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Cordierite is a common metamorphic mineral in
certain high-grade gneiss and granulite terranes
(Reinhardt, 1968; Davidson and Mathison, 1974),
but it is comparatively rare in igneous rocks, being
more commonly reported from plutonic than from
volcanic environments. The occurrence of cor-
dierite and hypersthene megacrysts in silicic vol-
canic rocks of probable late Precambrian age in the
Thiel Mountains (figure) is of considerable petro-
logic interest because of recent experimental
studies (Hensen and Green, 1972; Winkler, 1974;
Green, 1976) that show cordierite to be somewhat
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refractory during partial melting of crustal rocks.
We therefore have begun a study by electron micro-
probe of cordierite and hypersthene compositions
to evaluate possible mechanisms for the origin of
this unusual mineral association in volcanic rocks
of the Thiel Mountains.

Volcanic rocks form the principal exposures in
escarpments and nunataks scattered over an area of
about 3,000 square kilometers (Ford, 1964). The
1: 1,000,000-scale geologic map of Schmidt and
Ford (1969) shows the distribution and map rela-
tions of these rocks with early Paleozoic granitic
plutons that intrude them. The granitic rocks are
biotite-bearing and apparently are free of cor-
dierite and hypersthene. The volcanic sequence
locally contains minor beds of siltstone and argillite.
The terrane on which this sequence was deposited
is not exposed, and the source of the volcanics has
not been identified. The lithologic character of

Table 2. Calculated mineral assemblage of average Thiel
Mountains rhyodacite, using method of Rittmann (1973).*

Quartz	 33.7
Sanidine	 30.1
Andesine (An37)	 21.4
Biotite	 7.3
Cordierite	 6.2
Magnetite	 0.5
Ilmenite	 0.5
Apatite	 0.4

*Amounts given are in volume percent.
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rocks in the vicinity of the conduit is therefore not
directly known.

Rock textures suggest that the volcanics are of
pyroclastic origin (Ford and Sumsion, 1971). Cor-
dierite and hypersthene or their pseudomorphs
are ubiquitous, cordierite in amounts less than 1
percent and hypersthene generally several percent
to rarely as much as 10 percent. Both minerals
occur as megacrysts and also as constituents of small
lithic inclusions (xenoliths) scattered in minor
amounts through the volcanic pile. Purplish vit-
reous cordierite, commonly 1 to 3 millimeters
across, is conspicuous in many hand specimens.
Microscopically, it is angular to blocky or rounded,
commonly with simple twins, and set in a fine
xenomorphic-granular matrix of quartz and potas-
sium-feldspar or rarely as large inclusions in plagio-
clase. Hypersthene megacrysts are mostly angular
to rounded and embayed, and are commonly al-
tered to biotite or chlorite. Hypersthene and more
rarely cordierite are major constituents of the lithic
inclusions, textures of which commonly resemble
those of granulites. Mineral assemblages of inclu-
sions are mainly hypersthene-labradorite and less
commonly are cordierite-labradorite and cor-
dierite-hypersthene-labradorite.

The average chemical composition of the vol-
canic rocks is shown in table 1. The rocks have little
chemical variation, as indicated by low standard
deviations. Several methods can be used to calcu-
late theoretical mineral assemblages (norms) from
rock chemistry. Using the common ciw method,
minor amounts of corundum are calculated, which
indicates the rocks' aluminous nature. However,
corundum is not in the actual mineral assemblage
(mode) and such minerals as cordierite and biotite
that are in the mode cannot be calculated by the
cipw method. However, all principal modal min-
erals of these rocks can be calculated by the method
of Rittmann (1973). The average "Rittmann norm"
(table 2), however, contains considerably more cor-
dierite than that actually present. The ratio of calcu-
lated quartz: potassium-feldspar: plagioclase (39.6:
35.3:25.1) indicates that the average rock is rhyo-
dacite in the classification used by Rittmann.

Mineral analyses were made with an Applied Re-
search Laboratory EMX-SM electron microprobe,
except for one analysis by standard methods of
separated cordierite made by Ellen G. Lillie (U.S.
Geological Survey, Washington, D.C.). For micro-
probe analyses, corrections were made for back-
ground, for mass absorption, for secondary fluo-
rescence, and for atomic number, and iron values
are total iron computed as Fe 2+. Microprobe analy-
ses of three cordierite megacrysts were made using
the separated cordierite as a standard. Ten ortho-
pyroxene analyses were made using minerals of
known composition as standards. Results show that

the cordierite is a magnesial variety (table 3), and
that orthopyroxenes are within the compositional
range of ferrohypersthene (table 4). Megacryst
varieties of both minerals have little compositional
variation. The composition of the single analyzed
orthopyroxene from a lithic inclusion compares
closely with orthopyroxene megacryst composi-
tions. Several minor constituents of cordierite were
not determined in the microprobe analyses, and
therefore the summation reported in table 3 is low.
Standard analysis shows the cordierite to contain
1.25 percent water, 0.25 percent carbon dioxide,
and 0.01 percent titanium oxide.

The rhyodacite is compositionally similar to cor-
dierite-bearing granite of the Australian New Eng-
land batholith for which Flood and Shaw (1975)
offer five possible mechanisms for cordierite ori-
gin: (1) magma contamination by surrounding alu-
minous wall rocks; (2) reaction of primary musco-
vite with biotite or residual melt; (3) reaction of
refractory garnet residuals as magma intruded up-
ward; (4) as phenocrysts crystallized from the mag-
ma; (5) as refractory residuals from the zone of
partial melting.

Arguments similar to those used by Flood and
Shaw (1975) lead to a similar conclusion: the most
likely origin of the Thiel Mountains cordierite was
as a refractory phase carried up from the site of
magma generation. The case for the Thiel Moun-
tains is stronger because cordierite also occurs in
granulite-like inclusions of New England granite.
The orthopyroxene megacrysts may also be refrac-
tory, as suggested by occurrence of the mineral in
lithic inclusions and by its textural characteristics.
Coarse quartz megacrysts that typically show deep
resorption embayments may also be party residual.
Cordierite is reported from other silicic volcanic
rocks in which it is believed to be refractory (Zeck,

Table 3. Average chemical composition of four
cordierite megacrysts from Thiel Mountains rhyodacite.*

Standard
Mean	Range	deviation

Si02	47.2	46.2-47.4	0.7
Al203	33.9	33.3-34.3	0.5
FeO	 8.2	7.3-8.7	0.7
MgO	 7.7	7.3-8.2	0.4
CaO (3 samples)	0.18	0.09-0.31	0.12
Na20 (3 samples)	0.18	0.14-0.21	0.04
K20 (3 samples)	0.15	0.08-0.21	0.07
MnO (3 samples)	0.35	0.12-0.78	0.37

97.9
100 Mg (Mg+Fe) in

structural formula	62.6	59.9-66.7	3.0

*In weight percent.
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Table 4. Average chemical composition of
orthopyroxenes from Thiel Mountains rhyodacite.*

MEGACRYSTS (9)	 In lithic in-
clusion (1)

	

Mean	Range Standard
deviation

Si02	47.4	46.5-48.9	0.7	47.9
Al203	3.39	3.09-3.69	0.23	3.07
Ti02	0.25	0.18-0.30	0.04	0.22
MgO	 13.7	12.3-14.6	0.9	14.6
FeO	 33.6	32.4-35.5	1.2	32.2
MnO	 0.60	0.54-0.69	0.05	0.56
CaO	 0.24	0.20-0.28	0.02	0.25
Na20	 0.01	0.00-0.03	0.01	0.02

100/(Mg+Fe) in	99.2
structural
formula	41.7	37.7-43.5	2.4	44.2

*In weight percent.

1970; Birch and Gleadow, 1974) and is known in
ignimbrite of anatectic origin (Pichler and Zeil,
1972). The refractory nature of cordierite during
partial melting has been demonstrated experimen-
tally by Winkler (1974) and by Green (1976).

Granulite terranes are not exposed in the Thiel
Mountains or in nearby areas. However, if the cor-
dierite and orthopyroxene megacrysts and lithic
inclusions are residuals from partial melting, they
suggest a parent terrane of that nature. Compar-
ison of mineral compositions with those in granu-
lite terranes elsewhere may support this view.
For example, an average distribution coefficient
[(KD.Mg Fe) (cordierite-orthopyroxene) = (Mg/Fe)
cordierite X (Fe/Mg) orthopyroxene] of 2.3 (range
of 5 values, 2.0 to 2.5) between megacryst pairs
compares closely with an average value of 2.43 be-
tween cordierite and orthopyroxene in Australian
granulite and is the same as that between cordierite
and hypersthene synthesized by Hensen and Green
(1972) under conditions of 5.4 kilobars pressure at
900°C. The megacryst K D values cannot indicate
exact values in the parent terrane owing to mixing
of residual crystals in the magma and possibly to
alteration during ascent, but they may approximate
parent values in view of the rather narrow compo-
sitional ranges of the minerals (tables 3 and 4).
Experimental studies by Green (1976) show that the
presence of residual cordierite and the absence of
garnet indicate depths of magma generation that
are less than 25 kilometers. Although megacryst-
pair KD values suggest a metamorphic percentage,
an igneous origin cannot be excluded by them since
occurrences of unequivocally igneous cordierite-
orthopyroxene pairs are not known to us for com-
parison.

Silicic volcanic rocks possibly correlative with the
Thiel Mountains rhyodacite occur widely in the
central Transantarctic Mountains. In other areas
the rocks are variably deformed and altered, gen-
erally under low-grade metamorphic conditions. If
primary refractory phases existed elsewhere, they
are no longer recognizable (at least none has been
reported). The Thiel Mountains occurrence ac-
cordingly may provide unique data for lower
crustal environments in this part of Antarctica, and
therefore more detailed study seems warranted.
The preliminary results reported here will be ex-
tended by additional studies to investigate compo-
sitions of cordierites in lithic inclusions and com-
positions of other phases to assess their role in the
partial melting process by which the rhyodacite
magma formed.

Fieldwork and early phases of laboratory studies
were supported by National Science Foundation
grants G-14694, G-14695, and G-18614. The Uni-
versity of Missouri electron microprobe used for
this study was purchased with assistance from Na-
tional Science Foundation grant GA-18445.

References

Birch, W. D., and A. J . W. Gleadow. 1974. The genesis of garnet
and cordierite in acid volcanic rocks: evidence from the Cer-
berean cauldron, central Victoria, Australia. Contributions
to Mineralogy and Petrology, 45: 1-13.

Davidson, L. R., and C. I. Mathison. 1974. Aluminous ortho-
pyroxenes and associated cordierites, garnets and biotites
from granulites of the Quairading district, Western Australia.
Neues Jahrbuch fur Mineralogie Monatshefte, 6:
272-287.

Flood, R. H., and S. E. Shaw. 1975. A cordierite-bearing granite
suite from the New England batholith, N.S.W., Australia.
Contributions to Mineralogy and Petrology, 52: 157-164.

Ford, A. B. 1964. Cordierite-bearing hypersthene-quartz mon-
zonite porphyry in the Thiel Mountains and its regional im-
portance. In: Antarctic Geology. Amsterdam, North Hol-
land. 429-441.

Ford, A. B., and R. S. Sumsion. 1971. Late Precambrian silicic
pyroclastic volcanism in the Thiel Mountains, Antarctica.
Antarctic Journal of the U.S., VI(5): 185-186.

Green, T. H. 1976. Experimental generation of cordierite- or
garnet-bearing granitic liquids from a pelitic composition.
Geology, 4: 85-88.

Hensen, B. J . , and D. H. Green. 1972. Experimental study of
the stability of cordierite and garnet in pelitic compositions at
high pressures and temperatures. Contributions to Min-
eralogy and Petrology, 35: 331-354.

Pichler, H., and W. Zeil. 1972. Paleozoic and Mesozoic ignim-
brites of northern Chile. Neues Jahrbuch fur Minera-
logieAbhandlungen, 116: 196-207.

Reinhardt, E. W. 1968. Phase relations in cordierite-bearing
gneisses from the Gananoque area, Ontario. Canadian
Journal of Earth Sciences, 5: 455-482.

Rittmann, A. 1973. Stable Mineral Assemblages of Ig-
neous Rocks. New York, Springer-Verlag. 262p.

Schmidt, D. L., and A. B. Ford. 1969. Geology of the Pensacola

262	 ANTARCTIC JOURNAL



and Thiel Mountains. Antarctic Map Folio Series, 12:
sheet 5. New York, American Geographic Society.

Winkler, H. G. F. 1974. Petrogenests of Metamorphic
Rocks, 3rd edition. New York: Springer-Verlag. 320p.

Zeck, H. P. 1970. An erupted migmatite from Cerro del Hoya-
zo, SE Spain. Contributions to Mineralogy and Petrol-
ogy, 26: 225-246.

Rare-earth element geochemistry
of volcanic rocks from the

Executive Committee Range,
Marie Byrd Land

WESLEY E. LEMASURIER
Department of Geology
University of Colorado

Denver, Colorado 80202

PHILIP R. KYLE
Institute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

PETER C. RANKIN
Soil Bureau

Department of Scientific and Industrial
Research

Lower Hutt, New Zealand

Volcanoes of the Executive Committee Range
(1260 W., 760 to 77°S.) were first described by
Doumani (1964), and further work has been re-
ported by LeMasurier and Wade (in press). The
range is the largest and most petrologically varied
volcanic range in Marie Byrd Land; it includes rep-
resentatives of essentially all the rock types present
in the entire petrographic province. Lavas range in
composition from alkali basalt and basanite to inter-
mediate compositions such as hawaiite, mugearite,
and benmoreite. An extremely wide range of salic
rock types, paralleling those in the African rift
valleys, also occur and include phonolite, quartz
trachyte, alkali rhyolite, comenditic trachyte,
comendite, and pantellerite (figure 1). Strontium
isotope measurements (Halpern, 1970; Jones and

Walker, 1972; LeMasurier and Wade, in press) on
basaltic, intermediate, and some salic lavas are simi-
lar, suggesting they are from a mantle-derived
source and may be comagmatic. However, it is dif-
ficult to derive this great variety of oversaturated
and undersaturated salic rocks from the nepheline
normative alkali basalt magma that seems to be the
only primary magma type available in the province.
Several combinations of high- and low-pressure
petrologic processes seem to be called for. Rare-
earth element (REE) studies of these rocks have
focused on the Executive Committee Range be-
cause of the variety of rocks represented and the
fact that field and chronologic relations are better
displayed here than anywhere else in Marie Byrd
Land.

Thirteen lava samples from the Executive Com-
mittee Range together with an alkali basalt, basan-
ite, phonolite, and pantellerite from other parts of
Marie Byrd Land were analyzed by Dr. Rankin for
REE, cesium, barium, hafnium, lead, thorium, and
uranium using spark source mass spectrometry.
The analytical technique and precision of the
method are given by Howorth and Rankin (1975).
REE analyses are plotted normalized to the chon-
drite abundances given by Price and Taylor (1973).
Interpretation of the results is in progress. Results
and some preliminary conclusions are discussed
below.

Basanite (figure 2). The two samples have
similar chondrite normalized patterns that show
a small positive europium anomaly. Compared to
the alkali basalt (figure 3) the basanites are enriched
in REE. The REE distribution of the basanites is
typical of undersaturated basaltic magmas, which
are considered to form by partial melting of a
garnet peridotite mantle (Kay and Gast, 1973).

Alkali basalt-hawaiite-mugearite-benmoreite (figure
3). There is an increase in REE uranium, thorium,
and barium through this series of rocks; an excep-
tion is benmoreite 23A, discussed separately below.
All samples have a positive europium anomaly.
Alkali basalt and basanite (see above) generally have
small positive europium anomalies inherited from
partial melting and fractionation processes operat-
ing in the mantle (Kay and Gast, 1973; Sun and
Hanson, 1975). The europium anomalies in the
hawaiite, mugeraite, and benmoreite (50A) prob-
ably constitute a feature that in turn was inherited
from the alkali basalt parent. The progressive in-
crease in REE through the series is consistent with
an origin by fractional crystallization from an alkali
basalt parent.

Benmoreite sample 23A has an exceptionally
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