genus. As might be expected,
there are numerous cranial and limb fragments of Lystrosaurus.
These include maxillary pieces, tusks, and numerous limb bones.
In addition, there are small lizard-like jaws that probably per-

Figure 1. Fossiliferous exposures at Coalsack Bluff. Fossils occur
in the light-colored, steeply dipping sediments.

tain to the Eosuchia. Labyrinthodonts are also represented,
including several extremely small mandibles that could belong
to a new lydekkerinid.

At Graphite Peak, where the first vertebrate specimen from
the Transantarctic Mountains was discovered during the aus-
tral summer of 1967-1968 (Barrett, Baillie, and Colbert 1968),
the bones occur in a green-gray silt-mudstone (figure 2). Since
this is an overbank deposit, the specimens are often larger and
less fragmentary than the Coalsack fossils; however, the ma-
terial is also less abundant. Partial to nearly complete skulls
and postcranial skeletons of Lystrosaurus were collected. These
specimens occur in extremely well-cemented silicate sediments
and complete removal of the fossils from the matrix is a dif-
ficult, time-consuming task. Fortunately, some of them are
well enough exposed on the surface that this type of prepa-
ration has not been necessary. A maxilla and partial mandible
of what appears to be Thrinaxodon or another similar cynodont
represents the only therapsid carnivore reported from Graph-
ite Peak.

Preparation of all of the vertebrate material collected during
the 1985-1986 season should be largely completed by the end
of 1989. Research on both the Lystrosaurus and Cynognathus
Zone faunas will continue beyond that date. A large enough
database now exists for the lower Fremouw material to allow
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