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Antarctic Geology and
Gondwanaland

CAMPBELL CRADDOCK

Department of Geology & Geophysics
University of Wisconsin, Madison

Although ideas of drifting continents had been
advanced earlier, it was not until late in the nine-
teenth century that geologists first suggested the
existence of a large ancestral continent in the South-
ern Hemisphere in the geologic past. This hypo-
t etical protocontinent—termed Gondwanaland—in-
luded present-day South America, Africa, Arabia,

Madagascar, Ceylon, peninsular India, Antarctica,
and Australia (see Fig. 1). Because of its position in
t e reassembly, Antarctica must clearly play an im-
portant role in determining whether Gondwanaland
actually ever existed. Despite its great importance
tD the concept, however, the geology of Antarctica

as almost unknown when Gondwanaland was first
postulated. Only in the past few years has our knowl-
dge of Antarctica, the last fragment of the supposed

protocontinent to be explored, advanced to a point
ihere meaningful geologic tests of the Gondwana-

land hypothesis are possible.
Antarctica was first sighted 150 years ago from

ships sailing near the tip of the Antarctic Peninsula.
Later expeditions collected continental rocks such
as granite and sandstone from icebergs, while the
first geologic specimens obtained on the continent
were collected in 1894 at Cape Adare, south of New
Zealand. The ensuing 20 years saw vigorous explora-
tion by expeditions from several nations, and the
broad pattern of antarctic geology began to emerge.
Private and national expeditions before and after
World War II added further geologic information,
but large areas of the continent still remained unex-
plored and unknown up to 1955. Most of these early

t
ologic observations were confined to the coastal
inge of Antarctica; except for the areas covered by

he South Pole parties of Shackleton, Amundsen, and
cott, and the Gould party in support of Byrd's polar

flight, the vast interior of the continent remained
eologically unknown.
In 1937, the great South African geologist Alex-

ánder du Toit published a book which must be rated
among the most important ever written in the field
of geology. In this brilliant synthesis, he set forth
in detail the geologic evidence then available for
continental drift and the existence of Gondwanaland.
Regarding Antarctica, he stated:

"The role of the Antarctic is a vital one. As will
be observed from Fig. 7 [present Fig. 1], the shield of
East Antarctica constitutes the 'key-piece'--shaped

Figure 1. Reassembly of Gondwanaland (after du Tot, 1937).

surprisingly like Australia, only larger—around
which, with wonderful correspondences in outline,
the remaining 'puzzle-pieces' of Gondwanaland can
with remarkable precision be fitted."

Because so little was then known about the geol-
ogy of Antarctica, du Toit's Gondwanaland reas-
sembly in effect predicted the geologic patterns to be
expected in the antarctic interior. It is a tribute to
the genius and foresight of du Toit that subsequent
geologic work in Antarctica has largely confirmed
these predictions.

Preparations for the International Geophysical
Year (1957-1958) marked the beginning of the cur-
rent phase of scientific exploration. Twelve nations
established more than 40 bases in Antarctica to sup-
port their IGY programs, and scientific activity has
continued at a high level since that time. Ski-equip-
ped aircraft and tracked vehicles have opened the
entire continent to geologic study, and only a few
areas of significant rock exposure remain unvisited
by geologists today. It is safe to say that our knowl-
edge of the geology of this remote continent has
more than doubled during the past 15 years.

Outline of Antarctic Geology

Early in this century, after geologic data became
available from the Antarctic Peninsula, the Ross Sea
region, and other coastal localities, it was recognized
that Antarctica could be divided into two major
geologic provinces. The first comprises the larger part
of the continent that faces mainly upon the Atlantic
and Indian Oceans; since most of this province lies
in the area of east longitudes, it is commonly known
as East Antarctica (see Fig. 2). The second province
consists of the smaller part of the continent that faces
mainly upon the Pacific Ocean and is commonly
known as West Antarctica. East Antarctica is a typi-
cal continental shield or stable platform, consisting
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Figure 2. Geologic provinces of Antarctica

of a foundation of older igneous and metamorphic
rocks overlain by a sequence of younger, flat-lying
stratified rocks. By contrast, West Antarctica is
composed of generally younger rocks that are widely
deformed and metamorphosed. Intrusive and extru-
sive igneous rocks are abundant, and volcanic activ-
ity continues there today.

Rock exposures comprise less than 5 percent of
the area of the continent. Those in East Antarctica
occur in an oval belt consisting of the coastal region
and the Transantarctic Mountains. The nunataks
and mountain ranges within this belt reveal a base-
ment complex composed mainly of high-grade meta-
morphic rocks and intrusive igneous rocks. Gneisses
of the granulite facies are the most abundant rocks,
but lower-grade metamorphic rocks of the amphi-
bolite and green schist facies also occur. A wide
range of igneous rocks has been reported, but felsic
varieties such as granite are most common. These
crystalline basement rocks record a complex geologic
history involving several cycles of deformation, meta-
morphism, and emplacement of igneous intrusives.

In contrast to other continents, Antarctica has so
far revealed no rocks with apparent ages greater than
2 billion years, and indeed few older than 1.5 by.
This fact may imply that 1) the oldest rocks in the
basement of East Antarctica are truly younger than
those of other continental shields, or 2) insufficient
sampling has yet taken place to discover the oldest
rocks present, or 3) later metamorphic events, es-
pecially in the early Paleozoic (see Fig. 3), have
reset the mineral clocks, causing apparent radio-
metric ages younger than the true ages of the rocks.
The youngest known rocks in the East Antarctic base-
ment complex are the fossiliferous Upper Precam-

brian and Cambrian strata, generally folded and
somewhat metamorphosed, that occur in the Trans.
antarctic Mountains and at a few coastal localities.

Overlying the East Antarctic basement complex i
a succession of mainly flat-lying sedimentary an
volcanic rocks. -These beds have been called the
Beacon Group (sedimentary) and the Ferrar Group
(igneous), and they represent the Gondwana se
quence—as described from the other southern con
tinents—in Antarctica. The Beacon Group contain
rocks as old as Devonian, and the Ferrar Group
rocks as young as Jurassic. These groups are exten-
sively exposed in the Transantarctic Mountains, but
they have been found in place at only a few localities
along the coast of East Antarctica.

The geologic history of West Antarctica is complex
and poorly known. All rocks whose ages are known
appear to have formed during the last 600 million
years, and no definitely Precambrian rocks have yet
been discovered. In much of West Antarctica, the
oldest rocks are igneous intrusive and metamorphic
varieties that form a basement complex believed to
be Paleozoic in age. Sedimentary and volcanic se-
quences of probable Paleozoic and Mesozoic age are
widely distributed, and most of these rocks art,
strongly folded and somewhat metamorphosed. In
trusive igneous rocks were emplaced across much o
West Antarctica during the Mesozoic, and perhaps
the early Cenozoic. Upper Cenozoic volcanic an
sedimentary layers on the Antarctic Peninsula ar
flat-lying and undisturbed. Volcanism which begax
in the Miocene has continued into recent times in
much of coastal West Antarctica.

Major Discoveries Bearing on Gondwanaland

In fitting Antarctica into his Gondwanaland re-
assembly, du Toit had to depend largely on the shape
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of the continent because so little was then known
about its geology. Since that time, progress in ant-
arctic geology has yielded a number of discoveries
that bear on the Gondwanaland problem. Eight lines
of evidence that appear significant are discussed
1elow:

1. The basement rocks of coastal East Antarctica
re similar, both in a general way and in some de-

$ails, to those along the matching coasts of the other
Iondwanaland fragments in du Toit's reassembly.
Work by geologists of several nations has shown that
he structural grain in these ancient antarctic rocks
s compatible with that in like rocks of the suggested
ri atching coast. The basement rocks of all these
areas are compositionally similar, consisting of high-
rade metamorphic rocks such as granulite gneisses,
long with igneous intrusives such as granite. In

particular, an unusual hypersthene-bearing granitic
rock, termed charnockite, is widespread in eastern
Africa, Ceylon, eastern India, and coastal East Ant-
arctica.

2. The rocks of the Beacon Group in Antarctica
are generally similar to the Paleozoic and Mesozoic
Gondwana sedimentary successions on the other
southern continents and continental islands. The
lower Beacon consists of detrital sedimentary rocks
as old as Devonian in some localities. Beds of ancient
tillite were first discovered in the Transantarctic
Mountains in 1958, and many other tillite localities
are now known in Antarctica. These tillites occur
in the Beacon Group and are considered Carbonif-
erous or Permian in age. Overlying these glacial
beds are younger Permian strata which commonly
include coal beds and bear the Glossopteris flora.
This succession of distinctive rock types can be
matched, at least in part, in Australia, India, Mada-
gascar, Africa, the Falkland Islands, and South
America.

3. The Paleozoic and Mesozoic fossil record in
rA ntarctica, only now emerging in detail, bears a
strong resemblance to that found in the other south-
ern continents. Marine faunas are as old as Cambrian
and include archaeocyathids, trilobites, gastropods,
bryozoans, fish, echinoderms, brachiopods and pelecy-
pods. These animals flourished in shallow waters
close to land under conditions similar to those on
modern continental shelves, and it is unlikely that
they migrated across deep ocean basins. Land ani-
mals, less abundant, also show close affinities to the
faunas of the other southern continents. The recent
discoveries of Triassic reptiles and amphibians in
the Transantarctic Mountains are of great impor-
tance. Antarctic fossil floras, especially the Permian-
Carboniferous Glossopteris flora, bear a strong simi-
larity to other southern floras. The pronounced
overlap between the Glossopteris floras of Antarctica
and India, for instance, poses two questions if we

suppose that Permian and modern geography are
identical. Can a reasonable dispersal mechanism,
such as wind or water currents, be found to connect
these distant lands? And, is it possible that these two
widely separated lands, one polar and the other
tropical, could support nearly identical floras when
their climates would have been so different?

Thus, the fossil animal and plant record in Ant-
arctica strongly suggests that the present geographic
isolation of the continent did not exist during Paleo-
zoic and at least early Mesozoic time.

4. The Ellsworth Mountains fold belt formed in
early Mesozoic time and probably represents the
continuation of the Cape fold belt of South Africa
and a part of du Toit's Samfrau geosyncline. Be-
tween the Transantarctic Mountains of East Antarc-
tica and the coastal belt of West Antarctica lies a
large region that has been explored only during the
last 15 years. Bedrock exposures in this area are
found in the Ellsworth Mountains and in nunatak
groups and small ranges to the south and west. On
the basis of lithologic similarity and structural con-
tinuity, most of these outcrops have been assigned to
a new tectonic province, the Ellsworth Mountains
fold belt. The thick sedimentary sequence is mainly
Paleozoic in age (some Precambrian strata may be
present) and has undergone strong post-Permian
folding. Some of these formations resemble the Bea-
con Group formations in the Transantarctic Moun-
tains, but differ in that they are considerably thicker
and distinctly folded. In Part of the province, these
deformed Paleozoic strait are invaded by granitic
batholiths that were empLced during late Triassic
to early Jurassic time. In its present setting, the
Ellsworth Mountains fold belt is a puzzling tectonic
fragment resting between East Antarctica and coastal
West Antarctica. Both in stratigraphy and in struc-
tural style, however, it bears a strong resemblance to
the Cape fold belt of southern Africa and the fold
mountains of eastern Argentina. In the Gondwana-
land reassembly, it represents the natural continua-
tion of a fold belt that begins in Argentina and con-
tinues across southern Africa into Antarctica.

5. Jurassic igneous rocks, mainly basaltic in com-
position, are widespread in Antarctica. These rocks
occur both as volcanic deposits and as shallow in-
trusive bodies such as sills and dikes. They are com-
mon throughout the length of the Transantarctic
Mountains, where they have been termed the Ferrar
Group. These Jurassic mafic rocks may be compared
to rocks of similar age and composition that occur
over large areas of Brazil, southern Africa, and Tas-
mania. In the Gondwanaland reassembly, it is rea-
sonable to interpret the rocks of all these areas as
belonging to a single igneous province, perhaps re-
lated to the initial fragmentation of the protocon-
tinent. Jurassic volcanic rocks of more varied corn-
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position are abundant in the Antarctic Peninsula
and common along the coast of West Antarctica.
These latter rocks, along with counterparts in Ar-
gentina and Australia, may be the products of activ-
ity in a mobile belt along the margin of Gondwana-
land.

6. Late Cretaceous to early Tertiary igneous plu-
tons, mainly granitic in composition, are widespread
in the Antarctic Peninsula and westward along the
coastal sector of West Antarctica. Similar intrusive
rocks are typical of the western margin of the Amer-
icas from Canada to Tierra del Fuego. The presence
of such plutons, along with the geologically young
deformation and abundant Cenozoic volcanism, sug-
gest that coastal West Antarctica may be properly
considered a part of the circum-Pacific mobile belt
of Mesozoic-Cenozoic time. Igneous and tectonic
events in the Southern Hemisphere part of this mo-
bile belt may be related to the breakup of Gondwana-
land, since the belt lies along the leading edges of
the drifting fragments. One anomaly is the presently
aseismic character of Antarctica; elsewhere, the
circum-Pacific belt is typified by numerous earth-
quakes.

7. Magnetic-anomaly belts parallel to and sym-
metrical about the mid-ocean ridges strongly suggest
that sea-floor spreading and continental drift have
occurred. Within the last 15 years, oceanographic
surveys have revealed this unexpected pattern of
alternating belts of high and low magnetic intensity,
a pattern which initially defied explanation. Con-
current studies of paleomagnetism from both lava
flow and marine sediment sequences, however, pro-
duced evidence that the earth's magnetic field ap-
pears to undergo periodic reversals of its polarity. If
the alternating high- and low-intensity belts are
ascribed to these polarity reversals, then the slowly
spreading sea-floor can be thought of as a magnetic
tape that "freezes in" the existent magnetic field as
new crust is formed at the mid-ocean ridges by the
cooling of silicate melts from the earth's interior. If
this interpretation proves correct, we may hope to
learn both the rate of sea-floor spreading and the
time when the various fragments of Gondwanaland
began to separate.

8. The Antarctic Ice Sheet appears to have formed
at least 7 million years ago, suggesting that Antarc-
tica was a separate, polar continent by that date. The
late Cenozoic history of the continent is obscure be-
cause few deposits of this age are known. A limited
number of paleomagnetic measurements suggest that
Antarctica was in its present latitude even at the
beginning of the Cenozoic. Tertiary floras from the
Antarctic Peninsula area suggest that moderate tem-
peratures prevailed there during part of the era, but
fossil penguins have been recovered from beds con-
sidered Miocene in age. Early Tertiary microfloras

have been identified in glacial erratics in the Ross
Sea area, but these rocks have not been found in
place. Volcanic rocks at least 7 million years old
overlie a glaciated surface in the Jones Mountains
of coastal West Antarctica, and late Cenozoic vol-
canoes to the west in the same province contain der
posits that suggest eruption of the lavas through th
ice sheet. An interesting record of glacial and vol+.
canic events of the last few million years is preserve4
in some of the deglaciated valleys of the Transantarc
tic Mountains. Thus, although there still remain
much to be learned about the Cenozoic history o
Antarctica, it seems clear that by 7 million years ago
the continent was isolated from the other Gondwana
land fragments and was in a geographic position fa
vorable to the growth of an ice sheet.	 I

Antarctica as a Fragment of Gondwanaland

Du Toit's reassembly of Gondwanaland, if correct,
requires that certain geologic elements exist in Ant-
arctica. The basement rocks of coastal East Antarc-
tica must resemble in composition and structure those
of the matching coasts of the other Gondwanaland
fragments. The Beacon Group should be present
throughout the length of the Transantarctic Moun-
tains and should resemble the Gondwana sequences
of the other southern continents. Upper Paleozoic
glacial beds should occur in Antarctica. The Paleo-
zoic and Mesozoic fossil record should consist of
forms resembling those elsewhere in Gondwanaland
rather than unique forms developed in an isolated
continent. The eastward extension of the Samfrau
geosyncline and the Cape fold belt from southern
Africa should be found in Antarctica. Jurassic mafic
igneous rocks can be expected to be present in th
Transantarctic Mountains along with the strata o
the Beacon Group.

The rapidly accumulating geologic data from Ant-
arctica strongly suggest that each of these prediction
will prove to be correct. The accuracy of du Toit'
predictions, the striking geologic similarities between
Antarctica and the other southern lands, and the
new evidence for sea-floor spreading combine t
provide a very strong case for the reality of Gond-
wanaland.

Future Research

Although the Gondwanaland concept is winning
wide acceptance, further testing of the hypothesis
against the emerging facts of antarctic geology is
necessary. The geologic similarities established in a
general way must be critically examined through

56	 ANTARCTIC JOURNAL



local, detailed studies. While most of Antarctica has
been geologically mapped on a reconnaissance scale,
the remaining unknown areas must be investigated.
At the same time, more detailed mapping of certain
areas is necessary, both to clarify the structural
framework of the continent and to test fully the
correctness of du Toit's predictions.

The basement rocks of East Antarctica require
nuch more investigation. Those in the Transantarc-
ic Mountains appear to be younger than those in
'oastal East Antarctica; if correct, this fact is im-
ortant in understanding the tectonic evolution of
he East Antarctic shield. Detailed comparative
tudies of the ancient rocks of coastal East Antarctica

Z
their assumed counterparts on the matching

oasts of Africa, India, and Australia are needed.
Radiometric age determinations on these igneous and
metamorphic rocks will be a great help in testing the
original continuity of basement rock terranes in Ant-
arctica with those in the other southern lands.

Detailed studies of the Beacon Group are just be-
ginning, and it deserves examination along the length
of the Transantarctic Mountains to establish lateral
changes in composition, age, and origin of these
strata. Thorough knowledge of the coastal localities
is especially important to allow careful comparison
with the Gondwana successions in Africa, India, and
Australia. Additional fossil discoveries can be ex-
pected in the Beacon Group and in the stratified
rocks of West Antarctica.

Two kinds of studies of the geologic structure in
Antarctica will enable further testing of the Gond-
wanaland reassembly. On the one hand, additional
knowledge of the areal geology will lead to better
definition of the tectonic provinces of the continent,
such as the Ellsworth Mountains fold belt, and to
more accurate comparison of these provincial bound -
aries in Antarctica and the other Gondwana frag-
ments. On the other hand, thorough study of the
structural style within each province is necessary to
test the supposed continuity between that province
n Antarctica and a tectonic province in another
'outhern land.

Finally, continued investigation of paleomnagiietisrn
11 Antarctica should provide valuable insights into

its geologic history. Although this technique is corn-
nonly a complicated one in l)1'a(t1('e, it (an, under
avorahie circumstances, he used to establish paleo-

latitudes. Thus, the paleomagnetism locked in ant-
arctic rocks, together with the mnagnetic-anorrialv
belts frorn the ocean floor, offer hope of direct con-
firmation, not only of the reality, but also of the
chronology of continental drift.

Reference

du Toit, Alexander L. .1937. Our Wandering Continents
Edinburgh, Oliver and Boyd. 366 p.

The Fossil Tetrapods of
Coalsack Bluff

EDWIN H. COLBERT*

Museum of Northern Arizona

Tetrapods and Continental Drift

The evidence for an ancient continent of Gond-
wanaland, the fragments of which now constitute
the several Southern Hemisphere land masses and
the peninsula of India, is various. Much of it is very
convincing. Moreover, the numerous lines of inde
pendent data would seem to fit together reasonably
well, giving us an integrated concept of the supposed
Gondwana continent and its fragmentation. Yet,
almost all of the evidence is equivocal in one way or
another, resting to a greater or lesser degree on cer-
tain basic assumptions, the validity of which some-
times may be called into question.

The theory of Gondwanaland and continental
drift must be in accord with all of the evidence if it
is to be valid. In this regard, the records of the rocks
and fossils are particularly important. As the re-
nowned geologist Walter Bucher remarked in 1964:
"Ultimately the proof [for drift] must come from the
geologic and paleontologic record."

One of the problems that has faced the paleontol-
ogists, particularly the vertebrate paleontologists, is
that drift has not been essential to explain the dis-
tribution of fossils on the southern continents. This
is certainly true for the land-living vertebrates of
Cenozoic age: their distributions, from the beginning
of the Cenozoic era to the present, are on the whole
very readily explained by the present intercontinen-
tal land connections, notably the isthmian link be-
tween the two Americas and the undoubted Bering.
Strait "bridge" that periodically connected the New
World with the Old throughout the past 60 million
years or more of geologic history. For older fossil
vertebrate faunas, however, the concept of a former
(;ondvarsa1and that subsequently fragmented, its
several fragments—now the Southern Hemisphere
conti nents---dri fting to their present positions, has
become increasingly attractive within the past two
decades. The very close resemblances between the
Triassic reptiles of South Africa and South America,
for example, would seem to indicate a close conti-
guity of these continents, with a single, unified range
for the land-living animals then inhabiting what
are now widely separated land masses. Yet, although

*Cura tor Emeritus, The American Museum of Natural
History, and Professor Emeritus, Columbia University.
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contiguity of the continents and an unbroken range
of distribution for the reptiles typical of them in
Triassic times would most readily explain the very
close taxonomic relationships—even identities—that
are becoming increasingly apparent among these
fossils, one cannot completely rule out the possibility
of Triassic intercontinental migrations by the long
way around—by a trek up through Africa and across
Asia, across the Bering bridge, down through North
America, across the isthmus of Panama, and into
South America. Improbable, one might say, but, none-
theless, a distant possibility.

In the light of these considerations, Antarctica's
role has acquired unusual importance with respect
to the theory of Gondwanaland and continental
drift. Fossils of land-living vertebrates in Antarctica
would be especially crucial since, for such animals,
there would be no "long way around" to get from
Africa or other Southern Hemisphere land masses to
what is now the south polar continent.

But, until a little more than two years ago, no
fossil vertebrates of significant geologic age had been
found on the Antarctic Continent. The role of Ant-
arctica within the problem of Gondwanaland and
drift was quite unknown, so far as the evidence of
land-living vertebrates was concerned.

In December of 1967 Peter Barrett, then of Ohio
State University, discove a fragment  of a fossil
jaw in the Triassic Fremouw Formation at Graphite
Peak in the Transantarctic Mountains, near the
Beardmore Glacier. The specimen (submitted to me
for study) proved to be the back portion of a mandib-
ular ramus of a labyrinthodont amphibian, a fossil
representative of a group of animals that inhabited
the continents of the earth in great profusion during
late Paleozoic and Triassic times. The specimen was
too fragmentary to enable a more precise identifica-
tion.

For the time being, this identification sufficed,
however. The discovery of the jaw fragment and
the clue to its zoological affinities created worldwide
interest among scientists of many callings, as well as
among the general public. Here was a fossil of great
significance, not only because it afforded the first
glimpse of truly ancient land-living vertebrates in
Antarctica, but also because it might be a harbinger
of things to come.

A Plan of Operation

Having worked on this isolated fossil, I strongly
urged that an expedition, composed of vertebrate
paleontologists, should return to Graphite Peak to
search for more materials. It seemed logical to sup-
pose that where there was one specimen, there would
be more. To improve the odds of finding them, the

search should be conducted by men trained in the
techniques of vertebrate paleontology, men who
would be devoting their full time and energies in the
field to fossil bones, and nothing else.

Accordingly, after much planning by the Institute
of Polar Studies of Ohio State University, working
in close cooperation with the National Science
Foundation, a search for Triassic vertebrates in Ant-
arctica was organized as part of the U.S. Antarcti
Research Program for 1969-1970. Four paleontol-
ogists were to prosecute this work as members of
large group of geologists and paleontologists who
would be carrying out comprehensive studies in th
Beardmore Glacier region of the Transantarcti
Mountains. The party as a whole, consisting of about
20 scientists, was to be under the leadership of Dr.
David H. Elliot of Ohio State, a man of much ext-
perience in antarctic geology and exploration. Th
four vertebrate paleontologists were: Edwin H. CoiL
bert, of the American Museum of Natural History,
New York, and the Museum of Northern Arizona,
Flagstaff, leader; William J . Breed, of the Museum
of Northern Arizona; James Jensen, of Brigham
Young University, Provo, Utah; and Jon S. Powell,
of the University of Arizona, Tucson. Maps were
carefully studied, and a series of likely localities for
Triassic vertebrates were selected (largely on the
basis of Elliot's knowledge and experience) for ex-
ploration with close helicopter support.

Coalsack Bluff

There is no need to dwell on the frustrations and
delays that occurred between the departure of the
party from the U.S.A. and its arrival at the Beard-
more camp. It was a bad spring weatherwise in Ant-
arctica, and schedules inevitably were held up. But
the group finally did-arrive—on November 22, 1969
—and established itself in camp in the midst of a
howling storm.

The next morning, most of the personnel of th
party remained in camp to get settled, for arrangeL

-ments upon arrival the day before were necessaril
hurried and sketchy. But David Elliot and one o
two others decided to go and take a lok at Coalsac
Bluff, the nearest outcrop of rocks, located about
three or four miles from camp.

And now we see how the discovery of fossils s4
frequently depends on luck and serendipity. Ellio
had sited the Beardmore Camp near Coalsack Bluf
largely because it was a good place for supply plane
to land. He went out that first morning to look at the
Bluff largely because it was near at hand, and also
because he wanted to prove to James Schopf, the
paleobotanist in our group, that certain strata within
the Bluff belonged to the Triassic Fremouw Forma-
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tion. He proved that to his satisfaction, and he found
two small pieces of what looked like bone scrap.

The impatient explorers returned to camp at noon,
and Elliot showed the two scraps to me. I was able
to confirm that they were pieces of fossil bone.

After lunch, a group of us—the vertebrate pale-
ontologists and other interested members of the
party—returned to Coalsack Bluff. There, in a series
of low cliffs that stretched for perhaps the better
part of a mile, were numerous fossil bones. The
sediments, dipping at low angles, were cross-bedded
channel sands, deposited in streams, and the fossils
occurred within them as isolated bones. It was evi-
dent that here were the remnants of animals that
had perished and been washed down the streams,
their carcasses being dismembered and the bones
scattered as a result of the vigorous action of the
tumbling water. Thus, there were no articulated
skeletons, which was a pity, but there were numerous
bones, and on the whole they were nicely preserved.

Virtually all of the fossils at Coalsack Bluff were
collected from a single stratigraphic horizon, but
from two topographic levels. The bulk of the collec-
tion was made along the low cliffs, already described,
where isolated bones were found at one spot after
another. We simply started at one end of the ex-
posures and worked our way along, day after day,
chiseling out the fossils, hardening them and, when
needed, treating them by specially devised methods
to preserve them. A part of the collection, however,
was made several hundred feet downslope from the
cliffs, within a down-faulted monoclinal block in
which the sediments were almost perpendicular.
Here, the fossils occurred in sufficiently large con-
centrations to be quarried. Unfortunately, most of
these fossils were fragmentary and not as nicely
preserved as the specimens high on the cliff.

Incidentally, we subsequently learned that we were
fantastically lucky in having found the Coalsack
Bluff deposit. Explorations at other locations in the
Beardmore region failed to reveal any concentrations
of bones, although scattered specimens were discov-
ered. Such occurrences are characteristic of fossil
vertebrates deposited in freshwater sediments: great
stretches of rock exposures will be barren of fossils,
or almost so, but here and there, where the conditions
for burial and preservation were just right, there will
be remarkable accumulations of fossils. Undoubtedly,
other fossil pockets comparable to Coalsack Bluff
exist, but it may take a great deal of hard prospecting
'to find them.

The discovery of bones at Coalsack Bluff deter-
mined the activities of the vertebrate paleontologists
for the remainder of the 1969-1970 antarctic field
season. In short, we spent most of our time collecting
fossils instead of searching for them, as had been
our original intention. This was lucky for us because,

as a result of unexpected helicopter troubles, much
of the reconnaissance work that had been scheduled
for the Beardmore party was restricted or cancelled,
while we could carry on our work without the heli-
copters. About 450 fossil specimens were collected,
catalogued, and packed for shipment back to the
United States.

The Coalsack Bluff Fossils and Gondwanaland

At an early stage in our collecting work, it became
apparent that we were dealing with a characteristic
Southern Hemisphere tetrapod fauna. There were
numerous bones of labyrinthodont amphibians. There
were also numerous bones of various reptiles: mam-
mal-like or therapsid reptiles, so characteristic of the
Triassic of southern Africa and South America (and
of peninsular India as well), and also thecodonts-
those Triassic reptiles that gave rise to the dinosaurs,
crocodiles, flying reptiles, and birds.

It seemed evident that we were working in rocks
of probable early Triassic age. Consequently, I kept
hoping to find Lystrosaurus, a fossil reptile that is
extraordinary abundant in—and characteristic of
—the earliest Triassic rocks of South Africa. We had
some bones that looked suspiciously like Lystrosaurus,
but field identifications can be tricky, especially when
one is dealing with bones that are not highly diagnos-
tic. Then, on December 4, we at last recognized Ly-
strosaurus, collected by James Jensen. It was only a
portion of a right maxilla from the skull, containing
one of the big teeth typical of this reptile, but it
seemed to me to be enough. The shape of the bone,
and its topography, were characteristic, and I could
not think of anything else this fossil might be. Sub-
sequently, on our return to the U.S.A., it was possible
to compare this fossil and various other antarctic
bones with specimens of Lystrosaurus from South
Africa in collections in Berkeley and New York.
These comparisons confirmed the identification be-
yond all doubt. In Antarctica we had found Lystro-
saurus, essentially identical to Lystrosaurus murrayi
from the Lower Triassic sediments of South Africa.

Photo by Wm. J. Breed

Lysfrosaurus jaw
fragment:	right
maxilla from the
Skull showing the
tip of the right
tooth. This was
the specimen that
made identifica-
tion of Lystrosau-
rus possible in the

field.
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Lystrosaurus skeleton, on display in South Africa.
Photo by Wm. J. Breed from an article by A. W.
Crompton

Restoration of Lystrosaurus. Reprinted
from The Age of Reptiles with the per-
mission of W. W. Norton and Co. Copy-

right 1965 by Edwin H. Colbert.
Drawing by Margaret M. Colbert

At present, this is the only generic identification
that it has been possible to make with certainty
among the materials from Antarctica. The collection
will require much close study. But the presence of Ly-
strosaurus in the Fremouw Formation of the Trans-
antarctic Mountains is an occurrence of unusual
significance.

This rather strange reptile—about as large as a
medium-size dog, with a heavy body, short limbs and
broad feet, and a remarkably specialized, beaked
skull, in which all teeth except a single large "ca-
nine" tooth on each side have been suppressed—is
so characteristic of the lower phase of the Upper
Beaufort beds in South Africa that these sediments
have been designated the "Lystrosaurus Zone." Ly-
strosaurus skeletons, virtually identical with the South
African fossils, are found in the Lower Triassic Pan-
chet beds of the Indian peninsula and in the Tung-
hungshan beds of Sinkiang, China. Now, Antarctica
can be added to these localities.

Lystrosaurus was a denizen of the land. Although
it shows certain specializations, such as the high
position of the nostrils, indicating that it may have
been aquatic to the extent of living in and around
rivers and lakes—as do modern tapirs—there is no
evidence, either in its anatomy or in its sedimentary
occurrences, that it was capable of venturing across
oceanic barriers, even relatively narrow ones. More-
over, Lystrosaurus is associated with dry-land reptiles
in Africa. India, and Antarctica. Therefore, the dis-

tributions of Lystrosaurus and associated reptiles and
labyrinthodont amphibians—which were freshwater-
pond and stream dwellers—must necessarily be
viewed as indicating former dry-land connections
between the regions in which these fossils are now
found.

It is quite possible to envision the migration of
Lystrosaurus from southern Africa to India and to
western China within the confines of existing con-
tinental relationships. But the presence of Lystro-
saurus and associated reptiles and amphibians in Ant-
arctica confronts us with a fact that cannot be related
to modern continental distributions. There are two
possibilities: either these ancient tetrapods reached
Antarctica by way of a long, isthmian land-bridge,
or they got there when Antarctica and Africa were
part of a large, single continent.

The land-bridge hypothesis does not seem probable
on the face of present geological knowledge. An ob-
vious route would be by way of the Scotia Arc, be-
tween the tip of South America and the Antarctic
Peninsula. But there is no evidence that any part of
the Scotia Arc dates back to the beginning of Tri-
assic times; it is essentially a continuation of the
Andean system. Therefore, all probabilities point to
close ligation between Africa and Antarctica, and
here the distribution of what may be called the Ly-
strosaurus fauna is crucial.

If the southern continents are brought together
according to the most modern interpretations of the
configuration of Gondwanaland, the areas contain-
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Above: Laurasia and Gondwanaland: a map prepared by
E. H. Colbert, showing Triassic tetrapoci localities. The orien-
tation of Antarctica-Australia follows Hurley (Scientific
American, 1968). Below: Gondwanaland: a map prepared
by E. H. Colbert, showing Lower Triassic tetrapod localities.
Orentation as above. Legend: B—Blina Formation; C-
Cynognathus zone of Upper Beaufort beds; F—Fremouw
Formation; G—Gosford Formation; K—Knocklofty Forma-
tion; L—Lystrosaurus zone of Upper Beaufort beds; P-
Panchet Formation; PV—Puesto Viejo Formation; Y—Yerra-
path Formation; (A)—labyrinthodont amphibian; (K)—kan-
nemeye rid; (KC)—Kannemeyeria, Cynognathus; (L)—Lys-
trosaurus; (P)—Parotosaurus; (R)—rhytidosteid labyrintho-

dont.

ing the Lystrosaurus fauna—now so widely separated
—are brought into reasonably close proximity. Such
a distribution would explain, among other things,
the presence of Lystrosaurus in these several regions.
It would explain the occurrences of Lystrosaurus and
associated tetrapods as an uninterrupted range of
distribution—a range that was subsequently inter-
rupted and dispersed by the rifting of Gondwana-
land and the drifting of its component parts to their
present positions. Moreover, it would explain how
the Lystrosaurus fauna, composed of amphibians and
reptiles that almost certainly lived in tropical or sub-
tropical habitats, can now be found in Antarctica.
Antarctica in the Lower Triassic would seem to have
been in much lower latitudes than at present.

Conclusions

The discovery of a Lystrosaurus fauna in Antarc-
tica would seem to establish beyond any reasonable
doubt the fact that the Antarctic Continent was once
part of a larger Gondwana continent and was con-
tiguous to Africa. Although many of the evidences
for continental drift are based on certain assump-
tions, there are no questionable assumptions, it seems
to me, concerning the distribution of the Lystrosaurus
fauna. One can say with confidence that the amphib-
ians and reptiles that constituted this fauna were
unable to swim long distances across oceanic depths,
and that they perforce must have spread by way of
dry land. Such being the case, the only explanation
for the Lystrosaurus fauna in Antarctica is to pred-
icate the ligation of the south polar continent with
Africa. The evidence for Gondwanaland (and Lau-
rasia, or Pangaea) has been accumulating in im-
pressive dimensions during the past two decades. The
presence of Lystrosaurus in Antarctica constitutes a
final—and remarkably strong—link in this chain of
evidence.
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Gondwana Paleobotany
JAMES M. SCHOPF

U.S. Geological Survey
Columbus, Ohio

The Permian Gondwana flora, in general, is very
sharply distinguished from that of the regions farther
north. However, some plants of distinctly northern
ancestry occur south of the northern boundary of
Gondwanaland, although the Permian flora of Ant-
arctica contains fewer elements with northern affin-
ity than do other Gondwana continents. Two explana-
tions seem possible: (1) The stratigraphic repre-
sentation of Permian strata is less complete in Ant-
arctica than in South America, southern Africa,
India, or Australia; or, (2) In Permian climatic
zonation, the number of plant species having definite
"northern" affinities seems to diminish progressively
toward the south, and thus is unrepresented in the
southernmost Gondwana areas. Probably Antarctica
was in this southernmost position, but, when the
plants were living, it must be assumed that the Ant-
arctic Continent was situated somewhat north of
the Antarctic Circle.

Both of the above explanations may apply in part,
and it will be particularly difficult to distinguish be-
tween them because exposures and collections are so
limited in Antarctica compared with other parts of
the world. In any event, the similarity of most ant-
arctic species of Glossopteris, Gangamopteris, Noeg-
gerathiopsis, and Paracalamites—some of which are
illustrated in the accompanying plate of figures (1-
9)—to forms generally present in other Gondwana
continents shows a convincing lack of biologic isola-
tion in any part of Gondwanaland during the Per-
mian. As stated by Sahni (1939): "The idea of a
single more or less continuous life-province in the
southern hemisphere during the Permo-Carbonifer-
ous period arose from the fact that the widely dis-
tributed Glossopteris flora was so uniform in char-
acter: it could only have been evolved under condi-
tions permitting of free intermigration by land
plants."

This quotation from Sahni probably implies much
more to a biologist than is apparent to those not
biologically trained. The biologist knows that plant
migrations take time and that the mutation rate,
which is at least one source of biologic variation, is
continuous. Also, the more restricted the avenue of
access (a long narrow land bridge, for example,
versus broad, direct land communication), the longer
the time required for migration, other factors being
equal.

*Publica tion authorized by the Director, U.S. Geological
Survey.

Of course, other factors are never equal: plant
distributions in normal habitats are always some-
what discontinuous due to environmental differences.
According to Gleason (1922, p. 48-49) : "Extensive
migrations of plants, proceeding at a relatively rapid
rate, therefore take place along routes where suitable
habitats are nearly continuous, such as river valleys
for mesophytic species or interfiuvial uplands fo
xerophytic forms." The rate of postglacial plant mi
gration in the central United States would appea
to average from 20 to 80 meters per year. By either
rate, it would require an unreasonable time to move
the same species, unchanged, across land bridges i
Gondwanaland.

One other factor must be taken into account when
we consider the environments occupied by the Glos
sopteris flora. The plant assemblage did not consti
tute a marine littoral flora as the northern Pennsyl
vanian flora, in part, must have. Only in a few place
is there any evidence in the rocks of associated o
successive marine conditions. Thus, the marine lit-
toral is not likely to have provided an avenue of mi'
gration. River valleys along the necessary routes of
migration seem to be precluded if the links between
continents were only "isthmian." The glossopterids
commonly were inhabitants of freshwater swamps,
as indicated by deposits of Permian coal to which
they were major contributors. Such habitats would
develop rarely under the physiographic conditions
visualized for isthmian links.

Figure 1. Hypothetical reconstruction of a glossopterid tree (abou
10 m tall) with large leaves.

Figure 2. Two Glossopteris leaf fragments, the larger one refer.
able to G. indica Schimper. Collected by G. W. Grindley, N.

Zealand Geological Survey, at Mt. Wild, central Antarctica.
Figure 3. Large fragment of a leaf of Glossopteris ampla Dana

Collected by W. E. Long at Terrace Ridge, Ohio Range.
Figure 4. Apical fragment of a leaf of Gangamopteris obovaf
(Carruthers) D. White. Note the absence of a midrib. Collected b

D. B. Matz on the lower slope of Robison Peak, Victoria Land.
Figure 5. Fragment of a leaf of Belemnopferis. Glossopteroid vs.
nation and its association suggest that Belemnopteris may not b
a fern. Collected by W. E. Long near Terrace Ridge, Ohio Rang.
Figure 6. Glossopterid fertile bract and ovule-bearng structure
(fertiliger); diagrammatic. The connection of these structures, dis-
covered by E. P. Plumstead (1952), shows that Glossopteris Is a

seed plant.
Figure 7. Postulated glossopterid male sporophyll; cut-away sec-
tion shows pendant groups of short-stalked sporangia; diagram-

matic.
Figure 8. Cross-section of large silicifed root of Vertebroria (about
70 growth rings) with branch. The white chalcedonic areas rep..-
sent central air spaces characteristic of Vertebraria. Ubiquitous
association of Verfebraria roots with Glossopteris leaves strongly
suggests that this is the type of root that supported the gloss.,

opter:cI trees of Gondwanaland. Note 5—cm scale.
Figure 9. Side view of specimen in Fig. 8, showing connection o
branch root. Note 5-cm scale. Collected by William J. Gealy a

Mt. Augusta, central Antarctica.
Leaf drawings in Figs. 2-5, photo-line tracings by J. F. Rigby,
reproduced at about 415 natural size.
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The glossopterids were gymnospermous plants in
which disseminules are not adapted to speedy mi-
gration. Gymnosperms generally are not adapted to
flotant distribution over salt water, and their seeds
could not have been carried far by air. Avian vectors
were lacking in the Permian. Prior to 1952, botanical
evidence for these assertions was less conclusive, and
many persons had assumed that the glossopterids
were essentially ferns that produced spores that could
propagate the plants by distant airborne transport.
It had been easy to disregard the fact that no accept-
able fern sori or sporangia had been found on any
glossopterid leaves. In 1952, however, Edna Plum-
stead described several types of fertile structures at-
tached to fertile glossopterid foliage that showed no
resemblance to ferns and proved that glossopterids
must be gymnospermous. Other evidence corrobo-
rates this view, although it is still not clear from
which type of gymnospermous plants the glossopterids
were derived. This additional botanical evidence re-
garding the nature of glossopterid reproduction shows
that any remarkably rapid mode of distribution was
very unlikely, as was migration across wide stretches
of sea.

The other important botanical fact with which
we are concerned is that the dominant glossopterid
species of all continents are the same. One may criti-
cize the "form" classification under which leaves have
been assigned to as many as 50 or 60 species of Glos-
sopteris, 15 or 20 species of Gangamopteris, and a
scattering of other, allied genera. However, to what-
ever extent this procedure in taxonomy is question-
able, it cannot disguise the fact that most of the speci-
mens in every assemblage are referable to the same
small group of species, regardless of the continent
from which the specimens were obtained. This serves
as most convincing evidence, as noted by Sahni, that
the populations were not biologically isolated. The
Gondwana area is large, and the degree of genetic
interchange that is signified by species in common
between these different continents is incompatible
with strong climatic differentiation of the area, let
alone the presence of isolating mountain ranges or
other biological barriers. The suggestion that broad
saltwater oceans might have separated parts of this
specifically allied flora then, as now, is unsupportable
by botanical evidence. The separate continental floras
represented in the Gondwana areas were not biologi-
cally isolated during Permian and Triassic time—a
matter of at least some 90 million years.

A better model of Gondwana paleogeography is
needed in order to summarize results of geologic and
paleontologic studies of the Permian in Antarctica.
Many reconstructions have been suggested that now
seem deficient for various reasons. The area origi-
nally proposed by Suess (1895-1901) included the
recognized Gondwana continents linked by land

areas across the modern southern oceans. Such pro-
posals (see maps and works cited by Arldt, 1919
1922) must be rejected now in the light of more
recent knowledge of the earth's crust and mantle and
the bathymetry of ocean basins. As Bullard (1964
p. 17) says: "The 'land bridges' and 'lost continents'
invoked in the older literature are now seen to in-
volve processes at least as dubious and obscure a
those required to move the continents horizontally."
It seems inconceivable to me that the deep ocear
basins (more than 2,000 fathoms) could ever in-
dude substantial parts of "foundered continents."
It seems more likely that an explanation is to be
found in the disruption of a contiguous Permiar
Gondwanaland according to the mechanisms in -
volved in sea-floor spreading.

Of all the explanations for continental drift, sea-
floor spreading accounts best for the similarity iii
outline and geology of coastal South America and
southern Africa (Martin, 1961; Bullard, 1964; Hur-
ley et al., 1967; Allard and Hurst, 1969; and rnan
others). Moreover, the rate and direction of spread-
ing during the Cenozoic is relatively well established
for many of the earth's oceanic ridges as the resuli
of extensive studies of marine magnetometry (L(
Pichon, 1968; Heirtzler, 1968). Older records ol
crustal movement are more difficult to interpret
there are a great many divergent guesses about the
manner in which southern continental blocks were
assembled to form a Permian Gondwanaland, and
it is likely that the Permian arrangement represent
only one stage of intercontinental movement. Few ol
the coastal regions that may possibly have been op-
posed during the existence of Gondwanaland have
been studied in the same detail as those of Atlantic
South America and Africa.

Not only must geophysical and geologic facts be
harmonized, but paleontologic and biologic distri-
butions must be reconciled in an areal reconstructior
if the "model" of Gondwanaland is to be convincing
South America and southern Africa are sufficient!)
close to the same latitude and climate that biologi
discrepancies between them are minimal. A more
challenging problem is presented in Antarctica
where the Permian flora is similar to that of Brazil
the Transvaal, and India. When the southern contin
ents are all placed together, they equal about half ol
the land surface of the world. It seems inconceivable
that any area so large could be occupied by ver
nearly the same assemblage of plant species withoui
evident floristic diversification such as exists in com-
parable and even in much smaller areas today. Thus
biologic requirements as well as geologic and geophy.
sical considerations must be accommodated in
satisfactory "model" of Gondwanaland.

Recently, I suggested that reconstruction of a Per.
inian Gondwana continent might be simplified ii

64	 ANTARCTIC JOURNAL



'EP

/CO/V-r/A1

..	 •////	•••..,
r'	••'...	N.GUIN

•	I ,' \	/////'
I)l\	'//

'JINDIA

AFRICA

N. CAL
SOUTH	 TAS.

AMERICA	 ......	•...	 N.Z.

rentative reconstruction of Permian positions of Gondwana conti-
nents. Area of the Glossopteris flora within dotted line. Dashed
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N. Z.=New Zealand; N. Cal.=New Caledonia.

West Antarctica were not regarded as part of the
ancient antarctic crustal unit (Schopf, 1969). Adie
(1964) and many others have commented on the
basic geologic differences between the East Antarc-
tic shield and West Antarctica. The margin of the
East Antarctic shield now represented by the frontal
scarp of the Transantarctic Mountains might repre-
sent a "rift" line that was opposed to very different
land areas in the Permian.

The accompanying sketch map indicates my pres-
ent best "guess" about the Permian arrangement of
the Gondwana continents. Outlines roughly follow
the 1,000-fathom contour, but some of the present
strand lines are also shown for orientation. Needless
to say, most of the configurations suggested are ten-
tative and much in need of detailed elaboration.
Nevertheless, evidence of plants, glaciation, stratig-
raphy, structural geology, and other considerations
make it seem most reasonable to believe that the
interior rift line of the East Antarctic shield may
have been adjacent to and east of southern Africa
during the Permian.

From a paleobotanical standpoint, the model
presented here has the advantage of reducing the
area of contiguous Gondwanaland to less than 16
million square miles, depending on the extent of
epicontinental seas. This area, although large, is
perhaps not inconceivably enormous to be regarded
as constituting a single floristic province. Its longi-

tudinal extent is greater than the modern temperate
zone, but it may still be acceptable according to
what we know about Permian climate (see Schopf,
1970, for further discussion). This reconstruction
brings the fold structure of the Sierra de la Ventana,
the Cape Mountains, and the Pensacola Mountains
into approximate alignment. Folding of the Ellsworth
Mountains may represent a continuation of the
same trend (Schopf, 1969). It also contributes to
the relationship of the area of postglacial brackish
lakes (stippled pattern in the sketch map), part of
which may have supported a marine fauna (Frakes
and Crowell, 1968). Extensive deposits of thin-
bedded, black shale (lower part of Polarstar Forma-
tion, Discovery Ridge Formation, Mackellar For-
mation) are associated with trace fossils above the
glacial beds in Antarctica, but no marine fossils
have been observed there. Barrett et al. (1968) have
shown by strontium isotopic studies that free inter-
change with Permian seas did not take place during
deposition of the Mackellar Formation. Except for
the locality in South America (which may reflect a
western seaway), marine deposits of Permian age
appear located near the margins of Gondwanaland
in this reconstruction.

In this model, the postglacial marine basins of
Western Australia are opposite the epicontinental
Tethys north of India rather than the nonmarine
Permian succession adjacent to the Bay of Bengal.
The geologic alliance between Tasmania and New
Zealand has been noted by Gill (1952) and by
J. B. W. Waterhouse (oral communication, 1968).
Extensive ancient fault lines have been noted in
Bass Strait, and it does not seem implausible that
Tasmania may have occupied an interstitial position
during the Permian. Australia differs from many
southern continents in that it has an extensive
northern continental shelf. It would seem most rea-
sonable if the eastern shelf bordering Australia were
continuous with that on which New Zealand is now
situated; Carey (1958) has suggested that their
earlier geologic history was closely linked. New Zea-
land itself, however, evidently was mostly a marginal
area of shallow sea during the Permian (Brown
et al., 1968).

Rotation of Antarctica and the relative positions
of Australia and India also place the anorthosite
belt of the Southern Hemisphere in a more plausible
arrangement (Herz, 1969). Such features suggest
that the Gondwana arrangement may have had a
fairly long history.

Sproll and Dietz (1969) and Dietz and Sproll
(1970) followed the procedure of Bullard et al.
(1965) in using a computer to determine how good
a "fit" might be established between plausible
stretches of the coast of Antarctica and other con-
tinents. Bullard et al. admitted: "There is, of course,
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some arbitrariness and personal judgment in choos-
ing what is to be fitted." Nevertheless, they found
an excellent "fit" in the South Atlantic, where other
evidence is most ample. Sproll and Dietz similarly
tested the most popular reconstruction arrangement
of Australia and Antarctica, with Tasmania posi-
tioned northeast of Cape Adare, and they, too, found
a contour "fit" that exceeded their expectations.
Recently, the same technique was applied in match-
ing 1,000-fathom contours off Coats Land and New
Schwabenland in Antarctica with those of Mozam-
bique and Natal in South Africa. However, the abun-
dant geologic evidence that supports the "fit" in
the South Atlantic region is lacking for these
matchings of Antarctica with South Africa or Aus-
tralia. The geology of the Cape Adare region, so
far as known (see Harrington et al., 1963), does not
seem to agree with the geology of Tasmania (Spry
and Banks, 1962). It is difficult to accept the con-
straints that Sproll and Dietz' antarctic "fits" impose
and still deduce a model of Gondwanaland that might
represent a climatic and floristic entity. Fortunately,
Antarctica has other coastlines upon which computer
matching should be tried.

In my tentative reconstruction, an enlarged lobe
is shown at the southern end of South America
adjacent to the Victoria Land coast of Antarctica.
This feature and the fact that the west coast of
South America and a long stretch of the Wilkes
Land coast of Antarctica now lack continental
shelves, I regard as anomalous and questionable.
Crustal elements seem lacking in this area, but if
they had been present, they might have provided
the Marie Byrd Land "islands" of West Antarctica.
However, the Paleozoic history of Patagonia is
particularly difficult to reconstruct. One wonders
whether a considerable body of adjacent "shelf"
rock may not have disappeared in the Peru-Chile
Trench, and, owing to its lighter density, may later
have been responsible for much of the Andean up-
lift and orogeny. The present western coastline of
South America can scarcely have much bearing on
that which existed during the earlier part of the
Mesozoic. It is entirely possible that Patagonia at
that time extended less far southward, and that there
was a shelf adjacent to Antarctica and the western
coast of South America.
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ntroduction
The theory of continental drift apparently orig-

inated in 1858 with A. Snider (cited in Carozzi,
1970), who observed that the shapes of opposing
oasts of South America and Africa suggested that

they were once joined. Much later, Taylor (1910)
and Wegener (1912), from study of matching geo-
logic features on now distant continents, concluded
hat the southern continents—including India—were
robably once part of a supercontinent (now called
ondwanaland). During the past quarter century,
aleomagnetic data have slowly accumulated and
ained reliability, and now also support the concept
hat dispersed pieces of Gondwanaland were once

together (e.g., Creer, 1965). It has only been within
the past decade, however, that a tentative under-
standing has evolved of the way that the ocean floor
spreads outward from mid-ocean ridges, thus pro-
viding a mechanism for moving the continents apart
(e.g., Heirtzler, 1968). The theory of continental
drift, therefore, rests on similarities of coastlines; the
matching of rocks by age, type, structure, and history;
paleomagnetic data; and partial comprehension of
the mechanism of sea-floor spreading. Throughout
this long development of the theory, speculation
concerning the place of Antarctica in Gondwanaland
has increased, especially since the time of discovery
of Gondwana rocks on the Antarctic Continent
(Gould, 1935; Long, 1962).

Matching of Coastal Configurations

As in the case of Africa and South America, the
shapes of coastlines offer the first clue as to whether
continents were once adjacent. The present shape of
the shoreline having been affected by Cenozoic
fluctuations in sea level, it is important to establish
the margin of the true continent—usually taken to

be the outer edge of the continental shelf. The
1000-rn isobath has been found satisfactory for fitting
(Bullard et al., 1965), so we will also use it for Ant-
arctica.

The 1000-rn isobath traces an almost semicircular
path around the East Antarctic shield. Antarctica fits
reasonably well against Australia by placing the
curved antarctic segment against the Great Aus-
tralian Bight (Fig. 1). The fit is locked into place
by the southward salient of Tasmania, which must
fit into the sulcus of the eastern Ross Sea. On
isobaths alone, the fit of Antarctica with Africa is
less satisfactory, although rough correspondence of
the two continents is suggested (Fig. 2). (In match-
ing these coastal segments, polar projections of each
continent are used; the poles of both projections
are superimposed and marked by a circle on the
figures.)

Matching of General Geology

Once the similarity of opposed continental margins
is discerned, the validity of the suggested fit can be
tested by comparing the rocks on either side of the
juncture. This comparison involves determining both
the age of the rocks and their general types and
structures, and finding unique ages and types on
both sides.

In Fig. 1, reconstruction of the Antarctica-Aus-
tralia segment of Gondwanaland aligns major geo-
logic trends across the juncture. The Ross
Geosyncline of Antarctica was an elongate trough
in which a thick layer of sediment was accumulated
in late Precambrian and early Paleozoic time (be-
tween about 750 and 450 million years ago). The
history of this rock belt is closely matched by the
region known as the Adelaide Geosyncline in
southern Australia, and the two are aligned when the
continents are juxtaposed. Similarly, the rock belts
east and west of the Ross-Adelaide trend are aligned
in the reconstruction, and display similar ages and
rock types as well.

The match of Antarctica and Africa (Fig. 2) was
achieved by juxtaposing the Cape Ranges of southern
Africa with the opposite end of the Ross Geosyncline
in the Weddell Sea region. The juxtaposition is nec-
essary because a unique matching of coastlines is not
apparent. Again, the Cape Ranges display rocks of
late Precambrian to early Paleozoic ages—as in the
Ross Geosyncline—and the rock types are broadly
similar. Precise matching of other geologic provinces
across this boundary is not presently possible because
of a scarcity of geologic information on the eastern
Weddell Sea region. However, there is general cor-
respondence of rocks by age and type between
southeastern Africa (Mozambique) and the Atlantic
sector of Antarctica.
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Matching of Geologic Detail

Aligned regions of two continents containing
similar rocks opens the possibility that detailed
studies on comparable rock units will reveal internal
characteristics which also show alignment on recon-
struction. For example, folds and faults may show
alignment, as may variations in the degree of regional
metamorphism and trends of old shorelines and
similar features in strata. The latter approach in-
volves determination of the paleogeography, or dis-
position of land and sea during the formation of a
sedimentary rock unit. We have concentrated our
efforts on a paleogeographic study of ancient glacial
deposits (Late Paleozoic: 350-250 million years old)
(Crowell and Frakes, 1968; Frakes and Crowell,
1968). These rocks are much younger than those
of the Ross Geosyncline, and their distribution is
within the heavy lines on Figs. 1 and 2.

The late Paleozoic glacial rocks of Antarctica,
Australia, and Africa have a special significance in
that they indicate a polar climate at the time and
place of their formation. Presently, these glacial rocks
of Gondwanaland are widely dispersed over the globe

and without latitudinal patterns. They occur in
present polar regimes (Antarctica), in the equatorial
regions (Africa), and even in the Northern Hemis-
phere (India, Pakistan). This distribution suggests
either that almost one half of the earth was glaciated
in the late Paleozoic or, more probably, that the
Gondwanaland fragments were gathered together in
the polar regime before splitting apart. Our task has
been to fit the fragments back together in their
original configuration, on the basis of paleogeography.

In the figure it is apparent that the regions of
Antarctica and Australia which were glaciated
during the late Paleozoic lie adjacent to one another
on reconstruction. Moreover, there is a radial pattern
of ice flow—indicated by arrows—suggesting that a
major ice mass was centered in the Ross Sea region
and flowed outward toward remote parts of Antarc-
tica and toward southern Australia and Tasmania.
We conclude that a single ice mass produced glacial
deposits on both continents.

Similarly, a major ice center lay in the eastern
Weddell Sea region and flowed across the present
continental boundary onto Africa along the southeast
coast (Fig. 2). The match suggested here is strongly
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;upported by the occurrence on both continents of a
distinctive type of glacial deposit which probably
,vas formed in a deep basin (Frakes and Crowell.
[968). These rocks are limited to the southern end
)f the African Continent, the Pensacola Mountains
md the Sentinel Range of Antarctica, the Falkland
[stands, and Buenos Aires Province of Argentina—all
egions which would be in close proximity in a re-
onstructed Gondwanaland.
The suggested position of Antarctica between

A ustralia and Africa solves some long-standing prob-
[ems regarding late Paleozoic glaciation. In Africa.
u 'I'oit (1921) pointed out that the ice seems to
iave flowed onto Africa from what is now the
Indian Ocean; a comparable situation exists for
southern Australia in that ice must have come out
of the present Southern Ocean. This is, of course,
impossible, since major ice sheets do not form in
oceans, but instead require a sizeable land mass as
a seat. Antarctica provides such a seat in both cases.
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Introduction

The marine geophysical data collected in the
Pacific Ocean south of 35°S. have proven extremely
valuable in furthering our understanding of many
fundamental geological problems. Foremost among
them are such issues as continental drift, the origin
and evolution of the ocean basins, the relationship
of earthquakes to tectonic provinces and processes,
and the distribution and age of sediments. While
there is by no means complete agreement on the
answers to these questions, there has been a broad
convergence of opinions toward the general concepts
of sea-floor spreading and plate tectonics. These
processes can account for many previously perplexing
observations.

One purpose of this review is to point out some
significant results of the analysis of the marine geo-
physical data collected in the Pacific-Antarctic and
adjacent ocean areas as they apply to sea-floor
spreading. The bulk of these data has been collected
on board the National Science Foundation's antarc-
tic research vessel Eltanin. Significant supplementary
data have been collected by the Lamont-Doherty
Geological Observatory vessels Verna and Robert D.
Conrad, by vessels of the U.S. Naval Oceanographic
Office, and by others. Fig. 1 is an index map of a
portion of the southern oceans showing selected
tracks along which two or more types of geophysical
data have been collected. Programs of simultaneous
and continuous precision echo sounding, seismic pro-
filing, gravity measurements, and total-field magnetic
measurements were conducted along many of the
tracks shown. Large portions of these data have been
analyzed and the results published (e.g., Pitman
et al., 1968; Ewing et al., 1969; Herron, in press;
Heirtzler et al., 1969; Hayes et al., 1969).

Precision Depth Recording

The morphology of the ocean floor is mapped by

*Lamont Doherty Geological Observatory Contribution
No. 1513.

means of a precision narrow-beam, high-frequency
(generally about 12-17 kHz) echo sounder. Except in
areas of extremely rough topography, the depth can
be determined and recorded continuously with an
accuracy of about 1 fathom (1.83 m). The floor of
the ocean is dominated by a prominent submarine
mountain range often referred to as the Mid-Oceanic
Ridge because of its approximate median position in
the oceans. This ridge system, present in all the
oceans of the world, is a nearly continuous feature
encircling the globe for some 40,000 miles. The ridges
rise 2,000-2,500 m above the depth of the adjacent
ocean basins, which makes them comparable in size
to the most spectacular continental mountain ranges
(Figs. 1 and 2).

In contrast to these broad mountain ranges, certain
areas of the oceans are characterized by extremely
long, narrow trenches or depths (see Fig. 2). These
trenches are for the most part situated along the
borders of the Pacific Ocean; however, isolated
trenches are also found in the Caribbean, South
Atlantic, and Indian Oceans.

Seismic Profiling

Seismic profiling is undertaken routinely to meas-
ure the thickness of the sedimentary layer that covers
the floor of the ocean. This layer commonly ranges
from near 0 to about 2,000 m in thickness. The
seismic profiler is a special type of echo sounder
that utilizes low-frequency sound waves. In the past,
explosive charges were used to create sound waves
for seismic profiling, but these have since been re-
placed by "air guns." An explosion is simulated by
the sudden release of highly compressed air from a
chamber towed behind the ship. The air gun pro-
duces acoustic waves of much lower frequency
(-100 Hz) than the common echo sounder
(-12 kHz). The low-frequency waves penetrate well
into the sediments and are reflected back to the sur-
face from horizons where contrasts in sediment
density and seismic-wave velocity are encountered.
These contrasts represent changes in rock type. The
quantity measured is the time that it takes for the
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Figure 1. Index map of the South
Pacific and southwest Indian Oceans,
showing geophysical tracks of Eltanin,
Verna, and Robert D. Conrad. Bold
lines and numbers indicate sections
and figure numbers where profiles are
shown. The axis of the mid-oceanic
ridge system is shown schematically
by heavy double lines. Offsets of the
ridge (fracture zones) are indicated by
dashed lines. Locations of deep-sea

trenches are given by dots.

energy pulse to travel from the surface, into the
sediments to a reflecting horizon, and back to the
ship again. By making these measurements on a
closely spaced basis, a continuous profile of the up-
permost layers of the ocean floor is obtained (Fig. 3).

One fact regarding the distribution of the sedi-
ments that particularly bears on the discussion here
is that, near the crests of the mid-oceanic ridges, the
blanket of sediment is generally thin or entirely ab-
sent. As one proceeds laterally toward either side
from the crest, the thickness of the sediments in-
creases towards some maximum in the basins (Fig.
4). Many factors can influence the total accumula-
tion of sediments at a particular place, but time
is perhaps the most fundamental element. In general,
the older the area, the more potential it has for
accumulating thick layers of sediment.

Magnetic Measurements

Another type of geophysical measurements made
aboard ocean-going vessels—and also from aircraft—
is that of magnetic-field strength. These measure-
ments are obtained by means of a special sensor,
towed several hundred feet behind the ship to mini-
mize the effects of the ship's metal hull. The primary
purpose of these measurements is to determine the
distribution of magnetically polarized rocks near the
earth's surface. If rocks are magnetized in the di-
rection of the earth's field, they will enhance the
strength of the magnetic field at that point. If they
are magnetized in the opposite direction, they will
reduce it. When the total field strength is compared
with the theoretical field strength—assuming no
magnetic bodies were present in the near-surface
layers—the difference gives a measure of the so-called
magnetic anomalies. Areas of positive anomaly and
negative anomaly in general are not randomly dis-
tributed; rather, there are areas of extensive positive
and negative magnetic stripes that occupy a large

Figure 2. Topographic profiles across the eastern South Pacific near
45 0 S. (see Fig. 1 for location). The upper and lower profiles

represent one continuous profile (1 fathom= 1.83 m).

Buried
Chile Trench

NW	
I	

SE

2400 	6

50 N.M. ELT4N/N28-- 
Figure 3. Seismic reflection profile of the continental margin of
southern Chile (see Fig. 1). Note the presence of a sediment-
filled trench. The gently sloping reflectors were probably once
flat-lying, and their dip indicates subsequent downwarping of the
crust at the buried trench. Adapted from Hayes and Ewing (in

press).

part of the ocean basin (Fig. 4). These stripes
indicate that there are long, linear pieces of crustal
rock that appear to be uniformly magnetized with
one polarity adjacent to other long, linear crustal
blocks magnetized with the opposite polarity.
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Figure 5. Magnetic lineation stripes over the Reykjanes
Ridge south of Island. Black stripes are positive anom-

alies (from Heirtzler et al., 1966).

Gravity

Measurement of the strength of the earth's gravi-
tational field constitutes still another phase of marinE
geophysical observations. These measurements ar
difficult to make aboard ship, and the method did
not become widely used until about 1961. The gra.
vimeter is a sophisticated spring balance that is highi)
damped to minimize the effects of the ship's accelera-
tions. The instrument is placed on a gyrostabilized
platform near the center of the ship, so that th€
roll and pitch of the ship will not affect the measure.
ments. An electrical signal proportional to the motior
of the spring balance is selectively filtered to isolat
the residual accelerations due to ship's motion frorr,
small changes in the earth's gravitational field. It i
this latter quantity that is of interest: from it, onE
can deduce the distribution of density within thc
earth's crust and upper mantle.

The Hypothesis of Sea-Floor Spreading

The concepts of sea-floor spreading and plat
tectonics have been reviewed recently by Heirtzlei
(1968), Menard (1969), and many others, and on])
the highlights of these important hypotheses will b
noted here.

The idea that the sea floor is spreading laterall)
with time, that it is breaking aparf at the mid.
oceanic ridges, and that new material from below
is filling this "void" was formally proposed by Hes
(1962) and by Dietz (1961). Earlier ideas of conti
nental drift (e.g., Carey, 1958), which had faller
out of vogue, gained renewed interest. The primar)
objection to the continental-drift theory had beer
the absence of a plausible mechanism by which thE
continents could move about through the rigid crust
of the earth. The new concept, that the sea flooi
was breaking in the center and moving laterally
proposed that the continents were not moving
through the rigid crust of the earth but along witl
it. The entire crust was moving over the surface o
the earth as large, rigid plates or slabs, and th
continents were simply protuberances and wer
integral parts of these rigid plates. These ideas still dic
not gain much prominence, until Vine and Matthew,
(1963) suggested an important corollary to the sea
floor spreading hypothesis. They contended that a
new material came up where the mid-oceanic ridge
split apart, the material cooled and acquired a mag.
netization in the direction of the earth's magneti
field. Since the earth's magnetic field is known tc
have reversed its polarity many times throughout geo
logic time (Cox et al., 1967), there should be alter.
nate positively and negatively polarized rock
distributed symmetrically about the mid-oceani
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ridges. Vine and Matthews then proceeded to test
this hypothesis by proposing a model of alternately
polarized magnetic blocks (see Fig. 6). If the sea
floor had been separating at a uniform rate, and if
the chronology of the earth's magnetic field were
known, one could compute the theoretical magnetic
anomalies due to the alternately polarized model
blocks and compare them with the observed anom-
alies.

The Hypothesis Tested

The data collected along several transects of the
Pacific-Antarctic Ridge proved invaluable in the
early tests of the sea-floor spreading hypothesis and
the Vine and Matthews corollary. Pitman and
Heirtzler (1966) presented and analyzed several
bathymetric and magnetic-anomaly profiles for the
South Pacific and pointed out the following facts:

1) Magnetic-anomaly lineations were present and
they were parallel to the ridge axis;

2) The anomaly lineations were bilaterally sym-
metric about the ridge axis;

3) A magnetic model consistent with that pro-
posed by Vine and Matthews (1963) could
account for the observed anomalies near the
ridge crest;

4) A similar model was applicable to other ridges
in different parts of the world.

Fig. 7, adapted from Pitman and Heirtzler (1966),
illustrates points 2 and 3 above. The magnetic-polar-
ity chronology is known with confidence only back to
about 3'/2 million years ago (Doell et al., 1966), due
primarily to the limitations of radiometric dating
techniques. If, however, one assumes a constant rate
of spreading and generates a model of magnetic
blocks which are in agreement with the observed
magnetic anomalies, a geomagnetic time scale can
be extrapolated well into the geologic past (Vine,
1966; Heirtzler et al., 1968). The South Atlantic
Ocean was selected by Lamont-Doherty workers as
the area where the extrapolation was most likely to
be valid, and a geomagnetic time scale was adopted
on the basis of the observed magnetic anomalies there
and the known geomagnetic time scale (Heirtzler
et al., 1968). This hypothetical time scale has gained
very strong support from the recent JOIDES deep-
sea drilling operations in the South Atlantic Ocean
(Maxwell, 1969). At the South Atlantic drilling
sites, the ages of the basal sediments (sediments
located just above the basalt crust) were found to
be in close agreement with those predicted from
observed magnetic anomalies and the extrapolated
geomagnetic time scale.

Workers at Lamont-Doherty (e.g., Heirtzler et al.,
1968) and elsewhere have since proposed that a
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Figure 6. Schema of ridge growth, magnetic blocks, and theoreti-
cal magnetic anomalies and their relationship to the known geo-
magnetic time scale. Black areas represent positive polarity epochs
and positively polarized magnetic blocks. Note the symmetry of
the model about the ridge axis and the corresponding symmetry
in the anomaly pattern. The to; ographic relief generally does not

affect the anomaly pattern significantly.
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Figure 7. Symmetric magnetic anomalies in the South Pacific in
comparison with theoretical anomalies from model studies (modi-
fied from Pitman and Heirtzler, 1966). The top anomaly curve is
the mirror image of the observed anomaly curve (middle) to allow
for evaluation of symmetry. The observed topography (black) and
the model of magnetic blocks are shown near the bottom. See

Fig. 1 for location.
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fault. Note that the direction of relative motion in B is opposite
to that of A2. Studies by Sykes (1967) demonstrated that present
motion along ridge offsets is consistent with B, the transform fault.

similar pattern of magnetic anomalies is observed
in all oceans, and that this pattern represents the
unique character of the earth's magnetic-polarity
history during the last 80 m.y. By identifying char-
acteristic anomalies within the pattern, a maximum
age was assigned for the underlying igneous rock,
and a map of isochrons—the lines of equal age—
was proposed for large parts of the ocean basins (Fig.
8).

The Mid-Ocean Ridge system, although contin-
uous in the overall sense, is composed of a series
of discrete segments, which are offset by as much
as several hundred miles in many instances. The
existence of these offset ridge segments has been
difficult to explain. The lines along which the
offsets occur have commonly been referred to as
"fracture zones." Only that portion of a fracture
zone lying between the offset ridge axes is character-
ized by seismic activity (see Fig. 9B) ; it has been
referred to by Wilson (1965) as a transform fault,
a special type of strike-slip fault. On opposite sides
of these fracture zones there is a discontinuity in
age and in morphology or in average depths of the
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Figure 10. Bathymetric and magnetic-anomaly profiles from the
crossing of a fracture zone associated with the Pacific-Antarctic
Ridge. Note that the magnetic-anomaly pattern is repeated (anom-
alies numbered 27, 28, 29), indicating that a fracture zone was
crossed. Along this profile, the location of the fracture zone is also
coincident with a major change in morphology. The offset of
magnetic anomalies is about 400 km. Taken from Pitman of at,

1968.

ocean (see Fig. 10). In fact, the fracture zone should
represent a discontinuity in almost every observable
geophysical parameter.

The discontinuity in depth across a fracture zone
is dependent primarily on three factors: the distance
of the observation point from the axis of the ridge,
the amount of offset between ridge crests, and the
regional and local relief of the ridge. As one proceeds
very far away from the ridge crests, the morphologic
expression of the fracture zones usually becomes quite
subtle or totally indiscernible. It is at these localities
that the discontinuities in other observed parameters
(e.g., magnetic anomalies) must be employed to rec-
ognize the presence of fracture zones. If these dis-
continuities are successfully identified, one can map
the surface trace of the fracture zones over very
long distances. In so doing, the relative motion of
adjacent crustal plates at the time the fracture zones
were active is determined. If one can map the
relative motion of these plates continuously through -
out geologic time, one can work backwards from
the present to determine the relative positions of
the continents at any time (assuming that the
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travelled along passively with the crustal plates). The
reconstruction of Gondwanaland by this approach is
in general agreement with reconstructions that have
been proposed on the basis of the fit of continental
outlines and on the basis of geologic and structural
continuities and similarities across the oceans.

As mentioned previously, seismic profiling shows
that there is very little sediment present near the
crests of the mid-oceanic ridges. The thickness of
the sediment veneer generally increases with in-
creasing distance from the ridge crest; however, the
rate of sediment deposition is affected by bottom
currents, levels of biologic productivity, and depths
of the ocean floor. If all of these factors remained
constant, the thickness of sediment at any point on
the floor of the ocean should be directly propor-
tional to the age of crustal rocks there.

The basic concepts of sea-floor spreading require
that the crests of the mid-oceanic ridges be the
youngest part of the crust beneath the ocean floor.
The theory thus predicts the near absence of sedi-
ments on the crests of the ridges, as those portions
are not old enough to have acquired a significant
amount of sediment. Likevise, the general increase
in the thickness of sediments in the directions away
from the ridge crests is conformant with theory (see
Fig. 4).

The gravity observations, while extremely valuable
or other studies, have added little direct insight
nto the nature of the sea-floor spreading and plate-
ectonic processes. The oceanic trenches, presumed
ites of crustal underthrusting, are characterized by
arge, negative gravity anomalies. These anomalies
re not simply the result of narrow topographic
renches: other relatively low-density crustal mate-
rials must be present near the trenches, but the
isposition and nature of the low-density materials

S 

a subject of controversy. One view is that low-
ensity sedimentary material has been "scraped off"
he plunging crust at the trench axis and piled onto
he landward flanks of the trenches. However, this

process alone cannot explain the observed gravity
anomalies, and other major crustal readjustments
must be introduced to do so. Gravity anomalies
observed over the mid-oceanic ridges and the density
distributions deduced from them (Taiwani et al.,
1965) place strong constraints on the nature of the
mechanism giving rise to the sea-floor spreading
process.

In addition to many important marine geophysical
observations, earthquake seismology has contributed
significantly to theories regarding the evolution of
the ocean floor. Earthquakes are not randomly dis-
tributed over the surface of the earth, but are con-
centrated in narrow zones. The major portion of
seismic activity centers around the circum-Pacific,
near the deep-sea trenches. A large number of earth-

quakes also occur along young mountain belts, for
example in southern Europe and central Asia. Other
earthquakes are concentrated very near the crestal
portions of the mid-oceanic ridges and along the
offsets between these ridges. It has only been with
the advent of refined seismic instrumentation, the
increased density of seismic stations throughout the
world, and the use of electronic computers that the
precise location of these earthquakes became ob-
tainable (Sykes, 1963). It was found that many of
the earthquake zones thus defined were even more
sharply delineated than had been expected. Also,
most earthquakes appear to be systematically dis-
tributed with respect to depth. Earthquakes associ-
ated with the mid-oceanic ridges are generally clas-
sified as shallow—that is, they occur within the upper
30 km of the earth's crust. Nearly all of the inter-
mediate and deep earthquakes (those from 30 km
to 700 km) are distributed in and around the
mid-oceanic trenches. Shallow earthquakes are also
associated with the trenches. The circum-Pacific earth-
quakes define sloping planes which dip beneath the
continents or island arcs bordering the deep oceanic
trenches.

By measuring the direction and nature of the first
earthquake motion at recording stations all over the
earth, one can often determine the probable orienta-
tion and direction of the faulting that released the
energy of a particular earthquake. As previously
mentioned, the mid-oceanic ridges are offset, and the
earthquakes occur, along the crests and along the
offsets of the crests. If the ridge crests were once
contiguous and were subsequently displaced along the
present offsets, and if the recent earthquakes repre-
sent the continued activity along these zones, one
should be able to determine if the nature of the in-
ferred faulting is consistent with the sense of offset
of the mid-oceanic ridges (Fig. 9A).

Studies by Sykes (1967) indicated that the observed
sense of earthquake first motions were opposite to that
inferred from the apparent offset of the mid-oceanic
ridges, but consistent with that of a transform fault
(Fig. 9B). In fact, Sykes' study was undertaken to
test the plausibility of the new type of fault—the
"transform fault"—proposed by Wilson (1965). The
transform fault is an integral part of the present con-
cepts of sea-floor spreading and global tectonics.

Several important observations on a global scale
must be explained in any hypothesis about the evolu-
tion of the ocean basins, viz:

1) The presence of mid-oceanic ridges with off-
sets; 2) the presence of oceanic trenches; 3) the dis-
tribution (amount and age) of sediments over the
ocean floor; 4) the similarity of continental outlines;
5) the apparent geologic fit of the continents and
other indications of polar wandering and/or conti-
nental drift; 6) the presence of long, linear magnetic
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stripes over the ocean floor that are sub-parallel to
the mid-oceanic ridges; 7) the striking symmetry ob-
served in the magnetic lineation pattern; and 8) the
distribution and nature of earthquakes associated with
deep-sea trenches, oceanic ridges, and transform
faults.

Sea-floor spreading and plate tectonics are by far
the most satisfactory hypotheses available to explain
the above observations. Probably the most important
question facing us is that of the mechanism for sea-
floor spreading. What is it that causes rigid crustal
plates to split apart and give rise to the mid-oceanic
ridges? Heat is by far the largest known source of
energy available, and the most popular view is that
some type of interior convective motion is responsible
for moving the plates about the surface of the earth.
It was thought earlier that there was a direct corres-
pondence between the positions of the mid-oceanic
ridges and trenches and the configuration of the un-
derlying hypothetical convection cells. However, in
view of the highly complex surface distribution of
the ridges and trenches, this now seems improbable.
If convection is the basic mechanism, it seems more
likely that the geometry of the underlying convective
cells may be simple, but that the convective pattern
gives rise to a much more complicated expression of
crustal-plate boundaries. The observed earthquake
zones define the boundaries of the crustal plates and
attest to the interaction of major crustal elements
along these zones (Isacks et al., 1968). The precise
location of earthquake epicenters provides extremely
valuable information for the high-latitude regions,
which are inaccessible to many oceanographic re-
search vessels. The Antarctic Continent, for instance,
is almost entirely encircled by earthquake epicenters
(Fig. 11). However, there is little or no evidence of
earthquakes on the Antarctic Continent itself, im-
plying an absence of major active tectonic processes
there, and indicating that the crustal plates surround-
ing the Antarctic are presently moving away from
the antarctic plate. The distribution of magnetic
anomalies in a broad latitudinal zone about the Ant-
arctic strongly suggests that this has been the situa-
tion for a significant length of time (of the order of
35-40 m.y.). The effective migration of spreading
centers away from the antarctic plate and also from
the area between the Pacific-Antarctic Ridge and the
Chile Ridge (Herron and Hayes, 1969) is a major
factor in the conclusion that there is no one-to-one
correspondence between the geometry of hypothetical
convection cells and plate boundaries (e.g., Isacks et
al., 1968; Le Pichon, 1968; Hayes and Ewing, in
press).

The major fracture zone traces in the southwestern
Indian Ocean are mutually consistent as defined by
offset magnetic lineations, morphology (unpublished
Eltanin data), and earthquake epicenters (l3arazangi
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Figure 11. Polar projection of earthquake epi-
centers from 900 S. to 30° S. The data, plotted by
Dorman and Laverty, are the same as those pre-

sented in Barazangi and Dorman (1969).

and Dorman, 1969). These data collectively provide
very strong independent evidence in favor of the
relationship of Antarctica and Australia as contiguous
parts of a larger landmass (Gondwanaland) prior to
early-middle Cenozoic time. It is interesting to note
that all popular reconstructions of Gondwanaland
(e.g., Hurley, 1968) leave segments of the antarctic
coast open. The exact positions of these open coastal
segments are not well determined, but one may hei
somewhere near the present longitudes of 40°E.-1
70°E. The ocean basin opposite this area should rep-
resent an old ocean—existing prior to the breakup
of Gondwanaland; thus, very old oceanic crust should
be found on this oceanic periphery of Antarctica.
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Late-Season Field Activities
(February-March 1970)

By February, the field research of the 1969-1970
summer had been virtually completed except in the
Antarctic Peninsula area and the Weddell Sea. Other
activities continued, however, as the station operations
phased into the winter programs. The operational
season came to a close on April 4.

As reports of all research projects carried out dur-
ing the 1969-1970 summer will be presented in the
July-August issue of the Antarctic Journal, only cur-
sory mention of them will be made in this summary.

McMurdo Station

A late-summer research program was conducted
at McMurdo in February by Dr. Albert R. Towle of
Stanford University for echinoderm materials to be
used in studying physiological aspects of respiration.
With the aid of the icebreaker USCGC Burton Is-
land, Dr. Towle collected sea urchins and starfish off
Cape Royds; other starfish were caught near the sta-
tion using mesh-wire traps operated from the shore.

U.S.S.R. exchange scientist Sergei Mikhailovich
Miagkov, who is to winter over at McMurdo Station,
continued his geomorphological studies in the Trans-
antarctic Mountains. Flights for visual and photo-
graphic observations were made from the Thiel
Mountains to Drygalski Glacier, and 30 days of field
work was accomplished in Taylor and Wright Valleys.
A phototheodolite survey was made of Taylor, Rhone,
Meserve, Wright Lower, and Sandy Glaciers to deter-
mine their evolution in recent times.

The new USARP chalet, NSF's operations center
for the summer research programs, was occupied on
February 15, and a new 62-man USARP quarters
building was occupied on February 25. The 188-man
Navy wintering-over complement will also be housed
under one roof, as the barracks portion of the new,
spacious 257-man personnel facility had been com-
pleted by the end of summer.

By February 25, the last of this year's USARP sum-
mer personnel, including Mr. Jerry W. Huffman,
USARP Antarctica Representative, had left for
Christchurch. The same day, the Commander, Ant-
arctic Support Activities, Captain E. B. Rubey, Jr.,
turned over command of Detachment Alpha, ASA,
to Commander W. L. Frost, the McMurdo Station
leader for the Deep Freeze 70 winter. With the de-
parture of Captain Rubey and Mr. Huffman on the
last LC-130 flight, McMurdo's winter commenced.

Winter research programs at McMurdo Station in-
clude satellite tracking by the University of Texas,
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recording of ionospheric transient phenomena by the
Research Laboratories of ESSA, riometer recordings
by McDonnell-Douglas Astronautics Co., and cos-
mic-ray observations by the Bartol Research Founda-
tion.

South Pole Station

Pole Station went on winter schedule on February
15, when the Commander of Task Force 43, Rear
Admiral D. F. Welch, visited the station on the last
LC-130 resupply.flight of the season. The next day,
Admiral Welch flew to Brockton Station to deactivate
that weather facility for the winter.

The programs that will be in operation at Pole
Station through the coming winter are: meteorological
observations by the Weather Bureau of ESSA, iono-
spheric-physics observations by the Research Labora-
tories of ESSA; geomagnetic and seismic observations
by the Coast and Geodetic Survey of ESSA; gravity
observations by the University of California (Los An-
geles) ; and cosmic-ray observations by the Bartol
Research Foundation.

Byrd Station

Byrd Station received its last resupply flight of the
season on February 18. The station's 21-man winter-
ing-over complement (same as at South Pole Station)
will concentrate its efforts on studies in upper-atmos-
phere physics (by Stanford University, the University
of Washington, and the Research Laboratories of
ESSA), and geomagnetism and seismology (by the
Coast and Geodetic Survey of ESSA).

Hallett Station

Hallett was closed for the winter on February 19,
when the personnel departed aboard USCGC Edisto.
By that time, Dr. Steven B. Young, Ohio State Uni-
versity, had completed the final phase of transplanting
vascular plants collected at Palmer Station.

Palmer Station and the Antarctic Peninsula

Palmer Station did not close for the season until
April 4, when USCGC Glacier headed for Punta
Arenas for the last time, leaving 10 men to winter
over. During the summer, work was completed on
modifications to the biological laboratory, and a new
power plant and additional life-support spaces were
constructed.

A number of ships called at Palmer this season. In
addition to USCGC Glacier and R/V Hero, which

stopped quite often, the Chilean ship Piloto Pardo
visited on February 2 and February 9. The cruise shi
Lindblad Explorer also visited the station—on Febru,
ary 8 and February 22. The station personnel con
ducted tours and briefings for the tourists.

On March 3, afire broke out in the trawler storag
area, where paper supplies and other combustible
materials were stored. Fortunately, the fire was quicklr
extinguished, and damage was limited to scorched
paint and a slightly buckled metal wall panel.

Among the field parties in the Antarctic Peninsula
during the summer was one led by Dr. Albert W.
Erickson, University of Minnesota, which received
helicopter support from Glacier to conduct an aerial
survey of beaches from King George to Nelson Is-
lands; 3,788 elephant, 346 Weddell, 205 fur, and 38
leopard seals were counted. Blood was collected from
one leopard, 6 fur, 10 elephant, 12 Weddell, and 9
crabeater seals. At Arthur Harbor, blood samples were
taken from 2 elephant and 8 crabeater seals.

Dr. Sayed Z. El-Sayed, Texas A&M University, con-
currently made oceanographic stations from Glacier
for measurement of salinity, temperatures, nutrients,
light penetration, chlorophyll, primary productivity,
particulate and dissolved organic carbon, and lipids.
He carried out five in situ experiments.

Also aboard Glacier was Mr. Malcolm Coulter,
assistant to Dr. Robert W. Risebrough of the Univer-
sity of California at Berkeley, who made shipboard
bird observations and collected several specimens of
Cape pigeons. He also assisted Dr. Risebrough in
collecting birds eggs on Anvers Island, which were
frozen for later analysis of hard pesticides known to
be accumulating worldwide in marine ecosystems.

Mr. Rudolf Honkala of the University of Montana
concluded his study of ice melting on Anvers Island.
Observations of 136 melt streams gave discharge
rates from 1 to 100 gallons per minute.

Dr. Herbert C. Curl, Jr. of Oregon State Univer-
sity concluded his studies of cryophilic algae at Palmer
Station and around Arthur Harbor.

Messrs. Stephen Shabica and William Stout from
Oregon State University, representing Dr. J . W. Hedg-
peth, collected several species of pycnogonids by
trawling, and made scuba dives at Port Lockroy and
Deception Island to observe benthic ecology and
collect shellfish. Mr. Shabica is continuing this study
of intertidal ecology from Palmer Station throughout
the 1970 winter.

International Weddell Sea Oceanographic
Expedition-1970

Heavy ice again thwarted attempts to retrieve the
current-meter buoys emplaced in the Weddell Sea two
years ago. Despite Glacier's damaged hull, other proL
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grams were carried out, however, viz.: current ob-
servations by the University of Bergen, Norway;
oceanographic observations by the U.S. Coast Guard;
biological productivity measurements by Texas A&M
University; and bottom coring by the University of
New Mexico.

Ship Operations

On January 31, the tanker USNS Maumee tied
up to the icebreaker Burton Island, which was moored
to Elliott Quay at McMurdo Station. The personnel
of the fuel facility at McMurdo Station had prepared
carefully for the discharge of Maumee's fuel, and
pumping began a few hours after she was made fast.
It required a little over 58 hours to offload approxi-
mately 7,000,000 gallons of assorted fuels. Her mis-
sion completed, Maumee, largest ship ever to visit
Antarctica, left McMurdo Sound on February 3 for
Wellington, New Zealand, which she reached after
an uneventful five-day voyage.

After assisting Maumee, Burton Island left Winter
Quarters Bay for Hallett Station for a brief visit on
February 4, returning to McMurdo Station on
February 7. During her absence, both HMNZS En-
deavour and USNS Wyandot arrived and made their
way to Elliott Quay unassisted. Endeavour, after dis-
harging cargo for New Zealand's Scott Base, left on

February 7, while Wyandot lingered until February
1. She returned briefly to Port Lyttelton, arriving on
ebruary 16 and departing two days later for the
nited States by way of Pitcairn Island, where she

vas to pick up a team of U.S. Army civilian scientists
nd their equipment.
Burton Island, after her trip to Hallett, operated

in McMurdo Sound utilizing her small, motorized
lifeboat to assist Dr. A. R. Towle in tending starfish
raps in Winter Quarters Bay. Aboard Burton Island
ere three representatives of the Naval Oceano-
raphic Office, who commenced a current study while
he ship attempted to break out the annual ice run-
ay. On February 12, after driving a channel to each

end of the runway, Burton Island had her port screw
and part of her port shaft sheared off. She departed
McMurdo on February 16, arrived at Wellington on
February 24 for further examination of the damage,
and was returned to Coast Guard operational control.

USCGC Edisto, which had been in Wellington
ince January 17 for repairs to her rudder, departed
or Hallett Station on February 14 to close that sta-

tion for the season and return the personnel to Mc-
Murdo. Edisto arrived at McMurdo on February 21
and offloaded personnel and cargo before continuing
the work begun by Burton Island of breaking out the
annual-ice runway. The task was completed on Feb-
ruary 21 and, after taking on fuel for Hallett and
personnel to conduct ice-prediction studies, Edisto left

McMurdo. Her departure concluded Deep Freeze 70
ship operations at McMurdo Station.

Edisto was unable to refuel Halltt Station, how-
ever, owing to poor weather and sea conditions, and
operations were abandoned on March 1 to avoid
damage to the ship and her boats. From Hallett,
Edisto sailed to Wellington via Campbell Island,
where she dropped off mail and picked up seven New
Zealanders and 3,000 pounds of cargo. By March 7,
Edisto was once again tied up at Wellington.

Icebreaker operations were plagued with misfortune
this season. USCGC Glacier, operating off the Ant-
arctic Peninsula, had cleared the ice from Arthur
Harbor for USNS Wyandot by January 20. En route
to the South Orkney Islands to conclude the Univer-
sity of Minnesota seal survey, prior to proceeding to
Punta Arenas, Chile, to pick up personnel and cargo
for the International Weddell Sea Oceanographic
Expedition (IWSOE) —1970, Glacier damaged her
hull when she struck the submerged portion of a tab-
ular iceberg in Bismarck Strait. Although the damage
would not prevent open-sea operations, Glacier could
not risk breaking heavy pack ice.

Glacier returned to Palmer from Punta Arenas on
February 2. On February 11, she left Palmer to start
IWSOE-1970 operations. In addition to the damaged
hull, poor ice conditions hampered her activities and,
on February 24, Glacier found herself beset at 77°-
28'S. 38°09'W. in 8 oktas of pack ice. By February
26, using narrow leads, she was able to make slow
progress in an easterly direction. On March 2, while
still making her way through the pack ice, Glacier
received word that the Argentine ship General San
Martin, with whom she was to rendezvous, was beset
at 77 0 43S. 36 0 05'W. Glacier made her way to San
Martin and, on March 9, after nine hours of careful
channel-forcing operations over a distance of 1.2
miles, freed her from the ice. Both ships then pro-
ceeded in the direction of the British Halley Bay sta-
tion.

Glacier and San Martin were not the only ships
having difficulties. The Japanese icebreaker Fuji re-
ported on February 25 that she was beset at 68°24'S.
38°51'E. in 8 oktas of ice and had broken all four
blades of one screw trying to break out. In 412 rams,
she had advanced only 720 m. The men of Fuji were
seriously facing the possibility of wintering over
aboard ship. The Soviet ice-strengthened cargo ship
Ob', en route to Molodezhnaya Station, was the ship
closest to Fuji and responded to her request for help.
Meanwhile, both Edisto and Glacier had been alerted
to be ready to go to Fuji's aid if Ob' could not get
through. When Gb' was unable to approach closer
than 28 km, Edisto was ordered to depart Wellington,
where she had taken on Commander Shamura, Japa-
nese Defense Force liaison officer, and extra food,
blankets and matresses. Glacier was directed to pro-
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ceed as close as possible without endangering herself.
On March 19, however, while the two U.S. icebreak-
ers were en route, Fuji managed to free herself as ice
conditions improved under the effects of good weather
and favorable currents. Edisto then reversed course
for Wellington and Glacier returned to Palmer, while
Fuji headed for Cape Town, South Africa. Edisto
arrived in Wellington on March 24, and when she
left on March 27, returned to Coast Guard control.
Glacier arrived at Palmer on March 26, where she
took aboard summer support personnel and cargo for
transport to Punta Arenas. She returned to Palmer
one more time—on April 4—to pick up more cargo,
and departed later that same day. While en route to
Punta Arenas, Glacier left Deep Freeze operational
control.

Population

Station	Summer Average	Winter
Navy USARP Navy USARP

Amundsen-Scott	27	9	15	6
South Pole

Brockton	 3	0	0	0
Byrd	 37	27	16	5
Hallett	 12	4	0	0
McMurdo	 920	51	188	10
Palmer	 37	6	8	2
Siple	 NA	5	0	0

Polar Research—A Survey

Air Operations

Air operations continued in February, although at
a slightly reduced pace from the height of the season.
The Lassiter Coast Survey party was evacuated on
February 8, after an attempt on February 7 failed
owing to low visibility and blowing snow at the party's
field camp. The final LC-130 flight in support of the
radio ice-thickness sounding project was flown on
February 12. This brought the number of remaining
projects staging from McMurdo down to five as of
February 13.

Air operations in Antarctica are always dangerous,
and considering the hazards, VXE-6's safety record is
outstanding. The skill and professionalism of the pilots
were once again demonstrated when, on February 15,
an LH-34 flying over the Dailey Islands suffered an
inverter failure which resulted in the loss of the auto-
matic stabilization element. The pilot managed to
make an emergency landing without mishap, and
later flew the helicopter safely to McMurdo using
the manual mode control.

As February drew to a close, so did air operations.
Pole, Byrd and Brockton Stations were closed to sum-
mer operations at the time of the last LC-130 flight
to each. The final C-121J flight departed Outer Wil-
liams Field on February 20. USCGC Edisto's heli-
copters continued to operate until the ship left for
Hallett. On February 24, her helos delivered about
100 pounds of cargo and mail from Scott Base to
Vanda Station. Air operations were finally concluded
when the last LC-130 departed Williams Field for
Christchurch on February 25.

Air operations in the peninsula area were limited
to flights by the helicopter detachment of USCGC
Glacier. These were concluded on April 4, when Gla-
cier left Palmer Station after resupplying it for the
winter.

The Committee on Polar Research (CPR) of the
National Academy of Sciences has issued a compre
hensive report on the state of research in the polar
regions. Its assessment deals with all major aspects of
the physical and biological sciences and includes rec-
ommendations for future research; each of the eight
discipline chapters in the report represents the effort
of one of CPR's specialized scientific panels.

The 204-page, hard-bound volume, entitled Polar
Research—A Survey, is available at $15 a copy from
the Printing and Publishing Office, National Academjr
of Sciences, 2101 Constitution Avenue, Washington
D.C. 20418.

The CPR advises the U.S. Government on research
programs in the polar regions and represents the Na
tional Academy of Sciences in the Scientific Corn
mittee on Antarctic Research of the International
Council of Scientific Unions. Chairman of the Corn
mittee is Dr. Laurence M. Gould.

Problems of the North

It was announced in the January–February issue o
the Antarctic Journal (p. 14) that issues 10-13 of the
Soviet serial publication Problems of the North were
being translated into English under NSF auspices
After that note appeared, it was learned that th
series is being translated in toto by the National Re.
search Council of Canada. The NSF-sponsored trans.,
lation has, therefore, been cancelled.

Subscriptions and requests for information on this
scholarly research series should be addressed to:
Translations Section, National Science Library, Na-
tional Research Council, Ottawa 2, Canada. Issue
1 (1958) is out of print; issues 2-12 are available at
$7.00 each; issue 13 is in process of translation.
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