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Marine Geology
N. D. WATKINS

Graduate School of Oceanography
University of Rhode Island

Ten years ago, when the Eltan.in program began,
marine geology was a simpler science than it is to-
(lay. At that time it was, in general terms, concerned
with the physiography, tectonics, and genesis of the
sea floor; the distribution and variation of sedi-
ments; and an understanding of the associated
roles of organic and inorganic materials and dy-
namic factors modifying the distribution of these
sediments. While this description is still largely
valid, it has become virtually impossible to satis-
factorily isolate marine geology from marine geo-
physics, niicropaleoniology, and (to an increasing
extent) sonic aspects of physical oceanography.
Knowledge of sea floor genesis, tectonics, and over-
lying sediment thickness and distribution results
from geophysical means; micropaleontology is the
discipline required to understand sediment origin
and variation in time and space; and physical
oceanography can provide limits on the water mass
dynamics and boundaries, critically effecting sedi-
ment type and ])road accumulation patterns. This
essential broadening of the science (luring the last
decade has been paralleled by the so-called revolu-
tion in the earth sciences, which is based almost
completely on the recognition of mobility in sea
floor and continental configuration.

The contribution of the Eltanin marine geology
program as summarized here must therefore over-
lap somewhat with the geophysics and micropale-
ontology programs in particular as presented else-
where in this issue. It is still too early to evaluate
most of the contributions from the last series of
cruises in the southeastern Indian Ocean (between
39 and 55) since they have not yet been published.

Background

The relative advance in knowledge of the marine
geology of the southern ocean provided by the
Elta n in program compares favorably with resulting
advances in other scientific activities. For example,
several hundred hydrological stations had been oc-
cupied by the end of the 1950s (Deacon, 1964)
whereas according to Ewing and Heezen (1956)
only four piston cores with any observable
stratigraphic variation had been recovered. Never-
theless, using grab samples or gravity cores, Phillipi
(1910), Schott (1939), and Hough (1950, 1956)
had described marine sediments from the subant-
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arctic sea floor and had recognized the paleoclimatic
significance of intercalated silicious ooze, carbon -
ates, and glacial-marine sediment, but no age con-
trol was available. As early as 1937, Deacon (1937)
had pointed out that the region between the pack
ice and the Subantarctic Convergence was biologi-
cally the world's most productive marine environ-
ment, with a corresponding sedimentary signifi-
cance. The most important contribution during the
period immediately preceding the Eltanin program
was Litizen's (1960) description of bottom sedi-
ments including some submarine moraines in the
subantarctic of the Indian Ocean.

The broad physiographic framework of the
southern ocean sea floor was well known by the late
1950s, particularly as the result of cruises of Dis-
covery, as summarized by Heardman (1948)

In the early 1960s the glacial history of Antarc-
tica was, with only rare exceptions, considered to
be closely related to the Arctic events. Initiation of
the present antarctic glaciation was envisaged as oc-

curring during the last 1 to 2 million years. Thu
little advance had been made on the ideas of earl)
20th century geologists.

Further and wider evaluation of the status oi
marine geological and geophysical problems in th
subantarctic region, as of the mid 1950s, was pub-
lished by Ewing and Heezen (1956). Thus the stag(
was set for the Eltanin cruises to begin in 1963.

Contributions from the Eltanin program
Physiography. The Eltanin program has been in-

strumental in providing much fine detail in the
physiography of the Scotia Sea, South Pacific, and
southeast Indian Ocean.

Heezen and Johnson (1965) refined earlier sur-
veys of the South Sandwich Trench, during cruise
8. The detailed physiography was supplemented by
seismic profiling which revealed, when compared to
other trenches, an unexpectedly thin sediment
cover. Cruises through 22 enabled Heezen et al.

'HYSIOGRAPHIC PROVINCES

	

$ H ( LI -	 SOUTHEAST INDIAN OCEAN

$	 ,
N	 .

MANAMP	 5OUrH AUSTRALIAN
ADrSSAL PLAIN

WA1	 ..'	Z

so
SOUTHEAST -

Figure 1.
Physiographic map of the
southeast	Indian	Ocean
(Hayes and Conolly, 1972).

w
AUSTRA4	 I ' ) QL

ANURCrIC
DSCOMPANCE

rASMAN

DASIN

I\	-< d	.\

70	 ANTARCTIC JOURNAL



180

Figure 2.
Eltanin core locations.
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(1966) to present details of the Scotia Sea physiog-
raphy. When cruises began in the South Pacific, per-
haps the world's longest fracture zone was dis-
covered: the Eltanin Fracture Zone offsets the East
Pacific Rise by about 1000 km. During cruise 29 a
possible extension of the fracture zone to the north-
east, in the form of the Louisville Ridge, was de-
tected by Hayes and Ewing (1971). Another feature
named after the vessel is the Eltanin Seamount, on
the Chile Ridge.

Not surprisingly the South Pacific cruises have
shown that earlier concepts of the form of the
Bellinghausen Basin were oversimplified (Heezen
et al., 1966; Hollister and Heezen, 1967).

The major contribution to southern ocean phy-
siography from Eltanin cruises is for the region
south of Australia and New Zealand. Hayes and
Conolly (1972) identified a possibly unique mid-
ocean ridge feature, which they call the Australian-
Antarctic discordance (fig. 1): otherwise relatively

subdued ridge topography is interrupted by a 400
km. wide zone of very irregular features. To the east
of this, but west of the Macquarie Ridge, a series
of five or six major offsets in the midoceanic ridge
system are now well-defined (fig. 1). Data from
this same series of cruises has been added to many
results from the U.S. Naval Oceanographic Office
and the Australian and New Zealand Hydrographic
Office to provide fine definition of the Antarctic
continental shelf south of Australia, to the extent
that several glacial troughs up to 2000 meters deep
were identified.

Bottom Photography. Extensive contributions
and innovations have resulted from the very large
Eltanin bottom photograph collection (Simmons
and Landrum, 1973) . The early cruises enabled
Heezen and Johnson (1965), Heezen et al. (1966),
and Hollister and Elder (1969) to detect the effects
of bottom currents on sediments in the Scotia Sea,
the South Sandwich Trench, and the northern part
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of the Weddell Sea. Contour currents were identi-
fied flowing from the Weddell Sea into the South
Sandwich Trench. Heezen and Hollister (1967) ex -
tended this form of analysis to the Bellingshausen
Basin, providing unambiguous evidence of the dy-
namic effect of the circumantarctic current on the
surface sedimentary structures. The concepts de-
veloped as the result of these studies assisted Wat-
kins and Kennett (1971, 1972) in confirming the
existence of an extensive and unique region of scour
in the South Tasman Basin, identified originally
by dating of the Eltanin core collection. Conolly
and Payne (1972) used the same photographs to
assist in their interpretation of sedimentological
data, which also enabled them to detect this scour
zone.

Sedirnentology. The bottom sediments of the sub.
antarctic can be expected to reflect the huge bio.
logical productivity of these waters (Deacon, 1937)
as well as dynamic processes such as turbidite em.
placement and redistribution by bottom currents
and the effects of atmospherically transported par.
ticulate matter.

The earlier U.S.S.R. marine geology program led
to the production of a map of the bottom sedimeni
type of the southern ocean by Bakayev (1966)
Similar results from the Eltanin core collection (fig
2) were compiled by Goodell (1964, 1965, 1968)
for the Scotia Sea and South Pacific; Monasterc
(1973) for the Tasman Basin; and Conolly and
Payne (1972) for the region south of Australia and
New Zealand. In general, the Eltanin maps show

Limit of icebergs	 Antarctic Convergence

American Geographical Sodsi,

Figure 3. Bottom sediments of the circumantarctjc (Goodell, 1973).
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that the present Antarctic Convergence coincides
with the separation of silicious ooze to the south
From calcareous oozes to the north, with a zone of
intermixing up to 600 kilometers wide south of
Australia (Conolly and Payne, 1972) . These data
have formed the dominate source for the entire
circumantarctic sediment map published by Good-
ell (1973) as reproduced in fig. 3. Chemical and
petrographic analyses of core tops from Cruises 13
through 33 by Nayudu (1971) showed that sub-
marine volcanism may be an important contributor
to the sedimentary geochemistry of the southwest
Pacific segment of the southern ocean. Fisher
(1968) reported on the clay mineralogy from the
South Pacific: lie interprets the dominance of illite
to be related to erosion of New Zealand sediments.
Glauconite in some Eltanin cores from the Scotia
Sea was analysed by Bell and Goodell (1967), who
showed that the mineral is authigenic in this region.

The sediment distribution is clearly a dominant
function of the independently derived tectonic his-
tory of the southern ocean, which since 1968 has
been understood to be a result of the formation
of new crust at the axes of ridges. The sediment
cover is less than 100 meters over the ridges, but 2
kilometers or more adjacent to the antarctic conti-
nent (Conolly and Payne, 1972) , with the Mac-
quarie Ridge forming a distinct tectonic control of
sediment accumulation according to results from
Cruises 16 and 27 (Houtz et al., 1971) . The loca-
tions of the early and middle Tertiary cores in the
Eltanin collection are quite consistent with the re-
quired increase of maximum age of sediment away
from the spreading ridge axis (Margolis and Ken-
nett, 1970) . Seismic reflectors in the Bellingshausen
Basin, particularly well-defined during Cruise 17,
were interpreted to represent turbidites from the
continent, but analogy with Atlantic data would
suggest that perhaps these reflectors are chert lay-
ers. Weaver and Wise (1972) have used sediments
collected during Cruise 47 to demonstrate that chert
was originally organic silica. Chert was recently re-
covered (luring drilling of Broken Ridge in the
southeast Indian Ocean (Luyendyk et al., 1973),
the Cretaceous age of which was earlier suggested
as the result of Eltanin Cruise 48 seismic reflection
data and sedimentation rate estimates (Watkins,
1971) . True turl)idites were sampled in the Eltanin
cores south of Australia (Payne and Conolly,
1972).

During the early phases of the E!tanin program,
the only method available to measure sedimenta-
tion rates in deep-sea sediments was radiometric,
which could be use(l on sediments younger than
about 0.3 million years. The ionium-thorium dise-
quilibrium method (using alpha particle spectrome-

try) was applied to Eltanin cores from the Scotia Sea
(Holmes, 1965), and gamma ray spectroscopy was
also applied to the Eltanin cores (Osmonci and
Pollard, 1967) . Such analyses are, for reasons dis-
cussed below, now proving much more useful as a
means to investigate sediment genesis and post-
depositional processes. For example, Scott et al.
(1972) have shown for some Eltanin cores south
of Australia that thorium-230 is removed from sea
water in association with iron and manganese col-
bids and that clay accumulation is not greatly
different between ridge and continental margin.
Similarly, Osmond and Pollard (1967) have at-
tributed a variation in the thorium-230 excess at
the top of some E!tanin cores to be caused by diffu-
sion of intermediate (laughter products.

Since 1966, the paleomagnetic method has super-
ceded radiometric methods for large-scale sedimen-
tation rate determinations for cores that exceed 0.7
million years in age. The Eltanin core collection
(fig. 2) has been dated systematically using pale-
omagnetism and related micropaleontological cri-
teria. This approach has yielded new insights into
marine sedimentology. For example, in limited por-
tions of the Eltanin core collection Watkins and
Goodell (1967a) showed a strong correlation be-
tween microfaunal extinction and geomagnetic
polarity reversal; Hays and Opdyke (1967) showed
the same relationship in three of the longest Eltanin
cores, taken from the Bellingshausen Basin; Wat-
kins and Goodell (19671)) used Eltanin cores to
confirm details of the geomagnetic polarity history
(Turing the past 2.5 million years; Kennett and
Watkins (1970) detected a possible relationship
between geomagnetic polarity change and volcanic
maxima, as recorded in seven cores north of the
Ross Sea; and Watkins (1968) used eight cores to
exhibit the magnetically distorting effects of faunal
reclel)osi t ion , as well as the possible occurrence of
two short-period polarity reversals at 0.81 and 1.07
million years ago. Paleomagnetically dated Eltanin
cores have been used to assist delineation of the
Australian tektite field (Gentner et al., 1970) ; for
the detection of very fine volcanic dust that has
been transported atmospherically across much of
the South Pacific (Huang et al., 1973a) ; and for
investigation of a possible relationship between
microfaunal diversity and volcanic activity (Huang
et al., 1973b)

On it much larger scale, paleomagnetic dating of
the entire E!tanin collection revealed the existence
of the unique South Tasman Basin tlisconformity
(Watkins and Kennett, 1971, 1972), as shown in
fig. 4, and a related scour zone in the Ross Sea
(Fillon, 1972) and the Bellingshausen Basin and
Scotia Sea (Goodell and Watkins, 1968) . This
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Figure 4.
Second-order trend surface on
the pateomagnetically de-
termined age of sediment at
the tops of Etanin cores
taken south of Australia
(Watkins and Kennett, 1972).
Shown is a region centered
on the south Tasman Basin,
where a modern disconform-
ity exists because of bottom

current sediment scouring.

feature is caused by the action of the circum-antarc-
tic current on bottom sediments. Fluctuation of the
current can result from several causes, including
variation in the production of Antarctic Bottom
Water. These Eltanin data have stimulated specu-
lation about the early Tertiary sedimentary history
of the region south of Australia (Watkins and Ken-
nett, 1973). Fisher (1970) used paleomagnetically
dated cores in an attempt to detect movements of
the regional sediment patterns between the present
and 0.7 million years ago. He concluded that the
southern limit of the belt of silicious ooze has
moved southwards 5° of latitude during that period,
consistent with warming since that time, although
Hays (1965) and others have opposite views.

Dredged rocks. Both as a by product of the Eltan-
in biological dredge hauls and less frequent rock
dredging, one of the world's largest deep-sea rock
collections (fig. 5a) has been accumulated and is
now stored at Florida State University.

Because of the unique size of the collection, Wat-
kins and Self (1971, 1972) were able to employ
trend surface analyses on the distribution of the

various rock types recovered (example in fig. 5b)
These studies reveal a dominant ice-rafted origin
except for recoveries from parts of the Macquarie
Ridge and the East Pacific Rise. The former were
subjected to chemical and magnetic analysis (Wat-
kins and Gunn, 1971) to provide a 400-kilometer
northward extension of the known outcrops of
harzburgite-peridotite on Macquarie Island. The
configuration of the trend! surfaces shows that the
Ross Sea glaciers probably provided most of the
ice-rafted deposits dredged from the South Pacific,
and that the Scotia Sea receives most of its ice-rafted
debris from the Weddell Sea, as independently pro-
Posed! by Edwards and Goodell (1969) using heavy
mineral analysis of selected Eltanin core tops.

Paster (1971) selected! fragments of nine definite
in situ basalt pillow fragments, collected during
Cruises 5 through 24, for a study of petrographic
and geochemical variations within single samples.
He concluded that iron loss is characteristic of
pillows, providing perhaps a major source material
for ferromanganese concretions. Watkins et al.
(1970) and Watkins and Paster (1971) used the
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Figure 5B.
Second-order trend surface
map showing granite percent-
age of each haul (Watkins
and Self, 1971-1972). Amounts
of granite decrease with each
latitude away from the conti-
nent, consistent with ice-

rafted origin.

same specimens to help provide an understanding of
the factors controlling magnetic properties of sub-
marine basalts, which are relevant to interpreting
the very important linear magnetic anomalies de-
fined at sea level. They concluded that quenching
strongly affects the magnetic properties, inferring
that analysis of materials dredged from the outer
skin of large volcanic bodies is inapplicable to the
whole bodies. A concentration of sulphides in the
outer parts of these submarine pillows also was
noted, explained as being due to inhibition of de-
gassing by the quenching process.

Glacial history of Antarctica. The Eltanin core
collection has provided definitive evidence of ex-
tensive continental glaciation (in the form of ice-
rafted sediments) since at least the upper Miocene
(Opdyke and Hays, 1967; Goodell et al., 1968),
and conceivably as early as the Eocene (Geitzenaur
et al., 1968; Margolis and Kennett, 1970, 1971) a!-
though palynological evidence from Eltanin cores
(Kemp, 1972) is consistent with substantial forest
cover of Antarctica during that period, as earlier
suspected by Dodonov and Markov (1966). The

age of the initiation of the extensive ice cover of
the continent has yet to be determined. Another
problem involves interpretation of the meaning of
glacial-marine sediments: despite a coincidence of
micropaleontological evidence of colder climate and
glacial debris in some Eltanin cores (Margolis and
Kennett, 1972), it is far from certain, as Warnke
(1970) and Anderson (1972) have emphasized, that
fluctuations in the ice-rafted sedimentary fraction
is a simple function of changes from interglacial to
glacial conditions.

Manganese nodules. The only sea floor materials
of potential commercial value are manganese nod-
tiles, although, as Potter (1969) has summarized,
"the exploitation of nodules in such deep, stormy,
and fast flowing waters is a remote prospect."

A definitive and comprehensive study of the ex-
tensive Elton in collection of dredged manganese
nodules collected through Cruise 27 has been pub-
lished by Goodell et al. (1971), who supplemented
the 122 separate dredge hauls with specimens from
83 piston cores and information from several hun-
dred bottom photographs. A resulting map of the
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distribution of manganese nodules is shown in	field defined by the Eltanin program: the South
figure 6. One of the world's major manganese fields	Tasman, Basin manganese "pavement" (Watkins
lies roughly along the position of the present Ant-	and Kennett, 1971; Conoily and Payne, 1972)
arctic Convergence at about 60 0 S., without any	coincides with a zone of nondeposition (figure 4)
relationship to underlying sediment type or water	The position of the Eltanin Fracture Zone suggests
depth variation below 3,000 meters (Watkins and	that it may have acted as a source region for
Sell, 1972, fig. 9) . According to Goodell ci al.	much of the manganese field in the Bellings-
(1971) , the nodules of the southwest Pacific basin	hausen Basin, and similarly tectonic activity in the
are characterized as chaicophule (nickel, copper,	Australian-Antarctic discordance (Hayes and Con-
cobalt, tin) , whereas the East Pacific Rise is (lomi-	oily, 1972) may have released those elements
nated by lithophile elements (titanium, vanadium,	necessary for growth of the South Tasman Basin
zinc, cobalt, barium, and strontium) . Detrital mm-	nodule field.
erals incorporated into the nodules are mainly	Cronan (1973) incorporated some Eltanin man-
quartz, feldspar, ferromagnesian and clay minerals,	ganese nodules from the Scotia Sea into a compara-
increasing in concentration southward towards the	live chemical study of Atlantic and Pacific nodules.
continent.	 He showed that the Atlantic materials have higher

The origin and configuration of the nodule field	iron /manganese ratios, perhaps because of a higher
is related to both source materials and sedimenta-	fraction of continentally derived materials, in the
tion dynamics. It coincides closely with a scour zone	Atlantic suite.
defined, using both sedimentation rate measure-
ments (Goodell and Watkins, 1968) and inferences
from bottom photography (Hollister and Heezen,	Summary and future prospects
1967) . This demonstrates that the circumantarctjc
current has, through its sediment scouring capabili-	Although the Eltanin materials and data have
ties, enhanced the growth of the nodule field. The	been only partially analyzed, the marine geology of
same explanation applies to the other manganese	the Scotia Sea and the subantarctic segments of the
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Figure 6. Manganese nodule distribution in the circumantortic (Goodell, 1968).
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South Pacific and southeast Indian Ocean is now
as well known (and perhaps better understood) as
any part of the world's (lee!) ocean floors. The pro-
gram, unprecedented in the scale, station density
(figs. 2 and 5a), and rate of activity, has yielded in
only 10 years an indefinitely greater scientific har-
vest than all other high latitude marine geology
programs combined.

The intimate relationship between sediment
type and distribution, climatic change, bottom cur-
rent activity, manganese nodule development, and
glacial history has been uniquely demonstrated by
study of the core collection using diverse methods,
and by use of bottom photographs and physical
oceanographic results. This practice of the bring-
ing together of various disciplines and methods is
likely to produce further insights in the near future.

Because of the global importance of the circum-
antarctic current, it is virtually certain that its
changes in intensity and direction have been re-
corded in the sediments of all oceans. It follows
that if a comprehensive understanding of the Pleis-
tocene and Pliocene sedimentary history of the
world's ocean basins is to be arrived at, results of
study of the Eltanin core collection will play a
key role.

Probably the major potential contribution that
the Eltanin marine geology program can offer to
olar science is a finely detailed chronology of the
axing and waning of the antarctic ice cap for the

past two to three million years. This must rank as
one of the most significant of all problems in geolo-

marine or otherwise. Although cores recovered
luring the Deep Sea Drilling Project are expected
to provide the best means to delineate early to mid-
Tertiary continental glaciation, it is only with the
coring station density provided by the Eltanin pro-
gram that such problems as the fluctuation of pre-
ferred iceberg track directions, intensity of iceberg
production, and the long-term change in velocity
and production of Antarctic Bottom Water can be
studied.

Consideration of the advances made in marine
geology since the beginning of the Eltanin program
together with a modest extrapolation into the
future suggests that emerging new techniques and
refinement of present methods certainly will take
place in the marine sciences. As this happens, the
availability of the Eltanin materials and data means
that the critical, most expensive, and most difficult
to obtain components-the cores-will be on hand.

The cruises have ceased, but the scientific re-
turns will continue for decades to come, so, in this
very real sense, Eltanin will continue to live and
serve the scientific community.
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