
Cruise 35. 8/12-10/8/68. Adelaide to Adelaide. Southwest
Indian Ocean. 7,314 nautical miles. Marine geology, pri-
mary productivity, hydrography, trawling. Melvin L. Fields.

Cruise 36. 10/18-12/18/68. Adelaide to Wellington. South-
east Indian Ocean. 6,368 nautical miles. Primary produc-
tivity, zooplankton and phytoplankton studies, meteor-
ology, geophysics, hydrography, marine geology. Walter
Seelig.

Cruise 37. 1/10/69-3/3/69. Wellington to Melbourne. South-
west Pacific. 7,040 nautical miles. Physical oceanography,
marine geology and geophysics. Arnold L. Gordon.

Cruise 38. 3/20-5/13/69. Melbourne to Melbourne. South-
east Indian Ocean. 5,237 nautical miles. Study of total
metabolic processes of living organisms in the southern
Oceans. L. R. Pomeroy.

Criise 39. 6/8-8/5/69. Melbourne to Auckland. Indian-Ant-
rctic Ridge. 7,356 nautical miles. Marine geology and
io1ogy. USARP Representative: Merle R. Dawson.

Criise 40. 9/15-11/21/69. Auckland to Lyttelton. Pacific
Ocean. 10,600 nautical miles. Hydrography. Bruce A. War-

dse 41. 12/20/69-2/16/70. Adelaide to Adelaide. South
ndian Ocean. 9,581 nautical miles. Deep-sea tides. Frank

Snodgrass.
use 42. 2/28-4/11/70. Adelaide to Punta Arenas. Trans-
acific. 8,391 nautical miles. Geophysics, meteorology.
tobert E. Houtz.
use 43. 4/20-6/4/70. Punta Arenas to Wellington. South
pacific. 8,218 nautical miles. Geophysics, meteorology, hy-
rography. Dennis E. Hayes.
use 44. 6/24-8/18/70. Wellington to Fremantle South
'acific. 8,431 nautical miles. Hydrography, bottom coring,
eophysics, meteorology, bathythermography. Arnold L.

CrJise 45: 9/9 . 10/28/70 Fremantle to Fremantle. Southern
kean between Western Australia and Wilkes Land. 6,459
uautical miles. Marine geology and geophysics; physical

kceanography; meteorology. Lawrence A. Frakes.
Cruise 46. 11/20/70-1/20/71. Fremantle to Fremantle. South-

ern ocean between Western Australia and Wilkes Land.
7,200 nautical miles. Biological oceanography. Sayed Z. El-
Sayed.

Cruise 47. 2/3-4/13/71. Fremantle to Melbourne. Indian
Ocean. 10,899 nautical miles. Geophysics, physical ocean-
ography and geochemistry, bottom sampling. USARP Rep-
resentative: Robert Houtz.

Cruise 48. 6/28-8/19/71. Newcastle to Fremantle. Mid-Indian
Ridge, 7,838 nautical miles. Hydrology, geophysics, meteor-
ology. Norman D. Watkins.

Cruise 49. 8/31-10/27/71. Fremantle to Fremantle. South and
west of Australia. 7,399 nautical miles. Geophysics, hy-
drography, coring. Kenneth L. Griffiths, Jr.

Cruise 50. 11/7-1/3/72. Fremantle to Lyttelton. Tasman and
Ross Seas. 7,447 nautical miles. Physical oceanography, geo-
physics, coring. Arnold L. Gordon.

Cruise 51. 1/17-2/25/72. Lyttelton to McMurdo Station. Ross
Sea. 4,550 nautical miles. Biology. Mary Alice McWhinnie.

Cruise 52. 2/28-3/27/72. McMurdo to Lyttelton. Ross Sea
shelf. 5,395 nautical miles. Geophysical surveying. Robert
Houtz.

Cruise 53. 4/10-6/9/72. Lyttelton to Fremantle. Southeastern
Indian Ocean. 11,400 nautical miles. Geophysics. Thomas D.
Aitken.

Cruise 54. 6/20-9/7/72. Fremantle to Newcastle. Southeastern
Indian Ocean. 12,300 nautical miles. Geophysics, physical
oceanography, and sediment coring. Rude G. Markl.

Cruise 55. 10/27-12/27/72. Newcastle to Port Lewis. Southern
Indian Ocean. 6,745 nautical miles. Submarine geology,
physical oceanography, marine geophysics. Bruce C. Heezen.

Physical Oceanography
ARNOLD L. GORDON

Lamont-Doherty Geological Observatory
Columbia University

The divergent Ekman drift and thermohaline
alterations of the circumpolar waters, fostered by
the compact landmass of Antarctica, sets UI) a
meridional circulation pattern that reaches far to
the north, below the main thermocline. This pat-
tern has two basic components: the transformation
of upwelling deep water to Antarctic Surface Water
and ultimately into Antarctic Intermediate Water
and Antarctic Bottom Water. For the intermediate
water the formation region is believed to be the
Polar Front Zone (Antarctic Convergence), and
for the bottom water the formation zone appears
to be within the continental margins. Estimates of
heat and salt balances suggest that the northward
flowing bottom water contributes nearly 40 million
cubic meters per second to the world ocean, and
the intermediate water supplies perhaps as much as
20 million cubic meters per second (Gordon 1973a).

The meridional velocity field is superimposed on
a strong zonal flow that probably extends to the sea
floor with relatively small attenuation. The zonal
flow is directed eastward north of the low atmos-
pheric pressure trough surrounding Antarctica and
westward between the trough and Antarctica. The
eastward flow, called the Antarctic Circumpolar
Current (ACC) or West Wind Drift, is by far the
stronger and most probably accomplishes the largest
transport of water of the ocean's currents, over 200
million cubic meters per second (Gordon 1967a,
Reid and Nowlin 1971, Callahan 1971). The effect
of bottom topography is clearly observed in the
path and structure of the deep reaching circum-
polar current (Gordon and Bye 1972), which is
more diffuse over basins and very well defined as
it transverses passages. In places the current may be
multi-axial.

The asymmetry of Antarctica to the earth's spin
axis and the bottom morphology create large varia-
tions in the circulation pattern with longitude and
permit development of large cyclonic gyres within
the Weddell Basin and southeast Pacific basins
(northeast of the Ross Sea). Within these gyres
may occur the bulk of the upwelling of the Circum-
polar Deep Water (Gordon 1971a), though some
upwelling probably occurs all about Antarctica.

The scientific importance of antarctic oceanog-

Lamon t-l)ohcrty contribution number 1996.
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raphy coupled with the problems of working in the
vast area of the polar and subpolar regions, where
storms and ice present real hazards, has led to the
expedition style of oceanography, i.e., commitment
of scientists and a well-equipped ship for extended
periods. Where regional oceanography is fairly well
known, short cruises can be fruitful, but our knowl-
edge of antarctic waters at the beginning of the
1960s was quite general. Most data and ideas had
been generated by the Discovery expeditions, main-
ly during the 1930s; the basic physical oceano-
graphic findings were reported in the Discovery
Reports (Deacon 1933, 1937, 1963; Mackintosh
1946, and many others). During the IGY period,
many nations collected much new data in antarctic
waters (see Capurro, 1964) and somewhat refined
our understanding, but big gaps remained. These
gaps were not confined to the obvious lack of winter
continental margin data and other regions and
times of ice, but to winter and summer measure-
ments in the open sea in areas where ice was not a
great problem.

Eltanin in 1962 began a major year-round United
States antarctic oceanographic expedition to fill
the data gaps in the open sea and fringes of the
pack ice fields. As this was accomplished for the
Pacific sector, more cruises were devoted to special
problems, as Antarctic Bottom Water (AABW) pro-
duction, ACC path, and polar front studies. While
the beginning cruises employed quite classical in-
strumentation, eventually the equipment became
more modern with the advent of the in situ elec-
tronic salinity-temperature-depth (sTD) systems,
timed release bottom-moored current meters, neph-
lometers, expendable bathythermographs (xBTs),

and in addition to the Nansen casts, mechanical
bathythermography and surface temperature re-
corders. The deck equipment was improved with
the auto-analyser for nutrient determinations and
Carpenter modification of the Winkler titration
method for oxygen determination, with data pro-
cessing and equipment monitoring facilitated by an
onboard computer system. On many cruises the
physical oceanographic data array was expanded to
include sampling for trace metals and radioisotope
concentrations. The station physical oceanographic
data collected aboard Eltanin from Cruises 7
through 55 are reported in Jacobs (1965, 1966),
Jacobs and Amos (1967) , and Jacobs et al. (1972)
The information of Cruises 4 to 6 is in Friedman
(1964). Cruises 28 and 29 (the Scorpio Expedition)
were in subtropical waters and are reported in
Scripps Institution of Oceanography et al. (1969)

The hydrographic station array, with a high per-
centage reaching near the deep sea floor, extends
from the Scotia Sea and northern Weddell Sea
westward to the longitude of Kerguelen Island.

When the program was terminated, in 1972, about
100 0 of longitude in the southwestern Indian and
southeastern Atlantic Oceans had not been covered
by the Eltanin data network. The antarctic ocean-
ographic data of Eltanin has already contributed
much to our understanding in each of the major
processes with Antarctic waters: Antarctic Circum-
polar Current (ACC), Antarctic Bottom Water
(AABW) production and spreading, structure of the
polar front zone and other antarctic frontal zones,
structure and spreading of the thick layer of Ci -
cum.polar Deep Water (cDw), and the fine vertic 1
structure and horizontal distribution in the tempe -
ate and salinity fields, including details of t ie
temperature-minimum layer. The Eltanin data
array will no doubt contribute much more as more
oceanographers look at it more closely in the coming
years. Analysis already completed is likely a sma 1
percentage of what is either in progress or probab e
for the future.

Within each of the following discussions, I i -
dude areas for further field studies. Many of the e
suggestions are in Southern Ocean Dynamics, a
Strategy for Scientific Exploration, a report o
antarctic oceanography recently completed by a
ad hoc working group, Committee on Polar Pr -
grams, National Academy of Sciences.

Antarctic Circumpolar Current

The transport of water of the ACC has vexed
oceanographers for a long time. Problems in trans-
port estimation arise from an apparent lack of a
zero reference level needed for geostrophic determj-
nations and the difficulties of obtaining long-period
current measurements for either direct determina-
tion of transport or for a reference value for geostro-
phic flow. The transport determined for the Drake
Passage using direct current measurements for a
reference (Reid and Nowlin, 1971) and an equiv,
alent barotropic model (Gordon, 1967a) lead t
values from 220 to 240 million cubic meters per
second. Callahan (1971), using Eltanin hydro_
graphic stations and bottom current meter data
for reference (Cruise 41) along 132°E. determined
a transport of 235 million cubic meters per second.
The comforting agreement with the Drake Passage
values was short-lived, as current and hydrographic
measurements made in the Drake Passage by the
Canadian Hudson expedition only 1 month after
the Eltanin Cruise 41 measurements, indicated a
transport towards the west of 15 million cubic
meters per second. McKee's (1971) treatment of
the sea level records on either side of the Drake
Passage would indicate only a 40 to 50 percent
variation in the transport, if it were near 200 mil,
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lfon cubic meters per second, i.e. not a reversal.
Gordon and Bye (1972) show that much of the ob-
served changes in sea level could be accounted for
by variations in the baroclinicity between the sea
surface and 2,500 meters. Therefore the Hudson
observations are difficult to explain. Gordon
(1973a) has suggested a possible control of the
Drake Passage flow by a blocking action initiated by
the position of the northern boundary of the Wed-
deli gyre marked by the Weddell-Scotia confluence.
This confluence varies greatly in position within
the upper few hundred meters (Gordon 1967b)
but appears steady at deeper levels.

The ACC is some 21,000 kilometers long, and it
varies in latitude by nearly 20 0 , mainly in response
to the bottom topography. It passes through nar-
row passages in places, parallels ridges for long
distances in others, crosses broad flat basins, and is
deflected by submarine ridges. Its dynamics may
change from regime to regime; certainly its struc-
ture changes, and perhaps the term Antarctic Cir-
cumpolar Currents is more appropriate. Eltanin has
obtained many hydrographic sections across the
ACC (and the polar front zone, which can be
thought of as the thermohaline base for the ACC)
that define the temperature and salinity distribu-
tion and permit the definition of the sea surface
dynamic topography relative to a deep reference
layer (Gordon 1967a,b, 1972a,b, Gordon and Gold-
berg, 1970, Gordon and Bye 1972; Callahan 1971,
1972).

The striking features of the ACC in the Indian
and Pacific sectors are the relationship of the struc-
ture to bottom topography. In the region south of
Australia where the current parallels the midocean
-idge the axis is found over the northern flank of
the ridge, with a weak current over the southern
flank, often flowing toward the west. The ACC on

Izents,
aching the Macquarie Ridge is divided into fila-

 two passing through the narrow gaps in the
ridge, at 54 0 and 56°S., one curling around the
southern end of the ridge. However, the bulk of
the cold water appears to continue to follow the
northern flank of the midocean ridge. The northern
filaments appear to coalesce into a jet-like current
over the southern flank of the Campbell Plateau,

where they then shift sharply northward and may
initiate a series of standing Rossby waves in the
Southwest Pacific Basin.

An Eltanin current meter placed 100 meters off
the sea floor at the base of the Campbell Plateau
(56 0 S. 170°F.) for 3 (lays recorded a relatively
steady flow of 28 centimeters per second towards
067°. Using this value for reference, the surface
geostrophic flow is 70 centimeters per second (1.4
knots). The southern filament continues to flow
along the midocean ridge, which turns northward
in the region north of the Ross Sea. All filaments
combine to pass through the deep Usarp Fracture
Zone in the mid ocean ridge at 145°W. 57 1 S. There-
fore, from Macquarie Ridge to the Usarp Fracture
Zone the ACC is multi-axial. East of the fracture
zone the ACC has a poorly defined axis and does not
redevelop a real axis until reaching the Drake
Passage, where a major northward shift takes place.

There is little doubt that what is needed to fur-
ther the study of the ACC are long term measure-
ments of the currents and pressure fields, in associ-
ation with measurement of the thermohaline fields.
Such work should be carried out in a number of
distinct regimes of the ACC.

Antarctic Bottom Water

Eltanin data showed that the most concentrated
(highest concentration of shelf water) AABW ema-
nating from the Weddell Sea flows clockwise along
the periphery of the Weddell Basin, following the
3,000- to 4,000-meter isobath (Gordon 1966,
1967a,b; Hollister and Elder, 1969). This contour-
following flow contains water in the northwestern
Weddell Basin with potential temperature below
—1°C., oxygen above 6 millimeters per liter, and
silicate below 90 microgram-atoms per liter. It
flows eastward in the northern Weddell Basin with
an important arm penetrating the western Atlantic
Ocean, and a small amount entering the Scotia
Sea by way of a passage in the South Scotia Ridge
at 40 0 W. Some of this water appears to enter the
Pacific by a route along the southern extreme of
the Drake Passage. It also fills the deeper portions

Characteristics of observed Antarctic Bottom Water
Potential

Variety	 Location	 temperature °C	Salinity °/oo Oxygen ml!! Silicate ug.at/l
Low salinity	1. Western periphery of Weddell basin	—1.4	34.634 to 34.674	6.7	87

2. Deepest parts of Weddell basin	 —0.7	34.634 to 34.674	5.9	110
3. Adélie Coast	 —0.7	34.650	 5.9	110

High salinity	4. Deep ocean adjacent to the Ross Sea	—0.5	34.738 to 34.754	5.6	104
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Figure 1.
The lower portion of 2 STD
stations (the down and up
traces of a single lowering),
taken over the continental
rise of the Adlie Coast dur-
ing Cruise 50. Values given
in the large boxes (at left)
are of water samples taken
simultaneous to the STD

data's collection. 1471	
)

200-rn
0.25C	 T°c	/	 0.1%.

------—ø-----

T = 0.23	 D,D2

3041-rn
1400-m

of the southern and eastern Scotia Sea with a dense
water that must play a role in the northward de-
flection of the ACC in this region.

The major contribution of the Eltanin data rela-
tive to AABW is the continental margin work of
Cruises 27, 32, 37, 50 and 52. These data show that
AABW is formed within the Ross Sea (Jacobs et al.,
1970b; Gordon, 1971a, 1972b) and the Adélie
coastal region near 140°E. (Gordon and Tchernia,
1972; Gordon 1973b). Before these cruises, bottom
water formation in these areas was suggested (Ivan-
enkov and Gebin, 1960; Gordon, 1966; Lynn and
Reid, 1968; Tchernia, 1951) but not conclusively
shown.

Pre-Eltanjn data on the continental shelf show
that shelf water at the freezing point with salinity
sufficiently high to produce bottom water if it were
to escape from the shelf is also found near the
Shackleton and Amery Ice Shelves. Eltanin Cruise
56 was to investigate these areas. Another margin
area of some interest is west of the Amery region
where ice shelves extend nearly to the shelf break,
leaving very little shallow region exposed to sea ice
production.

Types of AABW can be classified according to
their characteristics; Gordon (1973b) has done
this (table) . The high salinity variety formed in

the Ross Sea flows in part over the continental rise
off the Adélie coast, where its dilution with the
low salinity bottom water formed there is clearly
evident (Gordon and Tchernia, 1972). The blend-
ing of these two AABW types yields an apparent low,
concentration bottom water (low concentration in
the sense of low amount of shelf water), but on
inspection of bottom oxygen and silicate its fresh-
ness or high concentration is seen.

In November-December 1971 (Cruise 50), a
unique STD station on the continental rise off the
Adélie coast showed a strong thermohaline layering
near the sea floor with the low-salinity, locally pro-
duced bottom water forming a distinct bottom
layer of 80 meters thick and lifting above it the
saline Ross Sea bottom water (fig. 1) . The in situ
density nearly matches, although the sigma-t values
show instability of 0.02. Gordon (1973b) suggests
that this stratification represents a recent injection
of the Adélie water and eventually a more uniform
blend (as found on Cruise 37 in January-February
1969 in the same area) would form.

The abrupt termination of the warm deep water
all about Antarctica immediately north of the
slope (Sir George Deacon, personal communication,
1973) may be taken as evidence of active conti-
nental margin processes at all longitudes. We need
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SALINITY	 TEMPERATURE
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qA flfq3q4	34046	34.655

952	946	942	938
1.58	4.82	5.78	8.9

nore data in the vicinity of the continental margins
it all longitudes, especially near the expected
:enters of AABW production and in the winter. How-
ver, AABW may form in the summer months, even
.f the salt input is a winter process, since the forma-
Lion of AABW is associated with the escape of water
rom the shelf rather than with the actual genera-
Lion of shelf water. Naturally, the two may be
:losely tied together, if AABW is being produced
Easter than the continental shelf can accommodate,
but summer formation has been observed (Gordon
and Tchernia, 1972; Seabrooke ci al., 1971)

Another aspect of AABW production to which
Eltanin data has relevance is the role of the ice
shelves. Extensive layers of water at depths of
hundreds of meters within the Ross Sea have tem-
peratures well below the 1-atmospheric-pressure
freezing point; also, Lusquinos (1963) has noted
this phenomenon for the Weddell area. A role of
the ice shelves is expected, since the freezing point
at the contact of the sea water with the bottom
boundary of the glacial ice is well below —2°C.
Probably the cold, saline shell waters of the open
Ross Sea, which are probably the product of sea ice
formation, flow below the ice shelf and there, ex-
posed to melting and refreezing, become colder and
perhaps saltier. The resulting increased density
may enable AABW production or perhaps more
AABW production than previously thought possible.
The greater compressibility of the colder water may
have a role in the "sinking potential" of the shelf
water (Lynn afl(1 Reid, 1968; Gill, 1973) . Sampi-

ing below the shelf ice to determine the thermoha-
line alteration of this water and the exchange of
this water with the open sea would have direct
relevance to AABW production.

The Eltanin bottom data array is well suited to
study of bottom circulation away from the conti-
nental margins (Gordon 1966, 1972b). The bottom
water, heavily laden with suspended material (Eit-
treim et al., 1972) , generally flows westward until
it meets a blocking submarine feature that diverts
the flow toward the north and eventually eastward.
The midocean ridge that nearly encircles Antarc-
tica is breached in a number of regions where
fracture zones occur.

Polar Front and other frontal zones

The antarctic water column, with its tempera-
ture-minimum layer in the upper 300 meters and
a deeper temperature-maximum layer, is separated
from the subantarctic water column with its deep
isohaline surface layer by the region of complex
thermohaline structure marking the polar front
zone (or Antarctic Convergence, a term some
oceanographers prefer) . The zone has been de-
scribed by Mackintosh (1946) , based mostly on the
Discovery observations. The Eltanin data show that
the position of the zone is very similar to that given
by Mackintosh, with perhaps a more southern po-
sition near the 180° meridian. The data also indi-
cate that the intensity of the zone varies with time
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Figure 2. STD profiles north, within, and south of the Polar Front Zone.



and position, although it stays within a belt of 20
to 4° of latitude (Gordon 1967b, 1971b). This belt
appears to bear some relation to the general bottom
morpy.

Intcesting aspects of the polar front zone brought
out '. h the Eltanin data are (1) the double front
structure east of Macquarie Ridge, (2) the highly
complex nature of the thermohaline vertical pro-
files in the zone, and (3) its movement. Wexier
(1959), who first discussed the double front, related
it to an upwelling or divergent process. The Eltanin
data, however, show that the warm zone that sepa-
rates the cold water into the main southern body
and an isolated northern cell appears to be warmed
antarctic surface water. No explicit signs of up-
welling of the deep water are found. Gordon
(1971b) gave various hypotheses for the formation
of the double front. One was later supported: the
double front may be generated at the southern tip
of the Macquarie Ridge, where warm water, riding
over the ridge crest, eddies into the colder surface
water (Gordon, 1972a) . There are two bases for

this model. First, a "steady state" double front oc
curs across the southern tip of the ridge; if it shec
eddies, this front would produce the observed fea.
ture in the Pacific, which is transient. Second, th
double front has not been observed west (up.
stream) of the ridge. A model study by Boyer anc
Guala (1972) indicates the possibility of sheddin
eddies in this region. Because they heat the lowei
atmosphere faster than the ambient antarctic water
the warm-water eddies may significantly affect thc
weather and perhaps climate of the southern South
Pacific. The magnitude of this effect depends or
the frequency of the eddies, not known but expected
to be at least one a week.

The advent of sal inity- tempera ture_depth (STD)
instrumentation has contributed much to ocean-
ography. Eltanin has had an sm system since 1966.
The data appears in the Eltanin data reports (see
references) and have been used in numerous publi-
cations.

The STD profiles, indicate that as the polar front
is approached the degree of structure on a scale of
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STD stations during Cruises 1-
37, south of the polar front in
the Australia-New Zealand
sector of antarctic waters.
Stations of Groups I and II
are separated by the transi-
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ens to hundreds of meters increases greatly (fig. 2)
Since the inversions are stably stratified, they are
probably the result of large-scale horizontal eddies
acting on a mean thermohaline field that possesses
significant slope of isopleths. These structures
would decay in time by the action of smaller scale
turbulence and molecular processes. One wonders
if the ultimate fate of at least part of these struc-
tures is Antarctic Intermediate Water. Study of
these STD records promises to be rewarding.

The Eltanin. STD data reveal that the polar front
is not the only distinct front. The Australasian
Subantarctic Front, first described by Burling
(1961) for the area south of New Zealand, ex-
tends far to the west, perhaps to the southwest
Indian Ocean (Gordon and Goldberg, 1970)

Another frontal zone exists about halfway be-
tween the polar front and Antarctica. It has not
been discussed in the literature and in fact is not
obvious in serial casts, but it does appear on the
STD profiles. Fig. 3a shows the distribution of STD

stations south of New Zealand and Australia 01)-
tamed through Cruise 37. On fig. 3b, stations south
of the transition zone are group I; those north,
group II.

Stations in group I display a strong halocline
immediately above the very sharply defined tem-
perature-minimum layer. Most of the water within
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the tempera turc-minimum layer is colder than
—1.0°C. and saltier than 34.3 parts per thousand.
Group II shows a broad, warmer (over 0°C.) tem-
perature-minimum layer with a double halocline,
one above and one below the temperature-mini-
mum layer. The salinity of the temperature-mini-
mum layer is near 34.0 parts per thousand. The
transition from group I to group II is abrupt. The
process at the transition zone is open to speculation;
the similarity of the group-I1 isohaline cold layer
to the 18°C. water of the North Atlantic suggests
its formation at the transition.

The transition is near the climatic position of the
Antarctic Divergence, and some role in the conver-
sion of deep to surface water may be present.

Circumpolar Deep Water

The mass of Circumpolar Deep Water (cDw)

flows eastward around Antarctica. Part of this huge
volume flows into the Atlantic, Indian, and Pacific
Oceans via the deep western boundary and appears
to return to antarctic regions at slightly shallower
levels in a modified form. The Atlantic has the
additional effect of incorporating into the return
flow the salty North Atlantic Deep Water (NADW)
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On reaching antarctic waters, North Atlantic Deep
Water flows eastward to mix with CDW that has
passed through the Drake Passage (Gordon, 1971c)
by the longitude 70°E. This mixing transfers much
salt into antarctic waters, offsetting the fresh water
inflow by precipitation and from the antarctic ice.

In addition to its eastward flow, CDW slowly
spirals southward and to shallower depths to up-
well and be converted to an antarctic water mass.
The Eltanin data have allowed more detailed trac-
ing of the CDW in the Indian and Pacific Oceans by
the general station array and more importantly by
the greater accuracy in the salinity determinations
than technically feasible on the earlier expeditions.

Conclusion
An array of modern hydrographic and STD sta-

tions extending to the sea floor is needed in the
important regions of the southwestern Indian and
southeastern Atlantic Oceans. In this region is
found the eastern boundary of the Weddell Gyre,
where AABW somehow spreads into the Indian
Ocean, where the ACC flows over complex topog-
raphy, where the NADW and CDW are discernible
water masses, where the polar front zone shifts
southward.

The Weddell Gyre represents a large volume of
cold, relatively fresh water extending from the Ant-
arctic Peninsula to 20° or 30 0 E. Along its southern
boundaries are some of the most extensive ice
shelves of Antarctica, many reaching the outer
continental shelf. The northern boundary appears
to be subject to position variability, especially in
the upper few hundred meters. This variability
affects the northern extent of the cold surface water
and may account for the highly variable sea ice con-
ditions of the Scotia Sea region (Fletcher, 1968)
This shifting may also influence the flow through
the Drake Passage. The eastern margins of the gyre
are not well known. The water within the gyre on
recirculation becomes colder and fresher through-
out its depth. However, the CDW reaches its shallow-
est levels within the center of the gyre, making the
surface water more susceptible to AABW formation
during sea ice growth. The CDW at 400 meters is
very similar to that found at 3,000 to 4,000 meters
in the northern Drake Passage, suggesting that
within the gyre is a major zone of CDW upwelling.
The variation of the position and size of the Wed-
deli Gyre may be of significance to production of
AABw and to the weather and climate of the south-
ern hemisphere. Paleoclimates may also be better
understood by the study of submarine sediments at
the fringes of the Weddell Gyre.

The above discussion gives a brief account of the
contributions of the Eltanin to our knowledge of

antarctic physical oceanography; perhaps some of
the speculations will not hold up under closer
study. The Eltanin data will give food for thought
for oceanographers for a long time and will play
a major role in the planning of future more spe-
cialized field programs. The significance of the ant-
arctic region in governing the condition of the
world ocean and atmosphere strongly suggests that
we not abandon our study of antarctic waters.
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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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