
faulted terrain characterized by mesas and graben struc-
tures.

• During the onset of glaciation of Antarctica, numerous gla-
cial valleys were formed cutting back into the rims of the
mesas.

• Subsequently, massive glaciation of Antarctica took its course.
The Allan Hills site became deeply buried under ice.

• When the polar ice cap had reached its maximum thickness,
gradual thinning of the ice sheet on the western flank of the
Transantarctic Mountains due to the ongoing uplift started.
Blue icefields and, concurrent, meteorite traps were formed.
Along with the radio-echo sounding survey, an existing

triangulation network (see above) was remeasured by Schultz
and Annexstad. The ice was shown to move across the Allan
Hills Icefield in a northeast-direction with velocities of 23-30
centimeters per year. Velocities decrease to few centimeters
per year on the northeastern border of the Allan Hills Icefield.
The average ablation rate on the Allan Hills Icefield is about
5 centimeters per year. These data together with the result of
the radio-echo sounding survey indicate that (if current con-
ditions persist) all the ice entering the Allan Hills Icefield today
will be ablated, and all the meteorites it contains will eventually
be exposed. It appears that more ice is currently ablated than
is supplied, meaning that the Allan Hills Icefield is probably
in a state of thermal decay at this time.

During the course of these investigations, 198 meteorites
were found. They are kept and investigated by the Max-Planck-
Institut für Chemie, Mainz, Federal Republic of Germany.

This work was financially supported by Bundesanstalt für
Geowissenschaften und Rohstoffe and the Max-Planck-Institut
für Chemie. Logistical support was granted by the National
Science Foundation on the basis of a U.S.-German exchange
of scientists and logistical support. We wish to express thanks
for the friendly and generous logistical support, we encoun-
tered throughout the field season.
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Meteorite studies: Terrestrial
and extraterrestrial
applications, 1989

MICHAEL E. LIPSCHUTZ

Department of Chemistry
Purdue University

West Lafayette, Indiana 47906

Paradoxically, geochemical studies of material from one source
often give important information on processes elsewhere. Ant-
arctica illustrates this well, for it provides meteorites that not
only give information about terrestrial processes in or on the
ice sheet but also about physical and chemical conditions ex-
isting during formation and evolution of extraterrestrial bod-
ies. The window that these antarctic meteorites open on solar-
system history may well give a unique view, because the ice
sheet seems to have collected and preserved an extraterrestrial
population different from that being sampled by the rest of
the Earth today.

My research group uses radiochemical neutron activation
analysis and atomic absorption spectroscopy to determine part-
per-million to part-per-trillion levels of 12 to 15 trace elements
in each sample studied. These elements—antimony, bismuth,
cadmium, cesium, cobalt, gallium, gold, indium, rubidium,
selenium, silver, tellurium, thallium, uranium, and zinc—are
important because of their chalcophile, lithophile, and Sider-

ophile geochemistry and especially because most are labile,
i.e., highly responsive to thermal processes which usually ac-
company geochemical or cosmochemical fractionation. Hence,
in their absolute contents and relative abundance trends, these
elements can record various fractionation events, both preter-
restrial and terrestrial, during residence in and/or on the ice
sheet.

Since no other laboratory in the world can determine most
of these elements at the levels found in meteorites, my research
group often is invited to join consortia to study important
samples: four of these studies were conducted during the pe-
riod of this review. Consortia involve a number of research
groups in the world, each studying the sample by its special
techniques. The first of these, led by R. Hutchison of the British
Museum, established that an igneous inclusion in the Barwell,
L6 chondrite was originally of H4-6 composition (Hutchison
et al. 1988). Since Barwell has an age of 4.4-4.5 billion years,
igneous processes occurred on the H chondrite parent body
and mixing between the parent materials for the two most
numerous meteorite types took place during the first 0.1
billion years of solar system history.

Two other consortium studies led by Japanese colleagues
through the National Institute of Polar Research in Tokyo have
been completed during the past year. The first, led by H.
Takeda of Tokyo University, involved the fifth lunar meteorite
discovered on the ice sheet, Yamato (Y) 86032, in Queen Maud
Land. Upon investigation (Wang and Lipschutz in prepara-
tion) Y-86032 proves to have a trace-element signature very
similar to that of Y82192 and Y82193. This distinctive signature
indicates that all three meteorites were derived from the same
highlands region of the Moon in the same impact. Each of the
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other two lunar meteorites came from a different lunar high-
lands region in a separate impact. Hence, these five anor-
thositic breccias represent debris sent Earthward at °2.4
kilometers per second from three different impacts on the Moon,
to be collected by the antarctic ice sheet. Lunar meteorites have
not been found elsewhere on Earth.

The second Japanese consortium, led by Y. Ikeda of Ibaraki
University, involves four carbonaceous chondrites from Queen
Maud Land. These prove to be uniquely different from car-
bonaceous chondrites recovered elsewhere on Earth (Paul and
Lipschutz in press). Y82042 reflects only primary accretion and
condensation of the early solar nebula, but its properties differ
so much from those of non-antarctic carbonaceous chondrites
as to call into question the current genetic picture of such
material. The other three samples are genetically distinct from
non-antarctic falls. In addition, each was thermally metamor-
phosed in a parent object at 600-700°C (figure): thermal meta-
morphic effects are hitherto unknown in carbonaceous
chondrites. These meteorites may derive from asteroids whose
spectral properties suggest thermally altered carbonaceous
chondrite-like material but for which meteorite analogues had
not previously been known. Such asteroids had been discussed
in a recent review of asteroids and their meteoritic analogues
(Lipschutz, Gaffey, and Pellas 1989); that discussion predated
the results of Paul and Lipschutz (in press).

One other consortium (led by J. C. Laul of Battelle) involved
the Bholghati howardite. Our results (Wang, Paul, and Lip-
schutz in press) demonstrate pronounced, late volcanism on
the parent body (identified with 4 Vesta), a process reflected
by trace-element contents of antarctic samples (Lipschutz 1988).
Interestingly, in light of the results of Paul and Lipschutz (in
press) a putative carbonaceous chondrite clast in Bholghati
proves to be compositionally distinct from such meteorites
(Wang et al. in press).

Compositional differences between antarctic and non-ant-
arctic L chondrites (Kaczaral, Dodd, and Lipschutz 1989) are
qualitatively consistent with trace-element loss by leaching
during residence of the meteorites in and/or on the ice sheet.
Differences in shock-loading between the two populations in-
dicate, however, that L chondrites [like H chondrites (Lip-
schutz 1989)], C chondrites (Paul and Lipschutz in press), and
eucrites (Lipschutz 1988) reflect differences in preterrestrial
thermal histories, hence genesis, of antarctic and non-antarctic
samples. This is to be the topic of a 2-day National Aeronautics
and Space Administration supported workshop in Vienna in
July 1989.

This research was supported in part by National Science
Foundation grant DPP 87-15853 and National Aeronautics and
Space Administration grant NAG-9-48.
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Trace-element contents in four carbonaceous chondrites from Queen
Maud Land, Antarctica, normalized to those in Cl chondrites. Ele-
ments are listed from left to right in order of increasing mobility
(i.e., degree of vaporization and loss) during heating of the C2
chondrite Murchison at 600-700°C for 1 week in a low-pressure
(initially 10 atmospheres) hydrogen environment. (Data for un-
heated Murchison are also illustrated for reference.) These con-
ditions effectively simulate those in meteoritic parent bodies during
thermal metamorphism early in the solar system's history. As dis-
cussed in the text, these four meteorites—the first antarctic car-
bonaceous chondrites in which mobile trace elements have been
determined—are unique compared with non- antarctic falls. Three
of them come from parent regions that were thermally metamor-
phosed: qualitatively, metamorphic temperatures were 700°C
Y86720 > Y82162> Belgica (B) 7904 600°C. These three chon-
drites may be the first samples identified on Earth from the nu-
merous B-, F-, G-, or T-asteroids (cf., Lipschutz et al. 1989).
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