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The research program aboard the Eltanin has re-
sulted in the collection of the vast majority of
existing marine geological and geophysical data for
the area south of 35°S. Although the southern
ocean has been one of the last to be systematically
explored, the geophysical discoveries from the South
Pacific and southeast Ifl(liafl Ocean have been in-
strumental in establishing the credibility of the
hypothesis of seafloor spreading and plate tectonics
and in defining areas and topics for future research.
In the last 10 years, the concepts of plate tectonics
have led to a revolution in the earth sciences that
is unparalleled in its 200-year history. The broad
geographic scope and the comprehensive nature of
the geophysical data collected aboard Eltanin soon
demanded that the controversial theories of seafloor
spreading and continental drift be critically rather
than cynically examined.

During the first nine cruises of Eltanin the geo-
physical program consisted only of precision echo
sounding and total intensity magnetic measure-
ments (Kroenke and Woollard, 1968) . The areas
of concentration in this early phase of operations
were the southwest margin of Chile, the Drake
Passage, and the Scotia Sea. These Eltanin data
were later supplemented by data collected by the
British Antarctic Survey and 1C(1 to the production
of detailed bathymetric maps of the Scotia Sea
(Heezen and Johnson, 1964; Barker, 1972). Fur-
ther, patterns of magnetic lineations have been
identified as part of the Cenozoic pattern of sea-
floor spreading (Barker, 1972a; 19721))

Between Eltanin Cruises 10 and 16 the modest
geophysical program gave way to programs with
greater emphasis on physical oceanography and
marine biology. However, commencing with Cruise
16 a seismic reflection profiling system (SPARKER)
was installed on board the ship to complement the
precision depth and magnetometer measurements.
It was at this time (1965) that workers from La-
mont-Doherty Geological Observatory became re-
sponsible for conducting the marine geophysical
program aboard Eltanin. The scope of geophysical
measurements has expanded gradually since that
time and has included the upgrading and refine-
mnent of the existing instrumentation. At the begin-
ning of Cruise 28 a Graf-Askania sea gravimeter
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was installed (Talwani, 1970; Talwani and Meijer,
1972) . Before Cruise 39, a radio receiver for use
with expendable sonobuoys was acquired to meas-
iire the velocity profile of deep sea sediments by
wide angle reflection and refraction techniques. A
3.5 kilohertz sounding probe for use in examining
the fine structure of the near surface sediments was
installed just before Cruise 48. The reliability and
value of most of the geophysical observations was
greatly inhanced by the acquisition of a precision
Navy satellite navigation system in late 1965.

Measurement of gravity at sea is a relatively
difficult task (Talwani, 1970) , and only a few in-
vestigators have attempted it. Consequently, the
Eltanin gravity data provide the major source of
information regarding the earth's field at high
southern latitudes. The detailed knowledge of the
earth's gravity field not only has been u5C(1 in the
analysis of local and regional structural problems,
but it is also crucial in studies of the geoid and the
shape of the earth. These latter studies are required,
in part, to improve and expand our system of navi-
gation and communications satellites. Since the
southern hemisphere is predominantly an ocean
hemisphere, the only means of obtaining a knowl-
edge of the distribution of short and intermediate
wavelength gravity anomalies (which cannot be
detected by orbiting satellites) is through the use of
ships.

One of the most important discoveries that re-
stilted from the Eltanin program was presented by
Pitman and Heirtzler (1966) and by Pitman Ct al.
(1968) . They analyzed bathymetric and magnetic
profiles over the Pacific-Antarctic Ridge and un-
equivocally demonstrated that (1) magnetic linea-
tions are present and are parallel to the topographic
axis of the ridge, (2) the magnetic lineations are
distributed in a bilaterally symmetric fashion about
the ridge axis, (3) a model of normal and reverse
polarity magnetic blocks, consistent with that pro-
posed by Vine and Matthews (1963) , could ac-
count for the observed anomalies near the ridge
crest. In addition, they were able to show that a sim-
ilar model of magnetic blocks coul(l likewise ac-
count for the magnetic lineation pattern associated
with other mid-oceanic ridges. The Cruise 19 mag-
netic and topographic profiles shown in fig. I dem-
onstrate both the extraordinary bilateral symmetry
of the lineation pattern and the close correspond-
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ence of the observed magnetic profile to the theoret-
ical one. Because this Eltanin profile has been re-
produced in many publications, one sometimes
hears the comment that it is the only profile in
existence that clearly demonstrates these phenom-
ena. This is not true; numerous profiles recorded by
Eltanin throughout the southwest Pacific and the
southeast Indian Ocean convincingly demonstrate
the presence of the magnetic lineation pattern and
bathymetry (e.g., Cruise 39 profile, fig. 1).

This is not to say that complications do not exist.
Fig. 2 illustrates the need to consider both morpho-
logic and magnetic data simultaneously in evaluat-
ing the character of the mid-oceanic ridge system
at any particular locale. The morphology at ridge
crest axes varies from the Mid-Atlantic Ridge type
where a rift valley is present to the East Pacific Rise
type where the crest has no rift valley. It also is
commonly known that the mid-oceanic ridge sys-
tem is offset in a transcurrent fashion by amounts
ranging from a few kilometers to hundreds of kilo-
meters. Fig. 2 shows a recent crossing (Cruise 43)
of the Pacific-Antarctic Ridge in the southwest
Pacific in which a small fracture zone was crossed
very near the crest of the ridge. This configuration
gives rise to an apparent rift valley. However, the
simultaneous recording of magnetic anomalies
shows that the axial anomaly is repeated thereby
establishing that a fracture zone, rather than a rift

valley, was crossed. Fortunately, this profile was not
one of the first examined in the critical initial
phase of testing the Vine and Matthews hypothesis,
for the observed polarity of the anomaly at the ap-
parent ridge axis is opposite to that expected, and
an entirely erroneous conclusion might have been
drawn.

Systematic analysis of the Eltanin data in the
South Pacific has led to the discovery of many im-
portant features relating to the processes of seafloor
spreading and plate tectonics. The South Chile
Ridge, which lies between the East Pacific rise and
intersects the Chilean coast at about 45°S., was
shown by Herron and Hayes (1969) to be an active-
ly spreading ridge segment. This ridge lies adjacent
to the Albatross Cordillera, and both systems are
actively spreading, yet there is no evidence of crustal
destruction in the intervening area. These observa -
tions provide the first indications that some ridge
crests must migrate. Further analysis of the distribu-
tion of actively spreading ridges and seismicity
around the antarctic continent and elsewhere has
substantiated this argument.

The Eltanin Fracture Zone, which defines the
single most dramatic offset in the Albatross Cor-
dillera (East Pacific Rise-Pacific-Antarctic Ridge
system), was shown to extend well over 4,000 kilo-
meters to the northwest as a continuous topographic
lineament (Hayes and Ewing, 1971). It has since

Figure 1.
Observed magnetic anomalies
from Eltanin Cruises 19-39,
and ridge topography from
Cruise 19. The theoretical
anomaly computed from the
block model (near the bot-
tom) can be correlated with
the observed profiles (Hayes

and Pitman, 1970).
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Figure 2. Magnetic anomalies and topography (compare with previous figure).

been speculated that this lineament records the
migration of the Pacific crustal plate over a mantle
hot spot where mantle material upwells.

The many Eltanin transits across the Patagonian
continental margin area have confirmed the earlier
suggestion of Hayes (1966) that the Peru-Chile
trench continues as a structural feature well south
of the latitude of the Chile Rise, where no topo-
graphic trench is evident due to its burial by ter-
rigenous sediments (fig. 3). The region where the
trench is buried corresponds to a portion of the
continental margin that is essentially aseismic.
Analysis of the patterns of seafloor spreading shows
that crustal subduction along this margin has been
dormant for a long time, thus allowing sediments
to fill the older structual trench and remain rela-
tively undisturbed.

The general pattern of sediment distribution
throughout the southern ocean shows that the thick-
ness of sediments is determined largely by the age
of the underlying seafloor. Naturally, the older the
seafloor, the more potential it has for accumulating
thick quantities of sediment (e.g., fig. 4) . However,

this simple pattern is modified substantially by
variations in the patterns of surface and bottom
currents and also the type and population of plank-
tonic organisms that lived in the near surface
waters. Further, the distribution of terrigenous sed-
iments is largely controlled by the proximity of
terrigenous source areas and the effectiveness of
topographic barriers in limiting downslope trans-
port of detritus. Fig. 5 shows a highly simplified
version of a sediment isopach map for the southern
ocean (Houtz et al., 1973) . Information synthe-
sized in this isopach map has come largely from the
seismic reflection profiles and sonobuoy data col-
lected aboard Eltanin. Much additional work needs
to he done in analyzing the role of deep sea topo-
graphic barriers in affecting sediment distribution
and also in examining the nature of the continental
margin of Antarctica. Continental margins are diffi-
cult areas to work in, and the antarctic continental
margin especially so because of ice and severe
storms.

Recently, several major discoveries have been re-
ported for the southeast Indian Ocean, Eltan in's
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area of concentration during the last several years.
These findings are summarized in a comprehensive
volume (Hayes, 1972). Many of the geophysical
studies presented in this volume consider some new
aspects of seafloor spreading and resulting compli-
cations; these complications must be taken into ac-
count in refining the existing theories. The ability
to define new problems and to recognize the need
for refinement of these theories has only been pos-
sible because of the dense data coverage in this area.

Among the more significant findings for the
southeast Indian Ocean is the Australian-Antarctic
Discordance, a highly disrupted segment of the
Southeast Indian Rise. This disrupted segment is
unlike any other known portion of the mid-ocean
ridge system. It is bounded on both sides by rela-
tively simple ridge segments. Within the Australian-
Antarctic Discordance the ridge crest cannot be
recognized convincingly, and the regional depths
are several hundred meters greater here than in
adjacent areas. Within the disturbed portion of the
ridge the typical magnetic anomaly pattern cannot
be identified easily. The geological processes respon-
sible for this unique segment of the seafloor are still
a matter of conjecture (Weissel and Hayes, in
prep.).

A high degree of bilateral symmetry has generally
been observed in the development of new ocean
crust and the generation of magnetic anomalies,
and it is often assumed that this symmetry is an
essential condition in the seafloor spreading process.
Weissel and Hayes (1971, 1972) provided the first
evidence that some large areas of the seafloor have

been generated through processes of seafloor spread-
ing in a systematic asymmetric fashion. The ob-
served asymmetry was large, with about 40 percent
more material generated on the north flank of the
ridge than on the south flank. This asymmetric
generation of seafloor, occurring over long periods
of time and with the fidelity at the scale of 5 kilo-
meters or less, imposes serious problems to existing
models of crustal accretion (Hayes, 1971).

The detailed mapping of the magnetic, morpho-
logic, and fracture zone patterns between Australia
and Antarctica by Weissel and Hayes (1972) and
Hayes and Conolly (1972) has provided the infor-
mation necessary for uniquely determining the po-
sition of Australia with respect to Antarctica in the
pre-rifted Gondwanaland puzzle. Further extension
of this history of the southern ocean has come about
through the recognition that the Tasman Sea, a
major marginal sea, was generated by processes of
seafloor spreading that have been dormant for about
60 million years (Hayes and Ringis, 1972, 1973).
Within the Tasman Sea, magnetic anomalies are
bilaterally symmetric about an ancient, buried ridge
crest. Without the joint analysis of magnetic and
seismic reflection information, the evolutionary his-
tory of this basin could not have been recognized..
The definition of the timing and direction of mo-
tion of New Zealand (and associated submerged
continental plateaus) with respect to Australia has
allowed further conclusions to be drawn regarding
the paleogeographic reconstruction of Gondwana-
land.

The distribution of sediments on the seafloor of
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Figure 3.
Seismic	reflection	profile
across	the	sediment-filled
segment of the Peru-Chile
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he southeast Indian Ocean was mapped by Houtz
md Mark! (1972), and this general pattern is also
ncluded in fig. 5. The South Indian abyssal plain
ying south of the ridge is built up to a level ap-
)roximatelv 1 kilometer higher than its counterpart
o the north. The continental rise and adjacent
ibyssal plain next to the antarctic continent are
)elieved to be composed dominantly of terrigeneous
ediments. If we assume that the presence of a thick
cc cap inhibits the extent to which terrigeneous
naterial can be derived from the antarctic conti-
rient, how can so much sediment have been derived
rom the antarctic continent during the short period
ollowing continental rifting and prior to the for-
nation of the glacial ice? This is especially puzzling
Nhcn one contrasts the relatively long history of
rosion and transportation of terrigeneous mate-

rial from the Australian continent and the result-
ing thin blanket of terrigeneous sc(liments deposited
n the seafloor to the south.
The tectonic evolution of the Macquarie Ridge

complex southwest of New Zealand has long been
an area of controversy. Many Eltanin cruises, (e.g.
16, 27, 37, 44 and 53) concentrated on surveys of
this region. It has now been shown that the Mac-
r1uarie Ridge complex cannot simply be related to
:riistal extension, crustal subduction, or transcur-
rent faulting, but that different segments of the
complex are probably represented by all three of
these tectonic regimes (Hayes and Talwani, 1972;
Hayes et al., 1972; Christoffel, 1971) . The history
and nature of this tectonically complex region can
be understood as a natural consequence of the in-
teraction of crustal plates moving about as a result
of the seafloor spreading processes. The Eltanin

Deep Sea Drilling Project. Houtz and Meijer
(1970) and Houtz and Davey (in press) have map-
ped the major geophysical parameters of the conti-
nental shelf lying north of the Ross Ice Shelf. They
have shown that the area can be divided into two
distinct geological provinces separated by a major
structural discontinuity trending approximately
north-south and lying close to the 180 0 meridian.
Their studies constitute the only comprehensive
geophysical survey of the antarctic continental
shelf. Many shallow water regions, such as the conti-
nental shelves of the Antarctic Peninsula and the
Weddell Sea, are now "accessible" in terms of our
present technological ability to exploit buried re-
sources. The question of the economic potential and
exploitation of the antarctic continent and the sur-
rounding seafloor is being addressed. The United
States, through the Eltanin program, is the only
country that has accumulated adequate data to
evaluate the potential of offshore areas and to pro-
vide informed scientific guidelines to other Antarc-
tic Treaty countries.

The Kerguelen Plateau has been an area of in-
tense investigation for Eltanin Cruises 46, 47 and
54. The origin and nature of this submerged
plateau is not clearly understood. However, it seems
likely that it is it foundered microcontinent that
was previously attached to the antarctic continent,
or at least lay closer to it than at present. A com-
plete magnetic lineation pattern representing the
Present out to anomaly 18 (about 45 million years
ago) has been recognized along the northeast flank
of the Kerguelen Plateau and along the southwest
flank of the Naturaliste Plateau and Broken Ridge,
and these two features were thus once contiguous.
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Figure 4.
Seismic profile across the Southeast Indian Ridge, showing a uniform increase in the thickness of pelagic sediments with the increasing

age of underlying crystalline rock.

marine geophysical data have been used in attempts
to explain the nature and timing of movement
along the Alpine Fault of New Zealand (Christoffel,
1971; Hayes and Taiwani, 1972).

The Ross continental shelf has been the target of
recent Eltanin geophysical exploration and the

However, south of Australia and north of Wilkes
Land, magnetic anomalies are recognized that ex-
tend as far back as anomaly 22, about 55 million
years ago (fig. 6) . One possible explanation for this
distribution of anomalies is that an ancient locus of
crustal accretion jumped (about 45 million years
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Figure 5.
Sediment isopach map (stere-
ographic	polar	projection
simplified from Houtz et al.,
in press). Contours are in
tenths of a second of re-
flection time (0.1 sec.=100
meters of sediment). The ridge
crest usually defines the

areas of minimum cover.
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Figure 6. Magnetic lineations and inferred basement ages (modified from Pitman et al., press). Stereographic polar projection.
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ago) from an area southwest of Kerguelen Plateau
10 its northeastern flank. To test this hypothesis it
is necessary to conduct surveys in the unknown
region southwest of the Kerguelen Plateau to look
for symmetrically distributed anomalies correspond-
ing to anomalies 22 through 19 and an extinct
ridge axis. If such anomalies are not present, indi-
cating that the Kerguelen Plateau has always been
in its present position with respect to Antarctica,
a major shear zone must have existed that extended
south from western Australia to the Antarctic conti-
nent, and which was active from about 55 to 45
million years ago (Ewing et al., 1972)

In addition to the studies cited above, the Eltanin
geophysical data have contributed heavily, although
often not obviously, toward the success of many
other scientific studies. Such studies include nearly
circumpolar bathymetry and physiography (e.g.
Heezen and Bentley, 1973; Heezen and Tharp,
1969) and similar studies of the South Pacific now
in preparation by J. Mammerickx and others at
Scripps Institution of Oceanography. Also aided
are empirical curves of ridge elevation and crustal
age (e.g. Sciater et al., 1971) , a synthesis of mag-
netic anomalies and crustal ages (fig. 6 and Pitman
et al., 1973) , and global continental drift and plate
tectonics (e.g. LePichon, 1968).

Glomar Challenger's first leg of deep sea drilling
in the Antarctic has recently been completed and
was very successful. It is Eltanin geophysical in-
formation that has allowed drilling in antarctic
waters to become a reality and that has helped
give high scientific priority to additional proposed
drilling there.

The sector of the southern ocean between 80°E.
and 30°W. is the only major oceanic area on this
planet that has not yet been examined in at least
a cursory reconnaissance fashion. This is the area
that is the most enigmatic and controversial in
terms of Gondwanaland reconstructions. In addi-
tion, our knowledge of the continental geology of
Antarctica corresponding to this sector is poor.
Outcrops on the continent are confined to narrow
bands near the coast, and it is unlikely that much
additional knowledge of this sector will be obtained
using existing methods of geological survey. It is
more likely that the key to greater knowledge of
the Enderby Land and Queen Maud Land sectors
can best be realized by analyzing the sediments and
geophysical properties of the southwest Indian and
southeast Atlantic Oceans.

Although the southwest branch of the Mid-
Indian Ridge is defined roughly by earthquake
epicenters and by the regional morphology, there
is still considerable ambiguity regarding the true
trends of the ridge and associated fracture zone seg-

ments. Further, no seafloor spreading magnetic
lineations have been recognized in this area.

The Ellanin research program was by no means
perfect, but the resultant scientific accomplish-
ments are impressive. The significance of the science
anti the associated cost can withstand a rigorous,
critical evaluation. There appears to be no alterna-
tive means to complete the research designated for
Eltanin. A major scientific goal, that of the
southern ocean circumpolar survey, has been left
uncompleted, and marine science studies every-
where will suffer as a consequence.
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Paleontology
ORVILLE L. BANDY

Department of Geological Sciences
University of Southern California

The expansion of the United States Antarctic
Research Program in 1961-1962, by adding the
USNS Eltanin to its program, contributed greatly
to the impetus of multidisciplinary programs in the
southern ocean. One phase of these involved the
study of the paleontology of deep-sea cores com-
bined with paleomagnetic stratigra j)hy of those
same cores. Other phases involved the study of
population gradients, the definition of paleoclimatic
indices, the study of depth zonation of species in
waters with essentially no temperature gradient,
anti the employment of paleontological criteria in
defining deep-sea unconformitics or hiatuses.

Paleontological highlights of the first 55 cruises
of Eltanin are those involving largely the micro-
fossil groups of radiolarians and foraminiferans,
with less attention given to groups such as diatoms
and silicoflagellates.

Benthjc foraminjferal distribution

At the outset of the Eltanin programs, studies
were made of distributions of recent foraminiferans
to establish an improved depth zonation (Mc-
Knight, 1962; Bandy and Echols, 1964). With the
sampling program of the Eltanin operation, studies
were made of the depth zonation of foraminiferans
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