Extent of the Antarctic Continent

Abstract. Group velocities of earth-
quake-generated Love and Rayleigh waves
for certain transantarctic paths are ab-
normally high when compared with data
from other continents. For these paths, the
data indicate that at most only three-
fourths of the antarctic ice sheet is un-
derlain by continent, the remaining area
being oceanic in structure.

Explosion seismology and dispersion
analysis of earthquake-generated surface
waves are the two principal methods for
determining crustal structure. The first
offers the advantage of a point-by-point
delineation of crustal layering, but re-
quires considerable field efforts. The sec-
ond reveals the average properties of seg-
ments of the crust having continental
dimensions and requires only suitably
disposed paths between earthquake epi-
center and seismograph station. In Ant-
arctica, explosion-seismology methods
have been used primarily to determine
ice thickness, which can then be indi-
rectly related to crustal structure by in-
terpreting ice-buried topography. Thus
the significant result that extensive areas
of Antarctica lie below sea level was the
first indication that the Antarctic Conti-
nent may be less extensive than the ice
sheet.

In this paper we report on crustal
structure, along several profiles crossing
Antarctica, as revealed by group velocity
dispersion analysis of Love and Rayleigh
waves. The segments of Antarctica to
which the results apply are indicated by
the propagation paths shown in Fig. 1.
The materials for the study are the fol-
lowing: records from the Press-Ewing

Instructions for preparing reporis. Begin the re-
port with an abstract of from 45 to 55 words. The
abstract should not repeat phrases employed in
the title. It should work with the title to give the
reader a summary of the results presented in the
report proper. (Since this requirement has only
recently gone into effect, not all reports that are
now being published as yet observe it.)

Type manuscripts double-spaced and submit one
ribbon copy and one carbon copy.

Limit the report proper to the equivalent of
1200 words. This space includes that occupied by
illustrative material as well as by the references
and notes.

Limit illustrative material to one 2-column fig-
ure (that is, a figure whose width equals two col-
umns of text) or to one 2-column table or to fwo
1-column illustrations, which may consist of two
figures or two tables or one of each.

For further details see “Suggestions to Contrib-
utors” [Science 125, 16 (1957)].

462

Reports

seismograph installed at the Wilkes Sta-
tion in Antarctica for this purpose as
part of the International Geophysical
Year program (I); earthquake epicen-
ters determined by the U.S. Coast and
Geodetic Survey or the Bureau Central
International Seismologique; and empir-
ical group velocity curves for Love and
Rayleigh waves (2) for oceanic and con-
tinental paths. The procedure is to ob-
tain from the seismograms the travel
times of dispersed Love and Rayleigh
waves as a function of period. These
times are then reduced for propagation
across Antarctica by subtracting the
travel time for the nonantarctic seg-
ments derived from the appropriate
empirical group velocity curve. This
procedure is made necessary because
the scarcity of earthquakes in Antarc-
tica forces us to use mixed paths. The
method may be justified theoretically
(3). It has been tested for mixed paths
where the structure of the separate seg-
ments was known beforehand (4).

The results for the paths shown by
heavy lines in Fig. 1 are presented in
Figs. 2 and 3. They are in the form of
antarctic group velocity data for Love
and Rayleigh waves. For comparison,
empirical curves for known continental
paths are also presented. It is seen that
for any given period, antarctic velocities
are systematically higher than continen-
tal velocities.

The following sources of systematic
error have been examined to see whether
they could account for these results:

1) Epicenter location. It is necessary
to assume a systematic error in epicen-
tral distance of about + 5 percent to re-
duce the antarctic velocities to continen-
tal values. The precision of epicenter
determination is such as to make this
unlikely, especially since data from the
new antarctic stations were used.

2) Proportion of antarctic and non-
antarctic path. The margin of Antarctica
was taken to be the 1000-fathom con-
tour on the continental shelf. Admit-
tedly, this is imperfectly known. How-
ever, to eliminate the discrepancy be-
tween antarctic and normal continental
group velocity would require an inad-
missible error of about 1300 km in the
location of this contour.

3) Refraction. Since the phase ve-

locity of surface waves differs for oceans
and continents, the possibility of propa-
gation paths other than great circles ex-
ists. This was investigated, by use of the
theory of R. Stoneley (3), and was
eliminated as a source of systematic
error. The direction of approach of the
surface waves, formed from the orbital
motion, was used as an auxiliary check
for significant refraction effects.

4) Effect of the ice sheet. The pres-
ence of the ice layer serves only to de-
crease surface wave velocity and hence
cannot account for the higher antarctic
values. For wave periods of 20 seconds
or longer, the effect can be neglected.

It is necessary, therefore, to explain
the antarctic dispersion data in terms of
crustal structure. When the continental
data in Figs. 2 and 3 are used as a stand-
ard for comparison, it is seen that for
a given group velocity the antarctic
periods are approximately one-fourth
shorter. This indicates that the average
value for crustal thickness in Antarctica
is three-fourths that of continents. Since
no continental region is known with
average crustal thickness so small, the
continental areas of Antarctica appear
to be significantly less extensive, and the
oceanic areas more extensive, than indi-
cated by the limits of the ice sheet.
Taking the measured values of 35 km
and 6 km, respectively, for normal con-

90°E

PATHS ACROSS ANTARCTICA
TO WILKES STATION.

Fig. 1. surface

paths.

Transantarctic wave

4.5 ;
OBSERVED DISPERSION
1 FOR NORTH AMERIC‘\d>

TRl T
[

il +} o T |
i ; I I
N cunnunEEES
24 JUL. 30.0°S TO.5°W \‘
Dt 29 JUL. 235°S T1.5°W r

|

11
|
|

o -

4.0

31 OCT. 1.5°N B86.0°W |
72.00W —|

Yy

17 NOV. 450°S
-
{ 8 AUG. 7.5°s  13.0°W
+

3.5

Sea

N

= 2 OCT. 545°S  5.0°W"
/‘ 20 OCT. !l 5°N 42.0°W
il ——
{ T

o 20 40 60 80 100

PERIOD IN SECONDS

GROUP VELOCITY IN KM/SEC.
$t

3.0

Fig. 2. Antarctic Love wave dispersion
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curve.
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tinental and oceanic crustal thickness,
the data indicate that for the profiles
represented by heavy lines in Fig. 1,
about one-fourth of the path is oceanic
and three-fourths is continental. Had we
assumed crustal thickness corresponding
to shallow ocean, then the oceanic por-
tion would have been much larger.

These results support the view that
below-sea-level depths observed in meas-
urements of ice thickness are primary
features and not the result of crustal
sagging under an ice load. They further
show that more extensive areas of the
antarctic land mass lie below sea level
than have been reported.

Limited data available for the profiles
shown by dashed lines in Fig. 1 suggest
that the region is almost entirely conti-
nental. It may be possible to specify in
greater detail the continental and oce-
anic areas of Antarctica when more sur-
face wave data become available.

Frank Press
GILBERT DEWART
Seismological Laboratory, Division of
Geological Sciences, California
Institute of Technology, Pasadena
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19 January 1959

Theory of Ice Ages

In two recent papers, Ewing and Donn
(I, 2) have presented a theory to ac-
count for repeated continental glaciation
during the Pleistocene. This theory states
that ice ages began when the North Pole
migrated into the Arctic Ocean, the
semi-isolated position of which causes
climatic oscillations with a period and
amplitude of the proper magnitude to
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account for all the observed environ-
mental changes of the Pleistocene.

The oscillation is presumed to start
with an ice-free Arctic Ocean warmed
by water exchange with the Atlantic.
Such an ocean would provide a rich
source of precipitation for the circum-
arctic lands, inducing glacier growth
there and increasing the earth’s albedo
enough to lower its mean temperature
appreciably and cause further growth of
glacier ice in northern regions and else-
where. Ultimately so much water would
be locked up in ice on the surface of the
land that sea level would be lowered, the
exchange of water over the Arctic-
Atlantic sill would be materially de-
creased, the Atlantic would warm, and
the Arctic would freeze, cutting off the
polar precipitation source. The glaciers
would then melt, interglacial conditions
would prevail, the sea would rise, the
Arctic ice pack would melt, and the
whole cycle would start over again.

To me it is not clear why such a sys-
tem should oscillate at all, let alone with
the proper period and amplitude to cause
glacial and interglacial ages. Rather, it
seems probable that the system postu-
lated would be a continuously self-regu-
latory one, that is, an ice-free Arctic
Ocean would cause glaciers to form,
which would immediately remove water
from the sea, reducing the flow of warm
Atlantic water into the Arctic basin and
causing the formation of pack ice which
would reduce snowfall on the adjacent
land and shrink the glaciers. Apparently
the authors of the theory (I, p. 1063)
feel that the Arctic-Atlantic exchange of
water would change abruptly, while the
continental ice sheets would change grad-
ually. As the decrease in interoceanic
water exchange must be proportional to
the reduction in sea level, and this in
turn proportional to the volume of con-
tinental glacier ice, there does not seem
to be any reason to expect such a lag of
ice sheet behind ocean. The current tem-
perature change is in phase throughout
the world (3). Exact evaluation of the
factors involved would be very difficult,
but even crude mathematical models
would be preferable to a subjective state-
ment of the theory, and ought to show
whether or not the postulated oscillations
are likely.

It is not possible to examine in detail
all the evidence on which the theory is
based, for seven of the references, some
of them very necessary to the argument,
are to personal communications, articles
in press, or unpublished observations. An
examination of the published sources,
however, reveals a very uncritical assess-
ment of the relevant evidence. The the-
ory demands that continental glaciers
grow in the region around the Arctic
Ocean and that the ice be very thick
there during the height of a glaciation.

This is in direct opposition to the pre-
vailing opinion among glacial geologists
that the principal nourishment and
greatest thickness of ice were over the
southern parts of the glaciers (4, pp.
313 ff.).

In attempting to satisfy this demand
of their theory, Ewing and Donn refer
to a map by J. Tuzo Wilson which is
said to show that the glacial ice divide
was much farther north than has previ-
ously been believed. The map has been
published, in a form which shows the
complete ice divide, only by Flint (4),
as part of an exposition of what Ewing
and Donn would have us believe is an
“earlier” discredited view of the thick-
ness distribution of the Laurentide ice,
so one cannot scrutinize the evidence on
which it, in turn, is based. It is, perhaps,
significant that Wilson omitted much of
the ice divide from the map when he
published it (5). The inferred position
of the ice divide appears to depend
largely on aerial photographs of geo-
morphic features and, as Flint points
out quite clearly, such features are most
likely to represent conditions at the end
of the ice age when the ice had retreated
to the general region of the divide. In-
ferred ice divides based on reconnais-
sance studies of glacial geology are not
very reliable, but this one, for what it is
worth, is quite in accord with general
geological opinion, and does not support
the unorthodox views of Ewing and
Donn.

The second line of evidence involves
isobases. Ewing and Donn quote Charles-
worth (6, p. 1321) to substantiate their
idea of a northern ice divide. But if we
turn to the page cited, we find a map
from a paper by Daly showing the maxi-
mum uplift to be centered, not near the
Arctic Ocean, but southeast of James
Bay. Furthermore, the map depicts iso-
bases of uplift since the postglacial ma-
rine transgression, and so tends to un-
derestimate the crustal warping at the
southern edge of the ice under full-gla-
cial conditions. This map, even more
than Wilson’s, is subject to revision when
more evidence is available about post-
glacial rebound in Canada, but it, too,
supports the generally accepted view,
and is, in fact, one of the classic state-
ments of it.

Ewing and Donn’s suggestion (2, p.
1160) that the crustal deformation data
for the Great Lakes region be extrap-
olated through Hudson Bay is based on
the assumption of a far-northern center
of accumulation, and so cannot lead to
any independent confirmation of it.

In no part of the theory is any cog-
nizance taken of the fact that large parts
of the land around the Arctic Ocean,
far from being centers of glacier accu-
mulation, were never glaciated at all.
For example, the Glacial Map of North
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