transition zone will be less complex, too. At a firn temperature
of —50°C, the portion of gases adsorbed at the firn grain surface
is expected to be minimal. Therefore, it is believed that gases
enclosed in ice samples from South Pole Station represent the
composition of the atmosphere at the time of enclosure better
than ice samples previously available.
I thank the National Science Foundation, Division of Polar
Programs, and i'ico (NSF contract DPP 74-08414) for making the
fieldwork possible and for providing excellent working con-

Ice core drilling, 1980-1981
KARL C. KUIVINEN

Polar Ice Coring Office
University of Nebraska-Lincoln
Lincoln, Nebraska 68588

The Polar Ice Coring Office (Pico) conducted field tests of an
intermediate-depth ice core drill at Amundsen-Scott South
Pole Station during December 1980. Ice cores collected from
two test holes of 49 meters and 108 meters were logged, packaged, and stored at the station for future sampling by other
investigators.
The drill, designed and built by the U.S. Army Cold Regions
Research and Engineering Laboratory (CRREL), had been tested
in Greenland during 1976 and had undergone several modi fications at both CRREL and PiCO prior to deployment to Antarctica in 1980. The objective during this season was to test
the unit to a depth of 500 meters, collecting continuous ice
core from the South Pole Station for later analysis. A drill
shelter and core-processing laboratory van were set up in the
center of the taxiway oval at the station. Drilling commenced
using the original components of the CRREL drill: a 3,000-kilogram winch unit with armored cable, a horizontal tower, and
various combinations of lightweight fiberglass drill barrels
driven by a submersible pump motor. Drilling proceeded to
a depth of 49 meters; beyond that depth the drill could not
penetrate vertically. Runs made with an inclinometer indicated that the hole was being drilled in an ever-increasing
spiral; this resulted in the drill's being wedged in the curved
hole, thus preventing further penetration. It appeared that the
drill was too light to deploy the cable properly and control
penetration speed.
A new hole was then started using a heavier (120 kilograms)
drill built by PICO. This unit collects core 4 inches (10.16 centimeters) in diameter, in contrast to the CRREL drill, which
collects 3-inch (7.62-centimeter) core. Four days of drilling
produced promising results: core of excellent quality averaging
1.40 meters per run during the first 90 meters, average core
retrieval of 5.5 meters per hour, and winch line speeds of up
to 400 feet per minute (122 meters/minute) during raising of
the drill. At a depth of 92 meters, a line tension of 4,000 pounds
(1,818 kilograms) was registered by the load cell during core
break. When the drill was brought up, two breaks in the cable's
armored jacket were apparent, and in other places the cable's
neoprene sheath showed evidence of the cable's being slightly
birdcaged. The damaged 100-meter portion of the cable was
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ditions. I also thank the station leader and crew at South Pole
Station for their efficient support.
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377-381.

removed, and drilling continued to a depth of 105 meters,
where the cable broke again during a core break that registered
over 4,500 pounds (2,045 kilograms); the cable was again shortened and reterminated. On the next run it again broke, and
the drillers decided to terminate the season's drilling because
of the increasing danger to both personnel and equipment in
the event of catastrophic cable failure. The change to the larger
diameter i'ico drill produced an expected increase in line tension needed to break the core, but the tension as recorded on
the load cell should not have been sufficient to break the cable
if it had been manufactured and spooled to the designer's
specifications. The complete drill has been returned to the PICO
workshop for further engineering research concerning corebreak, cable, and winch design.
The PICO core-drilling program at South Pole Station was
augmented by studies conducted by the Physics Institute,
University of Bern, of the process of gas enclosures in ice and
the composition of air enclosed in bubbles in cold ice. Data
from their study should provide information about the composition of the atmosphere at the time the ice formed. Experiments were conducted in which air filling the pore space in
the firn was collected and analyzed, and determinations were
made of the variations in crystal size and shape of pores with
increasing depth (see Stauffer, Antarctic Journal, this issue).
In addition to the drill test at the South Pole Station, PICO
prepared and loaned a National Science Foundation Swiss
shallow drill (100-meter capability) to the British Antarctic
Survey for use in their drilling program on the Antarctic Peninsula. The British successfully collected cores from two holes
of 30 meters and 83 meters. Unfortunately, this drill suffered
severe damage and was not recovered after being dropped off
the drilling tower and falling free from the surface to the bottom of the 83-meter hole.
Two members of the Pico team visited the Ross Ice Shelf
Project drill camp J-9 and recovered a recorder and magneticdata tape from the Norsk Polarinstitutt oceanographic freezein experiment.
The PiCO drill team included Jay Arneson, Leendert Kersten,
Karl Kuivinen, John Litwak, Philip Marshall, and Richard Tillson. Bernhard Stauffer of the Physics Institute, University of
Bern, Switzerland, conducted the core analysis and gas sampling program upon completion of the drilling.
The Polar Ice Coring Office is supported under National
Science Foundation contract DPP 74-08414.
Reference
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Journal of the U.S., 16(5).
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In this third and final report we emphasize nitrate ion [NO,
henceforth (NO 3 )] concentrations in antarctic snow and firn
from pits and cores, some details of which have been published previously (Olson 1980; Parker and Zeller 1980 and
references cited therein; Parker, Zeller, and Thompson 1981;
Rood et al. 1979; Stothers 1980; Zeller and Parker 1981). Table
1 summarizes the types of chemical analyses we have conducted and plan to conduct on snow, firn, and ice.

ing the snow accumulation rate remains constant. The greater
detail appearing in the South Pole record results from more
analyses, as a smaller sample interval is made possible by the
higher snow accumulation rate. The smoothing shows the
fairly good visual similarity between the two firn cores collected about 1,300 kilometers apart on the east antarctic ice
sheet (correlation = 0.69).
The use of average annual accumulation estimates introduces some error in assigning approximate dates (year) to
various depths of these cores. However we have used Giovinetto's (1960) snow-mine stratigraphy data, which date back
to 1750, for calculation of the South Pole firn core dates. Extrapolation of the average annual accumulation for the period
1850-1750 to the remainder of the South Pole firn core leaves
little doubt that the most recent low NO 3 period between 34
and 41 meters in core depth is remarkably close to, if not
coincident with, the period of the Little Ice Age or Maunder
Minimum in solar activity, as reported by John A. Eddy (1977),
at approximately 1640-1710 A.D. While less convincing,
because of the increasing potential error from calculated
extrapolation of average annual accumulation rates to the

Table 1. Analyses conducted or planned on antarctic snow, fir,
and ice, Including the type of analytical method and analysis
frequency (i.e., on All, Some, or Occasional samples)

Analytical

Chemical
constituents"
NO 3 (nitrate ion)
NO 2 (nitrite)
NH, (ammonium)
pH (acidity)
Na (sodium)
Al (aluminum)
SO, (sulfate)
Cl (chloride)
K (potassium)
Mg (magnesium)
Ca (calcium)

Method

Frequency

Ultraviolet spectrophotometry
diazotization
phenoihypochlorite
electrode
atomic absorption
plasma emission
PbSO, conversion
electrode
atomic absorption
atomic absorption
atomic absorption

A
0
A
A
S
S
S
0
0
0
0

G All except pH refer to ions.
Figure 1 shows the variation in NO: 5 with time in a firn core
drilled by the Polar Ice Coring Office (r'ICO, Lincoln, Nebraska)
at South Pole (above) compared with the time equivalent portion of a firn core from Vostok (below). These curves are
derived by making incremental averages sequentially through
the raw data, then applying cubic spline data-fitting techniques to achieve smoothing and to determine the shape of
the curve. Cubic splines are produced by generating stepwise
cubic polynomials for the data points, and they do not cause
significant displacement of curve maxima and minima. Both
curves have been corrected for firn density change with depth
so that the horizontal axis is linear with respect to time, assum1981 REVIEW

Figure 1. Computer-smoothed curves for NO:,N concentrations
(El = x 10 micrograms per liter) in the past 1,000 years
(E3 = x 1,000) of South Pole and Vostok fimn cores. (See text for
explanation.)
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deeper core sections, we note that both cores show a less
pronounced Sporer Minimum (1400-1510 A.D.) and a Medieval Maximum (1120-1280 A.D.) at approximate depths where
they might be anticipated. The much lower accumulation at
Vostok Station (2.2 grams per square centimeter per year compared with 7 grams per square centimeter per year at South
Pole) results in the 101-meter Vostok core representing approximately 3,250 years; this information allows resolution of several additional highs and lows in NO 3 (figure 2). This NO3
concentration record for the entire Vostok core was generated
in the same way as for figure 1. The deep minimum centered
at about 1,530 years ago (450 A.D.) is especially prominent.
This is preceded by a broad, irregular maximum lasting nearly
800 years. The two sharp minima that precede this maximum
correlate roughly in age with Eddy's (1977) Homeric and Egyptian minima.
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Table 2. Fourteen sources or mechanisms for NO 3 in antarctic
plateau snow, fun, and Ice with Information regarding their
probability as a source (mechanism)
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Figure 2. Computer-smoothed curve for NO 3-N concentrations
(El = x 10 micrograms per liter) in the past 3,000 years
(E3 = x 1,000) of a Vostok fir core. (See text for explanation.)

Our Fourier analysis of the NO 3 data from both South Pole
and Vostok cores reveals strong periodicities in the NO 3 concentration occurring at approximately 11-, 22-, and 66-year
intervals. Already we have reported data supporting the
hypothesis that the 11-year fluctuations in NO 3 concentration
either coincide with the solar activity maximum or that of the
auroral maximum, which lags the solar maximum by about 1
year (Olson 1980; Parker and Zeller 1980).
During the 1980-81 field season, we dug and sampled a 10meter-deep snowpit. Three replicate columns were sampled
averaging 5-7 samples per year (minimum 2, maximum 12)
going back to 1928. Two sets of samples have been analyzed.
The annual NO 3 fallout has been calculated and shows a reasonably good coincidence with the five solar activity cycles.
The linear correlation coefficient for NO 3 and the aa geomagnetic index is 0.50, while that for NO:) and sodium is 0.27. The
aa index is one of a number of measurements of the geomagnetic field strength of the Earth. This means that one of several
methods of measuring the variability in the strength of the
Earth's magnetic field correlates better with the NO:s data than
with sodium, which in turn correlates with no more than 7
percent of the NO:5 signals.
Table 2 lists 14 potential sources of NO: 5 and mechanisms
that might explain the fluctuating NO: 5 levels in antarctic snow
and firn. Previously we discussed and ruled out sources 1, 2,
80

and 6 (Parker and Zeller 1980). We also considered 3, 4, and 7
unlikely sources. As a result of the poor correlation with
sodium, we now have ruled out 5 (i.e., marine sources) for the
bulk input of NO 3 to the east antarctic ice sheet (South Pole
and Vostok). The more likely sources or mechanisms appear
to be some solar-mediated phenomenon, such as sources 9-14.
Because not all these phenomena occur precisely with the solar
activity maximum, a linear correlation coefficient of 0.90
may not be obtainable until the precise phenomenon has been
identified and the time lags defined. Also, production of NO3
almost certainly involves more than one mechanism. For
example, the background levels of NO 3 inevitably present in
all minima in South Pole and Vostok cores might be produced
by galactic cosmic rays (source 10), while the 11-year maxima
and longer term maxima might be from a solar activity mechanism (sources 9, 11-14) superimposed on that background.
The remoteness of Antarctica from major sources of anthropogenic pollutants, and the high elevations of the East Antarctic Plateau make it highly probable that we are observing
periodicities in NO 3 that may be undetectable or at least well
masked in other ice sheets. The significance of our findings is
not yet known. Nevertheless, it appears highly likely that an
understanding of the source(s) of the production mechanism(s)
for NO 3 will contribute to our understanding of solar and
atmospheric science and may provide a useful new type of
marker or fingerprint in antarctic snow, firn, and ice—a new
glaciological window into the past.

Source
I. In situ microbiological fixation
2. Contamination from drilling, handling, storing, processing of cores
3. Global anthropogenic pollution with tropospheric
transport
4. Soil denitrification with tropospheric transport
5. Marine aerosols with tropospheric transport
6. Fixation by lightning with
stratospheric transport
7. Volcanic activity with stratospheric transport
8. Fixation by meteoroid trails
in stratosphere
9. Photochemical ultraviolet
fixation in stratosphere
10. Ionization in upper atmosphere by galactic cosmic
rays
11. Ionization in upper atmosphere by solar cosmic rays
12. Ionization in the upper
atmosphere by auroral
activity and by polar cap
absorption
13. Ionization in upper atmosphere by solar flares
14. Ionization in upper atmosphere by supernovae

Probability
Rejected (direct proof)
Eliminated (direct proof)
Rejected (direct proof)
Rejected (direct proof)
Rejected (direct proof)
Improbable (indirect proof)
Improbable except as nonperiodic pulses (indirect proof)
Probable as small average contributions (no proof)
Probable (some direct proof)
Probable for background only
(indirect proof)
Probable for solar activity component
Probable for solar activity component
Probable for both solar activity
and select spikes
Probable for select spikes
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We are grateful for support of this research by National
Science Foundation grant DPP 78-21417. We also thank William
Thompson, Lawrence Heiskell, and Lawson Bailey for assistance.

Parker, B. C., Zeller, E. J . , and Thompson, W. J . 1981. Evaluation of
ultraviolet spectrophotometric determination of nitrate in glacial
snow, fim, and ice. The Analyst, 106(8), 898-901.
Rood, R. T., Sarazin, C. I., Zeller, E. J . , and Parker, B. C. 1979. X- or
y-rays from supernovae in glacial ice. Nature, 382, 701-703.
Stothers, R. 1980. Giant solar flares in antarctic ice. Nature, 287, 365.
Zeller, E. J . , and Parker, B. C. 1979. Solar activity records. Planetary
ice caps. In D. M. Anderson (Ed.), Proceedings for the Second Colloquium on Planetary Water and Polar Processes (Hanover, New Hampshire, October 1978). Hanover: U.S. Army Cold Regions Research
and Engineering Laboratory.
Zeller, E. J., and Parker, B. C. 1981. Nitrate ion in antarctic firn as a
marker for solar activity. Geophysical Research Letters, 8(8), 895-898.
Zeller, E. J., Parker, B. C., and Gow, A. J. 1981. Planetary and extraplanetary event records in polar ice caps. In D. M. Anderson (Ed.),
Proceedings of the Third Colloquium on Interplanetary Water (Buffalo,
New York, October 1979). Hanover, N.H.: U.S. Army Cold Regions
Research and Engineering Laboratory.

References
Eddy, J . A. 1977. Climate and the changing sun. Climatic Change, 1,
173-190.
Giovinetto, M. B. 1960. Glaciology Report for 1958. South Pole Station.
Ohio State University Research Foundation Report. 825-2, Part 4,
1-104.
Olson, S. 1980. Solar tracks in the snow. Science News, 118, 313-316.
Parker, B. C., and Zeller, E. J . 1980. Nitrogenous chemical composition of antarctic ice and snow. Antarctic Journal of the U.S., 15(5),
79-81.

Analysis of Dome C data,
IVI
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along a common-depth-point profile. The preliminary results
(Shabtaie and Bentley in press) yield velocities in the firm
layers that are 20 meters per microsecond or more higher than
previously assumed. This work implies that most, or perhaps
even all, of the variations in the dielectric constant of solid
polar ice that have been calculated from measurements at dif -

CHARLES R. BENTLEY, DONALD D. BLANKENSHIP,
ROGER M. GASSETr, and SI0N SHABTAJE
Geophysical and Polar Research Center
University of Wisconsin
Madison, Wisconsin 53706

There was no field program during 1980-81, but data analysis proceeded at the Geophysical and Polar Research Center.
The detailed bedrock map of Dome C, determined from
profiling on the surface (figure 1, prepared in cooperation with
K. C. Jezek), shows that the area is characterized by a rugged
subglacial topography. The dominant feature is a central plateau with an elevation of -400 meters. This plateau is dissected
by a 20-kilometer-wide subglacial valley trending grid southeast, with a floor 1,000 meters below sea level. Radar soundings
obtained from the 1978-79 National Science Foundation-Scott
Polar Research Institute-Technical University of Denmark
flights on a 50- by 50-kilometer grid with 10-kilometer line
spacing emphasizes the ruggedness of the terrain, showing
ice thicknesses ranging from 3,300 to 4,250 meters.
In some areas, radar profiling shows abnormally strong bottom echoes from a smooth, flat surface 300 meters below sea
level, suggesting reflections from subglacial water channels.
Mapping of these "channels" indicates that they probably are
interconnected. However, no echoes of this type were
observed in the deep valleys. Several bright spots that may
have been caused by accumulations of subglacial water also
were observed on the airborne radar records.
Differing models of the effect of density on the radio wave
velocity currently are being studied using velocity measurements made at Dome C (Shabtaie et al. 1980). Travel times of
oblique reflections from numerous internal layers down to a
depth of 2,600 meters, and from the ice bottom, were measured
*Contribut ion 391, University of Wisconsin-Madison, Geophysical
and Polar Research Center.
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Figure 1. Detailed subglacial topographic map of the local Dome
C area. The solid dot shows the camp location (the deep drill hole
Is at the edge of the camp). Contours are in meters relative to sea
level.
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ferent locations have resulted from using an incorrect velocitydensity model.
Ground-based magnetic and gravity measurements were
made at many points on the local 100-square-kilometer grid
during both the 1978-79 and 1979-80 field seasons. Rapid
variations in the magnetic field (15-100 gammas per hour)
made frequent readings at a central base station essential to
the analysis of these data. The magnetic anomaly field is characterized by a steep gradient of 225 gammas in only 10 kilometers, with a high in the grid east and a low in the grid west.
A three-dimensional model using a source of high magnetic
susceptibility (0.011 centimeter-gram-second units) immediately beneath the ice gives a magnetic field that closely fits that
observed. However, the 5.8-6.0-kilometer-per-second seismic
velocities obtained in the same area (Shabtaie et al. 1980) are
much lower than would be expected for most rocks with the
required magnetic susceptibility. An acceptable geologic
explanation may involve mafic extrusives interstratified with
sediments.
In an effort to determine the extent of crystalline anisotropy
in the ice sheet, a seismic wide-angle reflection experiment
was performed during the 1979-80 field season (Shabtaie et
al. 1980). Preliminary results for one of the three lines shot are
shown in figure 2, which is a plot of average wave speed over
the travel path vs. angle of incidence. As the figure shows, the
data can be modeled quite nicely by an ice sheet that comprises
approximately 50 percent perfectly anisotropic ice with a vertical axis of crystal symmetry.
Seismic short refraction data from Dome C are being reduced
and analyzed. Compressional wave velocities increase more
slowly with depth than at Byrd Station, on the Ross Ice Shelf,
or in Victoria Land. The density-depth curve calculated using
Kohnen's density-velocity relation (Kohnen 1972) is similar to
Alley's (1980), compiled from direct measurements on core
from Dome C, and to the one reported by Korotkevich (1978)
from direct measurements of core taken from Vostok.
Analysis of the electrical resistivity profiles reported last
year (Shabtaie et al. 1980) continues, with emphasis on developing a computer program to calculate apparent resistivities
on an inland ice sheet in which the density, temperature, and
ionic impurities vary with depth.
Analysis of digital magnetotelluric recordings made during
the 1979-80 field season has yielded inconclusive results.
Updating of the analog equipment has continued in preparation for the 1981-82 field season.
This research was supported by National Science Foundation grant DPP 78-20953.
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Figure 2. Plot of the average wave velocity (in meters per second)
measured through the Ice sheet vs. angle of incidence (I), for wideangle seismic reflections, Dome C. The dashed line indicates the
velocity function expected for an ice sheet comprising two layers
of equal thickness, one with random crystalline alinement and the
other with 100 percent vertical c-axial alinement.
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Data collected during the 1978-79 and 1979-80 field seasons
(Bolzan, Palais, and Whillans 1979) at Dome C have been
analyzed, and most results were presented at the Third International Symposium on Antarctic Glaciology (TIsAG) in September 1981.
J . Palais has studied snow stratigraphy with a view toward
developing a model for the formation of the stratigraphic features preserved at depth. Many of these features are satisfactorily explained by patterns in original deposition complicated
by the formation of sastrugi. We plan to investigate diagenetic
ANTARcTiC JOURNAL

effects when the results of the stable oxygen isotopic measurements become available.
R. Alley has studied the 50-meter core obtained by the Polar
Ice Coring Office. He has found grain size and firn-structural
variations, the origins of which are unknown. The amplitudes
of these variations decrease with depth, and depth changes
have been studied to test models for grain growth and firn
densification with depth.
J . Boizan, R. Ewing, and I have compared the temperature
profile at Dome C with model calculations and find it consistent with steady glacial flow and a climatic temperature
increase of about 3°C about 15,000 years ago. This confirms
the concept that antarctic temperatures were lower during the
last Northern Hemisphere glaciation and that this portion of
the ice sheet has not surged during the past 100,000 years or
so, contrary to some suggestions.
The interpretation of shallow-depth temperature profiles
requires a knowledge of the thermal properties of firn. J . Bol-
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A Twin Otter belonging to the British Antarctic Survey (BAS)
carried out 60 hours of airborne radio-echo sounding in February 1981 as part of a joint National Science Foundation (NSF)/
BAS program to study the tectonics of West Antarctica and the
geological relationship between East and West Antarctica. We
operated from the NSF Ellsworth Camp set up for the 1979-80
season. For logistic reasons, geological field parties could not
be supported, so all the fuel was used for radio-echo flights.
Because the base of operations was near the center of the area
of interest, all flying time provided new useful data. A total of
12,000 kilometers of track was flown, covering the half-million
square kilometer area of Ellsworth Land between Pine Island
Glacier in the west and the base of the Antarctic Peninsula in
the east.
Ten flights were made between 6 and 17 February 1981. Five
flights were over the previously unsounded area of Ellsworth
Land to the north and west of the Ellsworth Mountains. Two
of these flights ranged as far as Pine Island Glacier, measuring
transverse and longitudinal profiles of an outlet glacier thought
to play an important role in determining the stability of the
west antarctic ice sheet (Denton et al. 1979). At the grounding
line the ice is about 1,400 meters thick, resting in a bedrock
trough about 1,200 meters below sea level and on a 200-meterhigh bedrock sill. This sill may be preventing the postulated
1981 REVIEW

zan and I designed and operated simple equipment at Dome
C to test core samples. R. Ewing interpreted the data, and
results were presented at TISAG.
In preparation for the interpretation of stable oxygen isotopic ratio data, D. Bromwich and C. Weaver have been studying atmospheric processes using data published by Japanese
researchers from Syowa Station. They find that the isotopic
ratio there is closely connected with the sea ice extent.
Strain figures were established in 1978-79, and remeasurements will be done in 1981-82; other aspects of our program
at Dome C will be concluded as well.
The program is supported by National Science Foundation
grant OFF 76-23428.
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collapse of the ice sheet (Denton et al. 1979). The radial network
of flights over this area defined the drainage basin for Pine
Island Glacier (figure) and also revealed deep and rugged bedrock topography between the Ellsworth Mountains and a much
more elevated region toward Eights Coast.
One flight covered the area to the east of Siple Station toward
the base of the Antarctic Peninsula. This flight, together with
two tracks flown over the peninsula going to and from the
Ellsworth Camp, complemented sounding carried out by BAS
in 1975 using NSF fuel from Siple Station (Swithinbank 1977).
The objectives were to define the southern limit of the Antarctic Peninsula and to investigate its geological structure in
relationship to the low-lying bedrock to the west.
Several local glaciers within the Ellsworth Mountains were
sounded on another flight. Long and cross profiles of Newcomer, Nimitz, Minnesota, and Union Glaciers were obtained.

Surface elevation contours (In hundreds of meters) from aircraft
Pressure altimetry.
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The Minnesota and Union Glaciers cut across the dominant
structural trend of the mountains, while the Newcomer and
Nimitz Glaciers follow it. We also sounded along six gravity
profiles made earlier by U.S. scientists studying major structural features of the Ellsworth Mountains.
A short flight to the southwest of the Ellsworth Mountains
was used to fill in a blank area on the NSF/Scott Polar Research
Institute and Technical University of Denmark grid of radioecho sounding flights (Drewry et al. 1979). The remaining two
flights concentrated on the Ronne Ice Shelf. The ice rises and
western boundary of the ice shelf appear to be morphologically
similar to each other but sufficiently different in character from
the rest of Ellsworth Land to provide a constraint to the size
of a possible Ellsworth Mountain microcontinent (Schopf 1969;
Watts and Bramall 1980).
Navigation was by means of a Doppler radar system. The
accuracy was very good, errors of only a few kilometers being
observed after flights lasting up to 8 hours. Most of the flying
was carried out at about 10-meter terrain clearance in order to
gain maximum penetration of the ice sheet. Low flying allowed
successful sounding even in areas of extensive crevassing;
surface reflections from the spectacular jumble of rifts, crevasses, and rumples on Pine Island Glacier obscured the bot-

tom echo when flying at altitudes of a few hundred meters
above the surface but caused no loss of echo when flying at 10
meters.
This work was supported by National Science Foundation
grant DPP 78-20679 to I. W. D. Dalziel of Lamont-Doherty Geological Observatory, Columbia University.
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Analysis of gravity data from the Ross Embayment continues
at the Geophysical and Polar Research Center. Sea-shelf gravity data from cruises 32, 51, and 52 of the USNS Eltanin, which
have been approximately adjusted to the new gravity datum
(IGSN 71) and geodetic reference system (GRS 67), have been
used to extend the Ross Ice Shelf Geophysical and Glaciological
Survey (RIGGs) gravity data to the edge of the Ross Sea continental shelf.
Except for a few isolated anomalies, free-air gravity anomaly
values in the Ross Embayment (figure) are negative. Free-air
gravity anomalies trending parallel to the Transantarctic
Mountains dominate the map. These anomalies are superimposed on a regional free-air gravity anomaly field that
increases from a minimum of -30 milligals near the Siple
Coast to -15 milligals near Ross Island and near the edge of
the Ross Sea continental shelf. The regionally negative character of the free-air gravity anomaly field favors an extended
Ross Ice Sheet model for late Wisconsin time.
A spectral analysis technique described by Lewis and Dorman (1970), applied to the free-air anomaly, Bouguer anomaly,
and bathymetry maps of the Ross Embayment, reveal that
topographic loads with wave lengths greater than 500 kilo*Contribution 397, University of Wisconsin-Madison, Geophysical
and Polar Research Center.
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meters appear to be overcompensated. The relationship of
gravity anomalies to short wavelength features shows considerable scatter, which precludes modeling of the gravitational
response to topographical loading in terms of properties of the
crust and upper mantle.
Models of the 204 kilometers of local gravity profiling done
in the vicinity of the three RIGGS base camps, Q13, C-16, and
J-9, were computed using the Taiwani method (Talwani and
Ewing 1960; Talwani, Worzel, and Landisman 1959). Faults
with throws as large as 500 meters occur in the gravity models
for each of these stations, as well as at RIGGS stations RI and BC
(Whiting 1975). All the faults except the one at BC, which strikes
grid NE-SW, strike parallel to the predominant trend of the
free-air gravity anomaly map, indicating a relationship
between local and regional tectonics beneath the Ross Ice Shelf.
The fault at BC may be related to a secondary trend running
grid NE-SW through Crary Ice Rise.
RIGGS electrical resistivity profiles have been discussed
elsewhere (Bentley 1977, 1979; Shabtaie and Bentley 1979).
Model resistivities calculated in those studies assumed that
the resistivity varied with temperature and density only,
although the potential importance of ionic impurities was recognized. We are changing our computer program to take ionic
impurities, which vary with depth at a particular site and with
distance from the ocean front (Herron and Langway 1979), into
account. We hope thereby to improve estimates of bottommass balance rates on the Ross Ice Shelf.
Many of the complexities in the ice shelf that have been
revealed by recent geophysical and glaciological investigations
could be important in iceberg structure. Rift zones, surface
and bottom crevasses, ridge/troughs, and other features
revealed by radar sounding could substantially modify the
hydraulics of iceberg towing and/or lead to disintegration in
the course of transport. Bottom crevasses with different
shapes, sizes, and spacings are abundant in ice shelves. Radar
profiles normal to the ice shelf barrier in some places show
regularly spaced rifting upstream from the barrier, suggesting
a periodic calving, and reveal differential bottom melting near
the barrier that would cause icebergs to have a dome-shaped
surface. From the relationship between elevation and total ice
thickness of the Ross Ice Shelf, expressions for the thickness/
freeboard ratios of tabular icebergs calved from the ice shelf
have been obtained. For more details see Shabtaie and Bentley
(in press).
As part of a project to study the history of the ice sheet in
the Ross Embayment, a program has been developed to solve
Mahaffy's (1974, 1976) equations for computation of timedependent thickness changes in ice sheets and has been
applied to a digitized version of the Hughes and others (1981)
reconstruction of the antarctic ice sheet as it existed during the
late Wisconsin glacial maximum. The purpose of the experiment was to investigate the feasibility of using the Mahaffy
model for computation of the load changes on the Earth associated with shrinkage of the ice sheet from its apparent lateglacial maximum size. The reconstruction of Hughes and
associates (1981) was used as a starting point because it is (at
present) the only complete reconstruction of the ice sheet at a
former time that is based on a synthesis of geologic evidence
and the mechanics of iceflow.
The ice sheet was assumed to move via shear strain parallel
to the geoid; basal sliding was assumed to be zero everywhere.
The accumulation rate was taken to be constant at 0.17 meters
per year (about average for the present ice sheet). A flow law
exponent of 3 was used, with a flow law constant appropriate
1981 REVIEW

for ice at about - 10°C. The modeled ice sheet was not allowed
to advance beyond the edge of the continental shelf. A 111kilometer grid was used, and the modeled time period was
1,200 years, with 50-year time steps.
The model predicted thickening in most areas, accompanied
by smoothing of the ice sheet surface. The locations of former
ice streams (assumed to exist in places where present ice
streams exist) are reflected in the reconstruction of Hughes
and others (1981) by troughs with low surface slopes, and
these, in particular, tended to fill in rapidly. These results
indicate that ice sheet behavior cannot be modeled realistically
without taking account of basal sliding.
Further analysis of the characteristics of the radar reflecting
bands in the grid eastern part of the Ross Ice Shelf (Bentley
1981) suggests that over the past 1,500 years (1) the input from
east antarctic outlet glaciers has been steady, (2) except near
the ice front, no areally extensive region exhibits a bottom
melting or freezing rate greater than 0.1 meter per year, and
(3) variations as large as an order of magnitude in the ice input
from the sections of the Transantarctic Mountains between
outlet glaciers have occurred. Comparison of those variations
with oxygen isotope records suggests climatic control (Bentley
in press).
This research was supported by National Science Foundation grant DPP 79-20736.
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Byrd Glacier: 1978-1979 field results
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Photogrammetric determinations of the surface velocity and
elevation, combined with radio-echo determinations of ice
thickness and basal grounding, for Byrd Glacier eventually
will provide data for a finite-element analysis of the Byrd
Glacier-Ross Ice Shelf interaction. This is the ultimate objective
of our study. Application of our finite-element model, developed by W. F. Schmidt, must await completion of the photogrammetric analysis. In the meantime we are reporting our
complete 1978-79 field results. These results have been available since early 1979 but are published here for the first time.
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Figure 1. Survey work on Byrd, Hatherton, and Darwin Glaciers. Ground control points for photogrammetric work were established by
electronic traverse and trliateratlon in conjunction with the U.S. Geological Survey team of Thomas T. Smith and Leland D. Whitmiil.
Several of these points were also occupied by the U.S.G.S. team with JMR Doppler positioning equipment. Three U.S.G.S. electrotape
units were made available to the University of Maine to carry on the survey after the departure of the U.S.G.S. surveyors. Ice motion was
measured by repeated intersections of 71 markers on the ice from some of the ground control points and additional points established
specifically for the purpose.
Symbols on the figure indicate the following: U.S.G.S. control survey lines ...... . simultaneous angle experiments for measuring tidal
oscillations, . (denoted I, Ii, Ill); baselines for ice motion survey, ; photogrammetric control survey lines - - (direction
measurements, -*; distance measurements, ); survey station, 0; survey station also occupied in the JMR receiver,
0; survey stations
at ice motion markers,:. ; ice motion markers,*. (Centerline markers denoted C; transverse velocity markers denoted 1, 2, 3, 4, 5.)
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Our justification for studying Byrd Glacier and the field
techniques we employed were discussed in the 1979 annual
review of this journal (Hughes 1979). Figure 1 shows the kinds
of field studies made on Byrd, Darwin, and Hatherton glaciers
during the 1978-79 field season. In addition, two photographic flights were made 2 months apart for the photogrammetric study. Low clouds obscured the entrance to Byrd Glacier
fiord on the first flight, so surface velocities in this region
could not be measured photogrammetrically. A third photographic flight was made at the end of the 1980-81 field season,
but incomplete sidelap down the center of Byrd Glacier will
restrict any photogrammetric study to the lateral rifts. These
rifts are critical boundary conditions in applying our finiteelement model to Byrd Glacier. The photogrammetric study is
being conducted at The Ohio State University by Henry H.
Brecher.

Figure 2 shows surface velocities measured on Byrd, Darwin, and Hatherton glaciers using the survey stations and
baselines shown in figure 1. The two landward velocities
across the north rift of Byrd Glacier may be an artifact of the
great distances to survey targets (up to 68 kilometers). Dashed
velocity vectors represent sightings from a single survey station, after initial sightings from two or three stations when the
survey targets were emplaced. These targets ablated into the
ice and became lost from view at some survey stations.
Figure 3 (top left) shows the respective surface elevations
and velocities along the centerline array of survey targets in
figure 1. A break in elevation and velocity at target B seems to
locate the first grounding of floating ice. Target B lies on the
200-meter surface elevation contour in figure 1 and is about
150 meters lower than the U.S. Geological Survey contours in
figure 1 that were made from 1960-62 aerial photography.

.Z4
.:
5 0 5 10 15 20 25
KM

0.2 0 02 04 0.6 0.8
KM/YR
+
+

+

+

+7

±

7

±

7
+/

I

-t-

±
--

+7

S3*

ON
or

It

Figure 2. Glacier surface velocities determined from ground surveys. (Dashed lines represent results for which some assumptions were
required because data were missing.)
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Figure 3. Byrd Glacier field data. Top left: surface elevations (filled circles) and velocities (open circles) along centerline targets (denoted
by C's In figure 1). Basal grounding begins at B and occurs between II and ill In figure 1. Bottom left: Transverse surface velocity profiles
In floating Ice (1), In the grounding zone (2 and 3), and in grounded ice within the fiord (4) and entering the fiord (5). Right: changes in Byrd
Glacier surface elevations correlated with tides in floating ice (I), near the beginning of grounding (Il), and near the end of grounding (ill),
at sites shown in figure 1. Ice elevations were obtained from simultaneous vertical angle measurements over approximate 1-day periods.
Error bars represent an estimated error of 5 arc seconds in vertical angle measurements.

However, contrary to the preliminary result by Brecher (1980),
Byrd Glacier has not thinned since then (Brecher personal
communication).
Figure 3 (bottom left) shows five transverse velocity profiles
from the north fiord wall to the centerline of Byrd Glacier.
Survey targets for these profiles are located in figure 1. Profiles
1, 2, and 3 were meant to compare velocities immediately
downstream from, at, and immediately upstream from, the
grounding line. However, as seen in figure 3 (right) no sharp
grounding line exists and profiles 2 and 3 apparently span a
broad zone of grounding. Profiles 4 and 5 are both across
grounded ice and were meant to compare velocities in the
fiord where ice experiences basically longitudinal flow in simple shear alongside fiord walls (profile 4) with velocities for
ice just entering the fiord from a strongly converging flow
regime (profile 5). In all cases, a sharp velocity gradient occurs
near the fiord wall. This suggests that simple shear in an easy
glide fabric exists along the entire length of the fiord, despite
converging flow at the fiord entrance and the observed shear
rupture after Byrd Glacier becomes afloat.
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Figure 3 (right) shows the changing tidal rise and fall of Byrd
Glacier with distance up Byrd Glacier fiord. These data are
from simultaneous measurements of vertical angles between
survey stations on the fiord wall and survey targets on the
glacier, as described earlier (Hughes 1979). These station-target links are identified by Roman numerals I, II, and III in
figures 1 and 3. Byrd Glacier seemed to be fully ungrounded
at target I, but partial grounding was evident at targets II and
III. The rapid increase in surface slope beginning at centerline
target B in figure 3 includes targets II and III, but not target I.
Unpublished radio-echo sounding results are also consistent
with grounding in this zone (Drewry personal communication).
As seen in figure 1, baseline lengths and distances from
survey stations to survey targets were often quite large. Corrections for refraction and curvature of the Earth were necessary. Over distances up to 34 kilometers, we obtained a linear
correction of 0.063 ± 0.0001 meter per square kilometer at Byrd
Glacier. We hope our correction curve will be useful to others
who may survey in this part of Antarctica in future years.
ANTARCTIC JOURNAL

John Splettstoesser coordinated our logistical needs. Our
field measurements were made by Charles Swithinbank,
James Fastook, Tad Pfeffer, Mark Hyland, Jeff Lingham, Henry
Brecher, and T. Hughes, with full cooperation of U.S. Navy
helicopter squadron VXE-6 and the support of National Science Foundation grants DPP 77-22204 and DPP 79-18681.
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Microparticle record from Q-13:
Preliminary report
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A 100-meter core was drilled on the Ross Ice Shelf at site Q13 (78°57'S 179°55'E) during the 1977-78 austral summer. At
site Q-13 the Ross Ice Shelf is approximately 330 meters thick
and the ice moves approximately 900 meters per annum from
the grid southwest corner of the ice shelf (Jezek 1980). Flow
line maps based on intensity variations of the bottom echo
(Bentley et al. 1979) indicate that ice at Q-13 has come from the
vicinity of West Antarctica ice streams A and B passing to the
east of the Crary Ice Rise (these streams flow into the Ross Ice
Shelf at approximately 84°-85°S 15°W).
A total of 2,611 samples representing the entire 100-meter
length (equal to 77 meters of water) were analyzed for microparticle concentration and size distribution. The figure illustrates the concentration of total particles (diameters equal to
or greater than 0.63 micrometers) per 500 microliters of sample
for the entire 100-meter core, plotted in water-equivalent
depth. The dates assigned at each 5-meter interval were
obtained by counting apparent seasonal variations in particle
concentration downward from the surface. The average annual
accumulation (A n) estimates for each 5-meter interval (figure)
fall between 143 and 200 millimeters of water per annum. A
for the entire core is 169.4 millimeters per annum.
As might be expected, the Q-13 microparticle record for the
last 450 years bears no resemblance to the only other detailed
antarctic microparticle record, that from the South Pole (Mosley-Thompson 1980). In the Q-13 core a gradual increase in
particulate deposition begins around 1800, increasing by a
factor of 4 by 1900 (table). Particulate concentrations increase
rapidly after 1900, and by 1950 the concentrations are almost
one order of magnitude greater than in 1730 (table). This general increase in particle concentration is attributed to the gradual northward movement of the deposition site. Thompson
and Mosely-Thompson (in press) report a current annual particle deposition rate of 150,000 particles at site J-9, which is
approximately 500 kilometers from the Ross Sea, in sharp contrast to 900,000 particles per annum at site Q-13.
Much of the material deposited at Q-13 today is locally
derived, as the concentration ratios for large particles (greater
than 1.0 micrometer) in the table illustrate. Most of this material probably is transported in association with the cyclonic
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The concentration of total particles in 2,611 samples representing
the entire 100-meter 0-13 core. Depth is in water equivalent. The
estimated annual accumulation rate (in millimeters) and the date
are Included for each 5-meter increment.

storm systems that move into the Ross Sea. Carleton (1981)
reports that during all seasons cyclogenesis in the Southern
Hemisphere tends to occur over middle latitudes, with maturity and decay (cyclolysis) occurring at higher latitudes.
Cyclone frequency is 2.5 times greater during winter than
summer (Carleton 1981), and by late winter/early spring (September) cyclolysis reaches a maximum in response to the
intensified circumpolar trough. The mean distribution of dissipating vortices for five winters shows a maximum over the
Ross Sea (Carleton 1979). As these dissipating storms move
onto the Ross Ice Shelf, they can transport very small (less than
1.0 micrometer) particles from mid-latitudes as well as local
antarctic material entrained from exposed areas along the eastern margin of the Ross Sea Embayment.
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Ratios of particle concentrations representing five time intervals
In the 0-13 ice core
Particle size (in micrometers)
Estimated
time horizons 0.63-0.80
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2.0

2.7

6

1730
1730

could be generated over the southern oceans, resulting in a
more southward penetration into the Ross Sea during a longer
dissipation stage.
We plan to analyze available meteorological data from Australia and New Zealand and from the Byrd antarctic expeditions (1928-30, 1933-35) for any evidence that might support
or refute a substantial change in cyclonic activity or patterns
in the Ross Sea-Australian sector between 1920 and 1940.
This work was supported by National Science Foundation
grant DPP 77-19371A02. We express appreciation to A. Carleton, J . Rogers, and P. Kyle for valuable discussions. We thank
R. Tope and J. Cothran for the accompanying illustration.
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Gas in Allan Hills and Byrd Station
core ice
E. L. FIREMAN and T. NoRRIs
Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

We extract and analyze the gas from 5- to 30-kilogram samples of Allan Hills and Byrd core ice and measure its carbon14 ( 14C) content. From such analyses, we date the ice and
obtain information on the history of the ice and the composition of the ancient atmosphere.
The Allan Hills site (76°45'S 159°40'E), at 2,000 meters elevation, is an ice-ablation region of approximately 100 square
kilometers where many exposed meteorites have been found
(Cassidy 1978; Cassidy, Olsen, and Yanai 1977). The terrestrial
ages of the meteorites range from 11,000 to 700,000 years
(Evans, Rancitelli, and Reeves 1979; Fireman 1980a; Fireman,
Rancitelli, and Kirsten 1979; Nishiizumi et al. 1979). Essentially no glaciological, isotopic, or gas information exists for
Allan Hills ice.
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The Byrd core, on the other hand, has been studied extensively and provides a continuous stratigraphic record for the
past approximately 100,000 years (Epstein, Sharp, and Gow
1970; Johnson et al. 1972). Gas studies on Byrd core using
analytical procedures different from those we use are being
done by Berner, Oeschger, and Stauffer (1980). We extract the
gas by helium purging the meltwater, then acidifying and
heating the water (pH = 1, 55°C) and repurging the water
(Fireman 1980b; Fireman and Norris in press). The carbon
dioxide (CO2) is removed from gas by a fine spiral cold trap,
measured volumetrically. The oxygen is removed from the gas
and the purified nitrogen and argon (N2 + Ar) is studied mass
spectrometrically.
Table 1 gives the amounts of gas, the percentage of CO 2. the
14C activity, and the 14C ages of four Allan Hills ice samples,
a frozen distilled water sample, and seven Byrd core samples.
Maps of the Allan Hills site given by Annexstad and Nishio
(1979, 1980) show the locations of the numbered stakes and the
strain flower region.
Table 2 gives the nitrogen and argon abundances, the variation of nitrogen-15 (' 5N) relative to room-air nitrogen, and
the argon-40 to argon-36 ( 40Ar/36Ar) ratios.
The amount of gas in the Allan Hills ice from stake 18, 20
cubic centimeters per kilogram, is lower than the amount in
the other samples. The low gas content at this site is probably
ANTARcTIc JOURNAL

Table 1. Amounts of gas, percentage of carbon dioxide (CO 2 ), and specific activity of the CO 2 and carbon-14 ( 14C) ages
Sample location, depth,
and weight

Extraction temperature
and pH

Gas (cubic centimeters
per kilogram)

24°C, 1
55°C, 1
24°C, 5.5
55°C, 1

47.0
0.9
20.1
0.4

24°C, 5.5
55°C 1

14C/CO2

14C age
(1,000 years)

CO2 (percent)

(10-3 dpm/cm3)*

0.187

27 ± 3

0.129

25

46.0
1.5

0.054

7.0 ± 3.0

24°C, 5.5
24°C 1

52.5
0.15

0.049

11.0 ± 3.0

24°C, 5.5
55°C, 1

20.4
0.06

1.35

9.0 ± 0.5

0 ± 0.7

24°C, 5.5
55°C, 1

66.8
0.1

0.0336

6.8 ± 1.0

1.0 ± 1.0

272 meters
8.8 kilograms

24°C, 5.5
55°C, 1

57.5
0.1

362 meters
6.2 kilograms

24°C, 1
55°C, 1

74.3
0.5

0.051

6.0 ± 0.5

2.0 ± 0.7

363 meters
8.0 kilograms

24°C, 1
55°C, 1

69.3
1.3

1068 meters
9.2 kilograms

24°C, 5.5
55°C, 1

117.8
0.2

0.0216

-

-

1071 meters
6.2 kilograms

24°C, 5.5
55°C, 1

101.2
7.5

0.0356

3.0

8.0

1469 meters
9.5 kilograms

24°C, 5.5
55°C, 1

115.1
0.4

0.0237

Allan Hills
Stake 12, surface
31 kilograms
Stake 18, surface
16.6 kilograms
Stake 11-12, 5-25
centimeters
12.9 kilograms
Strain flower, 10-20centimeters
10.3 kilograms
Frozen water
7.8 kilograms
Byrd core
271 meters
7.6 kilograms

-

±

Nuclear
debris
Nuclear
6
debris
'6

-

*(10_3 dpm/cm 3 ) = 0.001 decays per minute per cubic centimeter.
Table 2. Nitrogen (N 2 ) and argon (Ar) abundances and isotopic
compositions
Percentage Percentage
15N(0/00)b
of N 2 of Ar
40Ar/36Ar
1.0)a
( 0, = ± 0.05)(a = ± 0.30) (a = ± 2)
(o =
±

Gas
sample
Allan Hills
Stake 12 (surface)
Stake 18 (surface)
Stake 10-11
(5-25 centimeters)
Strain flower
(10-20 centimeters)
Frozen water
Air
Byrd core
271 meters
272 meters
362 meters
363 meters
1,068 meters
1,071 meters
1,468 meters

I
L

77.4

0.89

-0.26

296

77.6

0.92

0.51

294

79.7

0.94

1.25

296

78.0

0.93

-2.72

296

71.8
78.0

1.30
0.93

0.0

296

79.3
77.9
79.3
77.7
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caused in part by the high horizontal velocity of the ice, 237
centimeters per year, and in part by melting and refreezing.
The high CO2 contents of the surface ice at stakes 18 and 12 are
indicative of melting and refreezing. Very high CO 2 abundances were obtained in gas from frozen distilled water.
The amount of gas in the ice between stakes 11 and 12, at
stake 12, and at the strain flower region, approximately 50
cubic centimeters per kilogram, is greater than at stake 18 but
less than in the Byrd samples. The Byrd core had gas contents
ranging from 58 cubic centimeters to 118 cubic centimeters per
kilogram. The highest gas contents were in the 1,068-,
1,071-, and 1,469-meter samples; our values for the gas contents at these depths agree with those of Berner and others
(1980). However, our values for the 271-, 272-, 362-, and 363meter depths are approximately 25 percent lower than their
values.
The CO2 abundances in the Byrd core are generally lower
than in the Allan Hills ice. Two Byrd samples, at 1,068- and
1,469-meter depths, had lower CO 2 abundances than normal
air. Their low CO 2 abundances of 0.0216 and 0.0237 percent
are in accord with the results of Berner and associates (1980)
for their first gas fraction. The specific activity of the 14C in
the 1,071-meter sample indicates that its age is greater than
8,000 years.
The high 14C specific activities in the surface ice at Allan
Hills indicate the presence of nuclear debris. The nitrogen
abundances are the same as in normal air; however, there are
fluctuations in the 8 15N ratios that cannot be attributed to
experimental error.
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We thank W. A. Cassidy for the Allan Hills ice, C. Langway,
Jr. for the Byrd core ice, and J . DeFelice for his assistance. This
work was supported in part by National Science Foundation
grant DPP 80-25234.
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Micrometeorites from antarctic ice
cores
ELBERT A. KING and JERRY WAGsTAFF
Department of Geology
University of Houston
Houston, Texas 77004

The continuation of our efforts to recover and identify extraterrestrial particles from the antarctic ice cores (King and
Wagstaff 1980) has resulted in a collection of micrometeorites
that closely resemble particles presently recovered from highaltitude aircraft (Fraundorf, Brownlee, and Walker 1981). Many
particles are clearly extraterrestrial, and some of these may
have been derived initially from comets. The rationale, procedures, and investigative techniques have been described by
Wagstaff and King (1981).
The most abundant particles in the ice cores consist of irregular particles, shards, and spheres with the major elements SiAl-Fe-Ca-K-S-0 or Si-Al-Fe-Ca-K-0 that almost certainly are
derived from terrestrial volcanoes. Fortunately, these terrestrial particles are easy to recognize on the basis of both morphology and composition. Industrial pollution presents no
problem in our samples because the samples now being examined predate the industrial age.
Particles assigned to an extraterrestrial origin include Fe-S
and Fe-0 spheres and also irregular particles with various
proportions of Si-Mg-Fe-Ni-S-P-Al-0 and Fe-Cr-Ni-S-O with
overall appearances and textures similar to particles described
by Brownlee et al. (1976) and others. The spherical particles
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may originate as ablation products from the surfaces of larger
meteoroids, liberated chondrules, melted primary particles, or
primary particles that are essentially unaltered. The irregular
particles may be primary or may result from the disaggregation
of fragile meteoroids by aerodynamic pressure in the atmosphere.
As in any research project involving the analysis of large
numbers of particles, we have found several classes of particles
of problematic origin. These include (1) non-nickel-bearing
Si-Mg-0, Si-Mg-Fe-O, and Si-Ca-Mg-Fe-Ti-O particles less
than 5 micrometers in diameter that appear to be olivines and
pyroxenes; (2) particles with an abundance of low atomic
number (less than 11) elements that contain minor amounts of
Fe-Ni-Cu, Fe-Mn, or Ti-Si-Fe-Cr in discrete inclusions;
(3) particles with abundant low atomic number elements and
minor amounts of Si-Ca-Mg-Fe-Zn-Cu-Ni-S, which are distributed inhomogeneously; and (4) a single La-Ce-Fe sphere
11 micrometers in diameter. Some of these problematic particles, particularly the nickel-bearing ones, may be of extraterrestrial origin. Some of the rare unusual particles may be previously unrecognized contaminants.
A long-range goal of our work is to attempt to correlate the
populations of particles in certain core intervals with the
apparitions of dusty comets or particularly spectacular cometary meteor displays to try to identify populations of extraterrestrial particles that originated from comets.
In our most micrometeoroid-rich sample intervals, the cores
contain approximately 1 extraterrestrial particle in 10,000 terrestrial ones. However, the fact that the compositions and
other properties of extraterrestrial particles differ from ordinary volcanic ones offers the possibility of concentrating volumes of extraterrestrial particles by various separation techniques—provided a sufficient volume of micrometeoroid -rich
antarctic ice can be obtained, either from cores or from
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trenches. If successful, this separation of at least certain types
of extraterrestrial particles from the larger population of volcanic particles will allow us to concentrate on the characterization of extraterrestrial particles rather than the search for
such particles. Another benefit of particle separations will be
the greater numbers of extraterrestrial particles that can be
characterized in a given unit of time. This appears to be the
most cost-efficient method presently available for the recovery
of extraterrestrial particles or micrometeoroids, even without
significant extraterrestrial particle concentration.
This research was supported by National Science Foundation grant DPP 78-20410.
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Sea ice studies__________________________
Physical and structural
characteristics of sea ice in
McMurdo Sound
ANTHONY J. Cow, W. F. WEEKS, JOHN W. CovoNI,
and STEPHEN F. ACKLEY

tion ice but only minimal amounts of frazil ice, limited generally to the upper layers of the sea-ice sheet. Frazil ice of the
type that characterizes much of the pack ice in the Weddell Sea
(Ackley et al. 1980) was not detected in McMurdo Sound. Frazil
ice is derived from small crystals that are nucleated in the
water column; the virtual absence of such ice in McMurdo
Sound can probably be attributed to the bay-fast nature of the
sea-ice sheet and the lack of large leads and polynyas. How-

U.S. Army Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire 03755

An examination of the physical and structural properties of
sea ice in McMurdo Sound was conducted in October and
November 1980. This work, performed in conjunction with
studies of Weddell Sea pack ice, constituted the final phase of
a 3-year field program devoted to investigation of the dynamics, thermodynamics, and structure of antarctic sea ice. Results
of the previous 2 years of fieldwork in the Weddell Sea have
been reported by Ackley and his associates (Ackley 1979;
Ackely et al. 1980).
This season's study in McMurdo Sound was restricted substantially to sea ice that had formed since April 1980 following
a major breakout of ice in February 1980 that virtually eliminated all previously existing sea ice in McMurdo Sound,
including several generations of multiyear ice. Only at one
location, near Cape Chocolate on the western edge of
McMurdo Sound, was multiyear ice observed and sampled.
The locations of this one sample (site 18) and of all other
samples obtained during the current survey are indicated in
figure 1. At each location these samples included large, azimuthally oriented blocks excavated down to 60 centimeters
with the aid of a chainsaw and oriented cores extending from
top to bottom of the ice sheet. The sampling program included
an over-ice traverse of the bay-fast ice in McMurdo Sound.
During the latter stages of this traverse we observed that a
recent, very extensive calving of the Koettlitz Glacier ice
tongue had occurred in the immediate vicinity of the Dailey
Islands, located between sites 16 and 20. This breakout, indicated by the shaded area in figure 1, most likely occurred
sometime during the past 4 years and involved the loss of at
least 80 square kilometers of ice. At present, only two of the
six Dailey Islands remain connected to the Koettlitz Glacier ice
tongue. The present disposition of the ice edge indicates that
further substantial calving leading to detachment of ice from
the two remaining Dailey Islands is imminent.
Preliminary investigations of the crystal structure of samples
from 28 locations revealed widespread formation of congela94
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Figure 1. Satellite Image map of McMurdo Sound showing locations of sea-ice sampling sites. Circled area showing the location
of site 1 also includes sites 2, 3, 4, 5, and 22. At several of the sites,
the direction of preferred c-axis alinement is indicated by a line
passing through the solid circle marking the site. At sites marked
with only a solid circle, the c-axis orientation has not yet been
determined. Sites showing random alinements of c-axes are
marked with open circles. Note that sites 7, 8, and 9 actually were
located on fast ice, not on drifting pack Ice as Indicated on this
satellite image map, which was prepared from ERTS-1 data
obtained on 13 Januray 1973. Scale: 1 centimeter = about 5.5
kilometers.
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ever, the formation of a sub-ice platelet layer with individual
plates measuring up to several centimeters in length was
observed at the majority of sampling sites (see also, Paige
1966). At one location, this sub-ice platelet layer was observed
extending several tens of centimeters below the bottom of the
ice sheet.
Petrographic studies (see figure 2 for typical textures and
fabrics) revealed crystalline structures and c-axis orientations
that exhibited much in common with shore-fast ice of the
arctic coast of Alaska, as reported by Weeks and Cow (1978,
1980). Strong-to-moderate c-axis alinements were observed at
about 60 percent of the sampling sites in McMurdo Sound. As
was observed in the Arctic, these alinements appear linked to
the measured and/or inferred direction of the current at the
ice-water interface.
Salinity measurements also indicate somewhat greater
entrapment of salt in McMurdo Sound sea ice than is observed
in the Arctic.
Work is continuing at the Cold Regions Rsearch and Engineering Laboratory on samples recently returned from the
field. In addition, we plan to examine the structure of slabs
and cores of ice obtained at Lake Hoare, Taylor Valley. The
purpose of this study is to analyze the composition of the gas
trapped in large tubular bubbles in the ice and to examine
bubble stratigraphy and crystal structure as a means of obtaining better estimates of ice-sheet turnover rates on Lake Hoare.
This work is being performed in support of ongoing research
on the biological regime of Lake Hoare by George Simmonds
and associates of Virginia Polytechnic Institute.
This research was supported by National Science Foundation grant DPP 77-24528. We gratefully acknowledge the assistance of Antarctic Services, Inc., and the U.S. Navy for support
of our field program.

Site 2
62 cm

Site II
59cm

Site 25
64cm

No c-axis
alignment
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Figure 2. Thin-section textures and corresponding c-axis orientations for sea Ice from selected sites In McMurdo Sound. Thin
sections were photographed between crossed polarolds to reveal
crystal outlines. Scale subdivisions measure 1 millimeter.
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High-resolution impulse radar
measurements for detecting sea ice
and current alinement under the
Ross Ice Shelf

Using this value, we should have been able to detect the shelf
bottom. (Neither antenna system appeared to detect the glacial
ice/sea ice boundary or the ice/seawater boundary.) An interface did appear in the radar echo data at somewhat beyond
the time (i.e., at a greater depth than) we would have expected
to "see" the ice shelf bottom. Although this reflected signal
varied in time as we moved along our traverse, suggesting an
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The objectives of our January 1981 field season were (1) to
evaluate the feasibility of using a high-resolution impulse
radar profiling system to detect the existence of sea ice which
coring had revealed on the bottom of the Ross Ice Shelf at J-9
and (2) if successful in that effort, to try to detect the preferred
horizontal C-axis azimuthal direction of the sea ice crystals
using the voltage amplitude of the radar reflection. From the
latter we would have been able to determine the orientation
of the current at the sea ice/water interface following the procedure of Kovacs and Morey (1980). We did pre-field deployment checkout and evaluation of the radar system, both from
the surface and from a helicopter, on the McMurdo Ice Shelf.
In preparation for the J-9 field test program, we modified
the radar system in several ways to improve its performance
and thus increase the maximum radar range. Three different
antennas, each operating at a different center frequency, were
tested. A preamplifier was placed at the front ends of the
receivers, providing an additional 10 to 15 decibels of gain.
Generally, the ice-probing radar uses one antenna for transmitting and receiving simultaneously. In our study, two
antennas were used, both transmitting and receiving simultaneously. Theoretically this would provide a 6-decibel gain
in system performance. Experimental results indicated about
4.5-decibel improvement.
Special low-frequency liquid-filled antennas were also used,
one for transmitting and one for receiving. The antenna consisted of a plastic tube 10 centimeters in diameter and approximately 3 meters long. A copper dipole element was supported
along the axis of the plastic tube, which was divided into two
chambers. A low-loss liquid filled one chamber, and a highloss liquid the other. The purpose of the dielectric liquid was
to make the antenna electrically longer than its physical length
and thus radiate lower frequencies. The high-loss dielectric
liquid tended to damp out pulse ringing on the antenna.
The table lists the radar parameters used for calculating the
maximum radar range shown in figure 1. The 80- and 300megahertz antenna system values in the table are based on the
two-antenna configuration.
Plotted in figure 1 is the maximum radar range for the 20megahertz and 80-megahertz antennas. Two models are considered, one without sea ice on the ice shelf bottom and one
with 6 meters of sea ice on the bottom. The maximum radar
range is shown to be very sensitive to the bulk direct-current
conductivity. The ice shelf thickness at J-9 is about 45 meters.
Bentley (1977) estimated the bulk direct-current conductivity
of the ice shelf near J-9 to be 1.4 x 10 siemens per meter.
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Figure 1. Maximum Ice/water Interface depth detectable versus
the bulk conductivity of an ice shelf having a smooth bottom. Depth
In meters; conductivity in siemens per meter.

undulating ice shelf bottom, the signal was weak and discontinuous. In short, we are uncertain about the origin of this
signal.
There are several possible explanations for our negative
results. One is that the conductivity at J-9 is higher than published estimates, maybe in the vicinity of 3.5 x 10 siemens
per meter or even greater, as may be inferred from the work
of Robin, Evans, and Bailey (1969). Another possible explanation is that our radar system did not perform as well as
expected. However, we were able to penetrate 300 meters of
the McMurdo Ice Shelf and receive a fairly strong ice/water
reflection on all three radar systems. In fact, with a single 80megahertz antenna suspended from a helicopter at an altitude
of 10-15 meters, shelf thicknesses of up to approximately 300
meters were continuously profiled. This was the maximum
shelf thickness encountered on the flight. A third possible
explanation is that the 6 meters of sea ice on the bottom of the
ice shelf at J-9 acted as a gradual electromagnetic transition
from the polar ice to the seawater, and thus the coefficients of
reflection at the glacial ice/sea ice and sea ice/seawater boundaries were lower than those used in our calculations.
At J-9 we did observe many interval layers and signatures
of crevasses (figure 2). The latter are believed to have developed upstream of J-9 and to have become buried by subsequent snow accumulation during the years the crevasses were
in transit to J-9. We estimate their depth at 46 meters.
In addition to our work at J-9, radar profiling was made
along the brine infiltration horizon in the McMurdo Ice Shelf.
This revealed that a 4.4-meter high brine front, monitored
since 10 January 1977 (Kovacs and Cow 1977) had moved from
3,610 meters in from the shelf edge to 4,140 meters inland
between 24 November 1978 and 20 January 1981, at an average
rate of 0.67 meters per day. From missing survey stations it
was determined that 1,640 meters of the ice shelf had calved
ANTARCrIc JOURNAL
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Radar parameters used for calculating maximum range
Relative center frequency

Radar
parameter
p.a (peak watts)
Pmin b (watts)

QC

ET = E R
GT = G Re
ap, =

20 megahertz

80 megahertz

300 megahertz

2.5 x 10
2.5 x 108
-110 decibels
-l3decibels
2 decibels

50
5 x 10-11
-120 decibels
-13 decibels
2 decibels

12
1.2 x 10-11
-120 decibels
-13 decibels
2 decibels

power input to the transmitting antenna.

b Pm in = minimum detectable signal power.

cQ

= system performance factor.

d ET and ER = antenna transmitter (T) and receiver (R) efficiency.
e GT and GA = antenna transmitter (T) and receiver (R) gain.

during a 6 February to 22 March 1980 breakout. An interesting
finding was that brine had risen 8.7 meters (figure 3) inside a
borehole 0.15 meter in diameter located near the approximately
10,000-meter inland boundary of brine infiltration. This hole
was drilled in November 1978. Brine was encountered in ice
(density 0.85 megagram per cubic meter) at a depth of 50.4
meters. Further aspects related to this event and brine infiltration into the McMurdo Ice Shelf can be found elsewhere
(Kovacs et al. in press).
This research was supported by National Science Foundation grant DPP 80-04221.
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Figure 2. Graphic record of radar profile over two of the many
buried crevasses observed near J-9. ns = nanoseconds.
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Figure 3. Radar profile over borehole at station E of Kovacs, Gow,
and Cragin (in press) showing the infiltration brine layer in the
McMurdo Ice Shelf at a depth of approximately 51 meters, the top
of brine rise in the borehole, and several horizons where the brine
had migrated laterally away from the hole. The 8.7-meter brine
upwell level was determined by lead line sounding.
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Observations of the antarctic east
wind drift current, 1980-1981
P. TCHERNIA

Laboratory of Physical Oceanography
Museum National d'Histoire Naturelle
43 Rue Cuvier, 75231 Paris Cedex 05

The radio beacon N-Argos 1068 was set up, from the USCGC
atop a tabular iceberg drifting at 75°33'S 160048'W.
The track of the drift was recorded from 21 January 1980 until
22 February 1981 (398 days) (see Tchernia 1980). The last position received was 69°9'S 162031'W.
The iceberg showed a general tendency to drift south to
north, oscillating between the two meridians, 160°W and

170°W. Making loops and meandering along the way, it drifted
to the north-northwest for 7 months. In early October 1980,
while approaching the southern edge of the Antarctic-Pacific
Ridge, it turned sharply northeast. In late November 1980 it
moved east, and in February 1981 to the south-southwest.
Results obtained via the radio beacon 1068 will be compared
with data from other such beacons to be set up in the Ross Sea
by the Soviet Union.
This work is supported by the French agency for space studies (Centre National d'Etudes Spatiales) and helped by the
National Science Foundation.
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Physical oceanography
Weddell deep water: Source and
variability
ARNOLD

L. GORDON

Lamont-Doherty Geological Observatory
Columbia University
Palisades, New York 10964

The ARis Islas Orcadas data sets in the South Atlantic obtained
between 1976 and 1978 are used to study the regional oceanography of the circumpolar belt, waters of the WeddellEnderby Basin, and their interaction. The items presently
being investigated are the source of the warm-saline signal
within the Weddell oceanic regime and the alteration of Weddell deep water which apparently occurred during the middle
1970's.
The warm-saline deep water of the Weddell Sea represents
the weakest open ocean remnant of North Atlantic deep water
(NADW) in the southern ocean. The more specific source of
Weddell deep water (wDw) is the circumpolar deep water (cow)
entering the Atlantic through the Drake Passage. CDW mixes
vigorously with NADW in the Argentine Basin. However, a
ribbon of nearly pure Pacific CDW at the salinity maximum
level flows eastward across the Atlantic Ocean just north of a
frontal zone marking the northern boundary of the Weddell
oceanic regime. Between 20° and 40°E the deep water turns
south, mixing with Weddell water. While most of this water
continues flowing eastward at a more southerly latitude, some
is incorporated in the Weddell Gyre, crossing back into the
Western Hemisphere between Maud Rise and Antarctica.
West of Maud Rise the deep water signal is rapidly eroded by
sea-air-ice interaction, and new deep and bottom water masses
form.
Comparison of the warm-saline deep water west of Maud
Rise found in 1973 with that observed in 1977 and 1978 indicates that more cooling and freshening occurred during the
middle 1970's. The most intense thermohaline difference of
the wow extends from the near surface to approximately the
—0.45°C potential temperature level near 2,700 meters. The
change amounts to an average cooling of 0.2°C with freshening
of 0.02%o, but with only minor variation in the density field.
The most intensive cooling and freshening (in excess of 0.4°C
and 0.03%o respectively) occurs in a region about the size and
position of the winter Weddell polynya, as observed in satellite
images made during the middle 1970's. The position of this
"cold spot" drifted westward at a rate of 1.4 centimeters per
1981 REVIEW

second between the austral summers of 1976-77 and 1977-78
(see figure). This is also the rate of drift of the polynya.
It is suggested that the heat deficit within the wow of
1977-78 is caused by excess oceanic heat loss that must have
been associated with the polynya. A deep-water heat source
inhibiting ice formation is consistent with the convective
model for the Weddell polynya (as discussed by Gordon 1978;
Killworth 1979; and Martinson, Killworth, and Gordon 1981).
Warm deep water and cold surface water are vertically
exchanged as pycnocline stability disappears in winter.
The data suggest that winter surface water is convected into
the deep water mass at a rate of at least 2 x 106 cubic meters
per second during the 3 years of an extensive polynya
(1974-76) and at a rate of 8 x 106 cubic meters per second if
the rate during only the active winter period is considered. In
this way, open ocean convection forms a specific water mass
to abyssal depths, but not to the seafloor. The cooled WDW
includes the layer that Foster and Carmack (1976) call classical
antarctic bottom water, which they attribute to mixing of the
Weddell Sea bottom water and wow. The 1977 and 1978 data
indicate that this layer also receives direct input of antarctic
surface water by open ocean convection.
Study of historical hydrographic data in the Weddell Sea
suggests the deep water cooling occurred in the early 1960's.
It is possible that cooling of wow has accelerated in the last 20
years.
Below the intensely altered wow layer extending to the
—0.45°C level are further differences between the 1977 and
1973 conditions. In 1973 the 0/S structure displays a decreased
0/S slope between —0.45°C to —0.75°C, below which the water
column is composed of more isohaline Weddell Sea bottom
water (Carmack and Foster 1975). By 1977 this structure had
been destroyed. The entire water column below —0.45°C is
more nearly isohaline, so that above —0.65°C the 1977 condition is slightly less saline, and below —0.65°C it is slightly
more saline and warmer than observed in 1973. Possibly the
situation of open ocean convection in the mid-1970's "short
circuited" the open ocean/continental margin bottom water
formation mixing pattern, as presented by Foster and Carmack
(1976).
The process that initiated the polynya condition during the
mid-1970's is not known, though some speculation is offered.
An October 1981 joint U.S./U.S.S.R. expedition into the sea
ice of the Weddell region should provide information about
the end of winter stratification. Such data would improve
understanding of the Weddell polynya as well as the general
rapid decay of the southern ocean sea ice in the early spring
(Gordon 1981).
This work was supported by National Science Foundation
grant OFF 78-24832.
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investigations in the Weddell Sea
THEODORE D. FOSTER
Center for Coastal Marine Studies
University of California
Santa Cruz, California 95064
ARNE FOLDVIK
Geofysisk Inst it utt
Universitetet i Bergen
Bergen, Norway N-5014
JASON H. MIDDLETON
School of Physics
University of New South Wales
Kensington, New South Wales, Australia 2033
The last phase of the International Weddell Sea Oceanographic Expedition has involved four cruises to the Weddell
Sea: Polarsirkel in 1977 and 1979, Glacier in 1978, and Polar Sea
in 1980. We now have data from nine current meters with
records up to 630 days long and more than 300 vertical profiles
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of temperature, salinity, and oxygen. These observations were
concentrated in a relatively small area at the shelf break of the
southern Weddell Sea near 74°S 40°W in order to study the
mixing processes that lead to the formation of bottom water.
Although the data are still being evaluated, several interesting features are evident. The power spectra of the current
meter data show that energy levels of velocity fluctuations at
periods longer than about 2 days are much higher on the
continental slope than on the shelf proper. The energy levels
of velocity fluctuations at tidal periods, however, are lower on
the slope than on the shelf. The total energy of velocity fluctuations is dominated by tidal effects and thus is stronger on
the shelf than on the slope. The longer period velocity fluctuations seem to be consistent with a shelf wave origin. Power
spectra of temperature fluctuations indicate that highest levels
are right at the shelf break. This agrees with the higher levels
of temperature fine structure found at the shelf break from the
vertical profiles. A fairly consistent picture of the mixing processes that occur near the shelf break in the southern Weddell
Sea thus is beginning to emerge from the data obtained during
the 1977 to 1980 cruises.
This work was supported in part by National Science Foundation grants OFF 78-07797 and OFF 79-20384.
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Ocean pressure gage
measurements in Drake Passage
RICHARD B. WEARN, JR.
Applied Physics Laboratory
University of Washington
Seattle, Washington 98195

For the past 5 years, a program has been under way to
measure ocean pressure fluctuations across the Drake Passage
and relate them to changes in the Antarctic Circumpolar Current (ACC) and to forcing by the wind. This work has begun as
part of the International Southern Ocean Studies (Isos) program and is being continued as a part of the National Climate
Program. An overview of the Isos field program has been given
by Nowlin and Pillsbury (1979). In the pressure gage part of
the program, moorings have been installed annually for 1-year
deployments at the north and south sides of the Drake Passage
at a depth of 500 meters.
For the current year, the pressure mooring work was carried
out in March 1981 by R. Wearn and E. Krause of the University
of Washington during a physical oceanographic research
cruise of the Chilean ship AGS Yelcho. D. Pillsbury of Oregon
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State University was chief scientist on the cruise and has
described the shipboard research in a separate article (Pillsbury, Antarctic Journal, this issue). The positions of the pressure moorings are shown in Pillsbury's figure. One mooring,
set in January 1980, was recovered from the south side and
yielded good data. A companion mooring on the north side
was lost. Four new pressure moorings designed for 2-year
deployments were installed in pairs across the passage. If
successful, these extended-duration deployments will reduce
significantly the cost of maintaining a monitoring effort in
future years.
Analysis of the pressure data and of southern ocean wind
stress data is being carried out at the University of Washington. The data through 1979 are summarized in figure 1. The
pressure signals are seen to be strongly related to changes in
the westerly component of wind stress averaged over the
southern ocean. The pressure difference across the passage is
a measure of the average velocity through the passage at 500meter depth. The observed fluctuations imply that large
changes in transport of the ACC occur on time scales of a month
and longer. The cross-correlation between wind and ocean
pressure (figure 2) shows that the ACC responds very rapidly
to wind stress forcing, with current lagging wind by about 9
days. Pressure fluctuations on periods longer than a few weeks
are more highly correlated with wind stress averaged over the
southern ocean than with local wind stress, suggesting largescale forcing. It is, therefore, reasonable to expect that fluctuations in the transport of the ACC may be coherent over large
distances, perhaps even on a global scale.
This work was supported by National Science Foundation
grants OCE 77-23444 and OCE 80-24905 and by National Oceanic
and Atmospheric Administration grant NA80RAC00034.
Logistics support and ship time were provided by the Chilean
Navy.
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Figure 1. Drake Passage ocean pressure gage current meter and
wind stress data. PNORTH and PSOUTH are pressure gage data
from 500-meter depth at the north and south sides of Drake Passage. Current meter data are from Oregon State University records
from 2,700-meter depth near the center of Drake Passage.
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Drake Passage Pilot Ocean
Monitoring Project activities
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Field operations for the second year of the Drake Passage
Pilot Ocean Monitoring Project were carried out aboard the
AGS Yelcho. The purpose of the project is to continue the monitoring of the flow through the Drake Passage begun by the
International Southern Ocean Studies (isos) program. The
monitoring is done by direct observation of the flow using
moored current meters and pressure gages. In addition, to
study the internal structure of the Antarctic Circumpolar Current (ACC) in the passage, the monitoring project analyzes
expendable bathythermograph (xBT) readings taken by ships
passing through the region on other primary missions. The
data from the XBT program also are used to study variabilit% in
water mass zonation, which is related to current structure.
Participants aboard the cruise included scientists from the
Chilean Naval Hydrographic Institute, Texas A&M University,
Oregon State University, and the University of Washington.
The records from the isos program provide data for 5 years
and show interesting low-frequency variability (Wearn, Antarctic Journal, this issue). The monitoring project placed a
current meter mooring in the central passage on the recovery
cruise of the DRAKE 79 experiment (Nowlin 1980). During the

same cruise, pressure gage moorings were placed at the northern and southern sides of the passage (see figure).
The cruise aboard the Yelcho had as one of its goals the
recovery of those moorings and the installation of new ones to
continue the monitoring of the fluctuations in transport of the
ACC. Another goal was to complete a hydrographic section
along the same section that was monitored by the 1505 program
for comparison with the 1505 sections. XBT's also were taken
to help define the structure of the currents and water masses.
The results of the cruise were not as satisfactory as had been
hoped. The acoustic release on the central current meter mooring failed. This prevented the installation of a new mooring to

replace it. The pressure gage on the northern side of the passage was not recovered; however, the pressure gage on the
southern side was recovered and yielded good data. Fortunately, the southern three-quarters of the hydrographic section
was completed prior to the failure of the generator for the
hydrographic winch.
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With the deployment of the two pressure gages in the north
and two in the south, it is hoped that data collection will
proceed without any additional interruptions for the pressure
program. Installation of any additional current meter moorings
must depend on a study of the value of the existing data base.
At present the plan is to recover one of the pressure gages from
each side during an AGS Yelcho cruise in the austral summer of
1981-82. Those recovered will be replaced with gages to be
recovered the following summer. The two unrecovered gages
will remain for an additional year to study, in part, the practicality of moorings of 2-year duration in this location.
This work has been supported by grants NA8ORAC00034
and NA81AA-D-00032 from the National Oceanic and Atmospheric Administration and by the Chilean ship Yelcho.
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Physical oceanographic features of
Islas Orcadas cruises 17 and 19
TAKASHI ICHIYE

Department of Oceanography
Texas A&M University
College Station, Texas 77843

ARA Islas Orcadas cruises 17 and 19 were carried out from
2 September to 14 October 1978 and from 22 February to 9
April 1979 in the Drake Passage and the Scotia Sea. The two
cruise tracks nearly overlapped (Biggs and Bidigare 1981).
Physical oceanography of cruise 17 is discussed elsewhere
(Ichiye and Inoue 1980; Inoue and Ichiye 1980).
Comparison of temperature and salinity determined with
salinity-temperature-depth (sm) sensors for the two cruises
indicates that the major seasonal differences within the same
water mass occurred in the upper 50 meters of the water column. However, the seasonal displacement of water masses,
particularly of fronts, caused some drastic changes in temperature and salinity down to 1,000 meters (the lower limit of STD
in cruise 19) at almost the same geographic location.
In the Drake Passage area, the upper temperature was 2° to
5°C higher in austral summer (cruise 19) than in winter (cruise
17) (the larger differences occurred in the southern section).
The summer increase in temperature was less than 1°C below
200 meters. In the Scotia Sea and South Georgia Basin, the
summer temperature increase in the upper 50 meters was 2° to
3°C, but almost less than 0.5°C below 200 meters. Salinity
change seemed to be almost negligible except at stations near
the islands, where surface salinity decreased by 0.3 to 0.6%o
in austral summer.
Vertical profiles of sm in cruise 17 indicate interleaving
structures with predominant vertical wave numbers of 5 to 10
per kilometer in the Polar Front Zone between 200 and 800
meters (Inoue and Ichiye 1980). The cause of such structures

Winter hydrographic observations
from the southwestern Atlantic, the
northwestern Scotia Sea, and the
Drake Passage
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most likely is the baroclinic instability generated by the vertical shear having stable stratification but accompanied by
horizontal shear in a frontal zone such as the Polar Front (Ichiye
in preparation). The conspicuous interleaving phenomenon
observed during cruise 17, but not during cruise 19 and other
summer cruises of the International Southern Ocean Study,
may have been caused by the strong horizontal shear, manifested in the large geostrophic velocity in the Drake Passage
(62 centimeters per second) during cruise 17.
Temperature and salinity microstructures were observed
during cruise 17 with predominant vertical wave numbers in
the range of 0.1 to 1 per meter. It is not clear whether such
structures were results of double diffusivity instability (Huppert and Turner 1981; Ichiye 1973) or of fossil turbulence (Gibson 1980).
This work is supported by National Science Foundation
grant DPP 79-09258.
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In the austral winter of 1980, the p./v Atlantis sailed from Mar
del Plata, Argentina, to collect hydrographic data in the vicinity of the Patagonian Shelf, the southwestern Argentine Basin,
near the Malvinas (Falkland) Islands, and in the northern
Drake Passage. After 33 days at sea, the ship returned to Punta
Arenas, Chile, via the Beagle Channel. After a brief port stop,
the Atlantis II departed (M. McCartney, chief scientist) to collect winter hydrographic data in the southeast Pacific and the
northern Drake Passage. These cruises were part of an International Southern Ocean Studies (Isos) experiment designed
to evaluate various antarctic intermediate water formation and
circulation schemes (Georgi 1979; McCartney 1977; Molinelli
1981).
After departing Mar del Plata (5 August 1980), an intensive
hydrographic survey (figure 1) was started. In all, we made 99
conductivity-temperature-depth (cm) stations, took nearly
300 expendable bathythermographs (xBT's), and collected more
than 1,500 water samples. These water samples provided
salinity and dissolved oxygen samples for cm calibration and
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Figure 1. Position of conductivity-temperature-depth stations
taken during the winter 1980 hydrographic expedition aboard the
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samples for nutrient analysis. Determinations of dissolved
silicate, phosphate, and nitrate were carried out under the
direction of J . Jennings of L. Gordon's chemistry group at
Oregon State University. In addition, 60 water samples (4.2
liters each) to be used for low-level tritium measurements and
230 water-filled copper tube samples to be used in heliumtritium analysis were collected for W. J. Jenkins of the Woods
Hole Oceanographic Institution. Surface temperature and
salinity data also were collected along the 3,972 nautical miles
of track.
During the first phase of the cruise (stations 150-173), we
crossed the Brazil/Malvinas (Falkland) Confluence twice. Our
primary objective was to investigate the difference in properties between the antarctic intermediate waters farther offshore in the Brazil waters and those just seaward of the Argentine continental slope, which are presumed to be of more
recent southern origin. At the confluence, the warmer/salty
waters of the Brazil current come into contact with the colder/
fresher circumpolar waters. This is evident in the large differences in potential temperature-salinity (9/s properties: there
are no central waters on station 150 (figure 2), and the intermediate waters are nearly 0.1%o fresher than those on station
153. The contrast, albeit weaker, is still apparent further south
(figure 1; stations 158, 161, and 166). The 9/s diagrams also
reveal much thermohaline fine structure similar to that
observed by Georgi (1981) in older salinity-temperature-depth
data in the deep waters and intermediate waters.
During the second phase of the cruise (stations 173-249),
we concentrated mainly on determining the winter hydrographic properties of waters in the subantarctic regions near
the Malvinas (Falkland) Islands, over the Falkland Plateau, and
in the northwestern Scotia Sea and the northern Drake Pas-
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Figure 2. Potential temperature/salinity diagram for selected stations from the Argentine Basin.
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sage. These data should supplement modern winter observations made somewhat farther to the east and south during ARA
Islas Orcadas cruises 13/14 and 17 (Ichiye and Inoue 1980; Parodi
1978) and summer data collected during the 5-year Isos field
programs.
It is in this region that the Antarctic Circumpolar Current
axis shifts north nearly 1,000 kilometers. On our fourth crossing of the current, the axis was located near station 214, just
south of the Polar Front and north of the pack ice. At this
station, the antarctic surface waters were well mixed (temperature approximately –1.73°C, salinity approximately 33.8%o)
to a depth of nearly 75 meters. Stations 213 and 215 are located
in the Polar Front Zone and exhibit thermohaline fine structure
to depths as great as 700 meters. Station 216 is transitional in
character; it appears to be located on the boundary between
the Polar Front and the subantarctic zone. The vertical temperature and salinity stratification is similar to the isohaline
thermocline (Molinelli 1978) first observed in this region by
Gordon, Georgi, and Taylor (1977). A similar stratification is
observed on stations 217, 218, and 219 in the upper 750 meters,
except that a 75-meter-thick lens of low-salinity water (salinity
less than 34.00%o) caps the water column. The nearly isohaline
layer found between 100- and 600-meter depths on stations
216-218 has an extremely weak density gradient (pycnostad)
associated with it. However, the presence of a vertical temperature gradient and a dissolved oxygen gradient rules out a
simple one-dimensional convective origin as has been attributed to subantarctic mode water (McCartney 1977). Only in
the vicinity of the Burdwood Bank (stations 220, 221, and 222)
did we observe deep (200-500 meters) mixed layers that can
be attributed to winter convection. It is interesting, however,
that the two deepest mixed layers were observed on stations
207 and 222 (figure 1) on the north flank of the Burdwood Bank;
this suggests that mixed layers are not just the result of a
simple one-dimensional process. Station 223 is again similar
to station 220 and 219 south of the Burdwood Bank. At station
224, the warmer (5.3°C) and lower salinity (33.75%o) Patagonian Shelf waters are evident. These waters lie predominantly
to the north and west of the 200-meter isobath and our data
sets.
The two remaining hydrographic sections are similar to the
one described above, starting near the continental shelf and
ending north of the pack ice. Over the 75-kilometer separation
between CTD stations 235 and 236 the surface temperature
decreased by 1°C. However, between the two stations, we
traversed a small, intense surface feature. South of station 235,
minutes after XBT 379 was taken, the surface temperature
dropped abruptly 4°C (figure 3). Within a few kilometers, the
temperature started to rise again. On the basis of XBT data, we
judge that this anomalously cold feature was confined primarily to the upper 60 meters of the water column and was
less than 16 kilometers in north-south extent.
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Figure 3. Surface temperature record across an intense cyclonic
eddy.

This work was supported by the office for the International
Decade of Ocean Exploration of the National Science Foundation, grant OCE 78-22223. The cooperation and skillful work
of the officers and crew of RJV Atlantis II greatly contributed to
the success of the cruise. The cooperation of the Argentine
Hydrographic Service and the Argentine Antarctic Institute is
gratefully acknowledged, and most of all we would like to
thank the scientific personnel who made this cruise a success.
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One and one-half days of station time were allotted for heatflow measurements and gravity coring on the Vulcan-5 cruise
aboard RivMelville during December 1980. We hope eventually
to collect sufficient heat-flow values in the eastern Scotia Sea
to be able to analyze the thermal structure of a presently active
back-arc basin. Barker (1972) first correlated magnetic anomalies in this area, and the east Scotia Sea remains the only
presently active back-arc basin where correlated magnetic
anomalies unquestionably are present.
A previous cruise to this area (Zlotnicki et al. 1980) had
difficulty obtaining usable heat-flow data in the central Scotia
Sea, primarily because of difficult sea bottom conditions. The
next cruise, aboard iVy Atlantis II in March 1980, attempted
heat-flow measurements to the west of the active spreading
center in the east Scotia Sea. Only three heat-flow measurements were successful on that cruise because of equipment
problems and a general lack of adequate sediment cover. All
of the measurements indicated low to extremely low heat flow
[10-70 milliwatts per square meter or 0.25-1.80 microcalones
per square centimeter-second (heat flow unit)] (Loy et al. in
preparation).
On the Vulcan-5 cruise we wanted to attempt heat-flow
measurements to the east of the presently active ridge since
seismic reflection data from previous cruises indicated a
reasonable sediment cover. Since the Atlantis II cruise had
collected three heat-flow values within 2 kilometers of each
other on what was identified as anomaly 2 (2-million-year-old
crust), we took our first group of three stations near what
might be the eastern half of anomaly 2 (see figure). From that
station we moved west, although we did not move as far as
we had hoped to because of opposing wind and drift. The
third group of three stations was approximately 30 kilometers
to the east, and the last group was 20 kilometers north of the
third group.
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On the RN Melville cruise we used a 4-meter-long Bullardtype heat-flow probe with a new Von Herzen digital recorder
in it. The Bullard probe was fitted with a pinger telemetry
system that transmitted the digitally recorded heat-flow data
so that they could be recorded on the 12-kilohertz receiver on
board the ship. The heat-flow instrument also recorded internally on a high-density cassette tape. Because power drain
was low, the instrument was able to operate for 23 hours
without interruption for battery recharging, even though it
was telemetering data to the 12-kilohertz recorder on board
the ship.
Penetrations for the first two groups of stations were 3
meters or more, indicating that an excellent survey can be
done in the eastern half of the east Scotia Sea. The last group
of stations, which are closest to the active volcanic arc, had
reduced penetration but still yielded a good heat-flow value
at each attempt.
Heat-flow values are a product of the measured thermal
gradient obtained from the resistances measured by the thermistors spaced along the probe and the thermal conductivities
measured on gravity cores. Gravity cores were successful at
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Location map of heat-flow measurements taken on Vulcan-5
cruise aboard A/v Melville in the east Scotia Sea. Values shown
are in heat-flow units (HFU). Inset map taken from Hill and Barker
(1980) shows A/v Melville tracks through east Scotia Sea.
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Heat-flow stations taken on Vulcan-5 expedition, RIv Melville
Position of stationa

Station
number

°S Latitude

°W Longitude

3
4
5
7
8
9
ii
12
13
15
16
17

57°ii.0'
57011.3'
5T1 1.0'
57012.7'
57013.0'
Sri 3.5'
57°13'
5T1 4.9'
57014.7'
56°55.i'
56°55'
56°55.0'

29°06.5'
29006.3
29006.2
29°12.2'
29012.2
29013.5'
28028
28°28.2'
28°29.1'
28°26.4'
28024
28030.9

Depth
(corrected meters)

Penetration
(meters)

3,357
3,353
3,353
3,361
3,361
3,363
3,330
3,334
3,334
3,277
3,290
3,340

3.6
3.2
3.1
>4?
4+
-4
2.3
2.1
2.0
1.1
1.1
1.1

Heat flowb
(°C per meter) HFU (MW/M2)
0.19
0.20
0.20
0.03
0.03
0.03
0.19
0.14
0.13
0.20
0.19
0.14

3.2
3.4
3.5
0.4
0.4
0.5
3.2
2.4
2.2
3.3
3.2
2.4

(134)
(143)
(145)
(17)
(18)
(23)
(133)
(99)
(94)
(139)
(134)
(102)

a posjtions are given to the nearest tenth of a degree for stations that were in progress while a satellite fix occurred, and to the nearest degree
if no satellite fix occurred between stopping the ship and getting underway.

b Heatf low calculations assumed a thermal conductivity of 0.71 watt per degree Celsius-meter. HFU = heat-flow unit, 1 microcalorie per square
centimeter-second; MW/M2 = milliwatt per square meter.

only two out of four attempts on this cruise. The thermal
conductivities were extremely uniform and were similar to
those found on the Atlantis II cruise in March 1980. For the
preliminary heat-flow calculations listed in the table, an
assumed thermal conductivity of 0.71 watt per degree Celsiusmeter (1.7 . 10- calorie per centimeter-second) was used. The
digital tape reader had some problems, so all of the thermal
gradients have been calculated using the 12-kilohertz record.
When the high-density tape reader is fully functional (it is still
in final development stages), the thermal gradients will be
recalculated; it is unlikely they will change significantly, but
even so the values listed in the table should be considered
preliminary.
The initial results are extremely encouraging with regard to
the thermal cooling of oceanic crust created above a descending
slab. Data from stations 3 through 9 show the expected large
variation in closely spaced stations near a ridge, which is
indicative of hydrothermal convection in the oceanic crust.
The values from stations 11 through 17 show a more consistent
pattern indicative of a more uniform insulating sediment cover
which should minimize large variations and give a more uniform value. Enough additional measurements should show a

coherent pattern that can be compared to heat-flow patterns
at mid-ocean ridges.
We thank Captain Arsenault and the crew of RN Melville,
whose willing assistance and cheerful dispositions made this
an extremely successful cruise. D. Goldstein and C. Pelletier
finished the new digital heat-flow recorder 2 minutes before
it was flown to Valparaiso, Chile.
This cruise was supported by National Science Foundation
grant DPP 78-19279 to the Massachusetts Institute of Technology.

Pliocene/ Pleistocene erosional
unconformity of the western South
Georgia Basin

Major unconformities in the late Cenozoic record spanning
the interval from middle Pliocene through middle to late Pleistocene time have been detected in various areas of the southern
ocean (Ciesielski et al. in press; Fillon 1975; Kennett and Watkins 1976; Ledbetter and Ciesielski in press; Watkins and
Kennett 1972; Weaver and McCollum 1974). Causes of these
hiatuses appear to be related to climatic variations which have
influenced bottom currents in the southern ocean since late
Cenozoic time (Ciesielski and Wise 1977; Kennett and Watkins
1976; Ledbetter and Ciesielski in press).
In his analysis of the diatom stratigraphy of Deep Sea Drilling Project hole 328, Gombos (1977) reported evidence of a
hiatus spanning the Plio/Pleistocene boundary in the western
section of the South Georgia Basin, just east of the Falkland
Plateau off the tip of South America (51°S 38°W). He states,
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however, that the missing interval could lie totally within an
uncored section of approximately 1 meter.
To verify the existence or absence of the Plio/Pleistocene
unconformity in the western section of the basin, I analyzed
44 piston cores recovered in the area by various cruises of the
RIV Vema, RN Robert Conrad, USNS Eltanin, and the ARA Islas
Orcadas.
The initial sampling interval of each core was 25 centimeters
for the Conrad and Vema cores and 20 centimeters for the Eltanin
and Islas Orcadas cores. Samples were also taken within each
lithology where lithologic changes did not coincide with the
sample interval. When a sedimentological hiatus was discovered, a sample spacing of as little as 1 centimeter was used to
verify its presence.
Smear slides were prepared from each sample and then
examined for their diatom content. Next, the intervals were
age-dated using the biostratigraphic zonation defined by
McCollum (1975) as revised by Weaver (1976). The geologic
time scale of Berggren (1972) was used to relate the biostratigraphic boundaries to chronostratigraphic boundaries. Ciesielski's (1978) correlation of diatom zones to the absolute time
scale was followed. No paleomagnetics were used in the age
determinations of these cores because none were available at
the time of this study.
The results of the study are depicted in the generalized core
zonation diagrams in figures 1 and 2. From these illustrations,
it appears that the Plio/Pleistocene unconformity in question
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is present and is regional in extent. Only core 10 07-75-2 has
a complete section lacking the unconformity (Ciesielski 1978).
This is due to the location of the core in an area of the basin
that is protected by the Falkland Plateau from eastward-flowing currents, which are predominant in this area (Ciesielski et
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judgment of sedimentation rates in each core.
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elevated eastern extremity of the Falkland Plateau (Ciesielski
et al. in press) and elsewhere in the Atlantic sector of the
southern ocean (Ledbetter and Ciesielski in press). On the
more elevated features (rises and ridges), the agent of erosion
is the circumpolar deep water (Ciesielski and Wise 1977). In
the deeper basins, such as the South Georgia Basin, the agent
of erosion is less well documented, although antarctic bottom
water is suspected by some authors (e.g., Ledbetter and Ciesielski in press).
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Figure 2. Zonation of cores depicting the span of time that may actually be represented by the Plio/Pleistocene hiatus based on a
qualitative Judgment of sedimentation rates.

Florida State University for lending valuable help and advice
during the sampling and research phase of this study.
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Bottom-current erosion in the South
Atlantic sector of the southern ocean
MICHAEL T. LEDBETrER and PAUL F. CIES!ELSK!
Department of Geology
University of Georgia
Athens, Georgia 30602

Disconformities in the sedimentary record of the southern
ocean have been attributed to erosion by two major bottomwater masses in the antarctic and subantarctic regions. Erosion
of the seafloor in areas more than 4,000 meters deep has been
attributed to scour by Antarctic Bottom Water (AABW) in the
Indian Ocean (Kennett and Watkins 1976; Watkins and Kennett 1971, 1972). Erosion of shallow rises in the south Atlantic
sector of the southern ocean (Ciesielski, Ledbetter, and Eliwood in press; Ciesielski and Wise 1977) has been attributed
to Circumpolar Deep Water (cDw). We have chosen a traverse
Of ARA Islas Orcadas piston cores from Antarctica to Africa
(figure 1) to examine the pathways and periods of increased
bottom-water production (shallow and deep) in the Weddell
Sea region.
The magnetic polarity of each of the 25 piston cores was
determined at approximately 10-centimeter intervals. The
biostratigraphic age was determined on the basis of a diatom

Figure 1. The location of piston cores from Islas Orcadas shown on
bathymetry from Goodell (1973).
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zonation (McCollum 1975; Weaver and Gombos in press) and,
where required, a silicoflagellate zonation (Busen and Wise
1977; Ciesielski 1975; Weaver 1976). Biostratigraphic samples
were taken above and below magnetic reversals and at more
closely spaced intervals where disconformities were indicated.
Piston core segments were assigned an age (figure 2) by correlation to the magnetostratigraphic time scale (LaBrecque,
Kent, and Cande 1977; Mankinen and Dalrymple 1979). The
magnetos tratigraphy and biostratigraphy of the 25 piston cores
reveal disconformities during the last 5.5 million years of sedimentation in this area (figure 2). Periods of erosion or nondeposition of sediment have been identified by hiatuses in
the sedimentary record. These hiatuses are a function of the
physiographic province where the core is located.
The age of sediment at or very near the seafloorTeveals that
the present velocity of bottom currents in the South Atlantic
sector of the souther ocean is high enough to erode or inhibit
deposition of sediment in three areas. The most recent sediment from the deep Weddell Basin is lower Pliocene to Miocene (figure 2) and forms the Weddell Basin scour zone. Erosion of sediments near the crest of the Atlantic-Indian Ridge
has exposed lower Pleistocene sediments in the uppermost
sediment column. One core near the continental rise adjacent
to the Cape Basin recovered Pliocene sediment near the seafloor.
Scour by AABW within the deep, northern Weddell Basin has
exposed upper Pliocene sediment with a northern limit of
scour at the base of the ridge (figure 2). We have designated
the Weddell Basin, including the area south of the Maud Rise,
as a scour zone since erosion or winnowing by AABW has
removed sediment deposited since the Miocene to early Pliocene.
A second large scour zone is found on the crest of the Atlantic-Indian Ridge (figure 2). This shallow disconformity is separated from the Weddell Basin scour zone by a zone of sedimentation along the south flank of the ridge. The disconformity is maintained by high-velocity CDW which has eroded or
inhibited deposition at the crest of the ridge, leaving lower to
middle Pleistocene sediments at the seafloor.
The third disconformity at or near the seafloor is found in
one core (figure 2) from near the connection of the West Agulhas Basin and the Cape Basin (figure 1). Lower Pleistocene
sediment is found at the seafloor in this deep site where erosion is caused by high-velocity AABW which flows in a clockwise gyre in the Cape Basin (Embley and Tucholke 1976).
In addition to the disconformities at the present seafloor,
three major hiatuses were identified within the sedimentary
record (figure 2). The youngest hiatus is restricted to the Atlantic-Indian Ridge, while the oldest hiatus is apparently more
widespread and the third hiatus is found only on the southern
flank of the Atlantic-Indian Ridge.
Four cores near the crest and south flank of the AtlanticIndian Ridge have a hiatus in the sedimentary record from the
middle Pliocene to early-middle Pleistocene (figure 2). These
cores are from water depths of less than 3,850 meters and are
presently in the axis of high-velocity CDW which has left a
disconformity at the seafloor. The scour zone on the AtlanticIndian Ridge during the middle Pliocene to early Pleistocene
represents an increase in the velocity of CDW within an area
similar to the present core of high-velocity CDW. This hiatus
is very similar to one identified on the Maurice Ewing Bank
at a similar water depth (Ciesielski, Ledbetter, and Ellwood in
press).
ANTARCTIC JOURNAL

Figure 2. Ages of cores in figure 1 determined on the basis of the assignment of core segments to the magnetostratigraphic time scale
using a diatom zonation. Three areas (Weddell Basin, Atlantic-Indian Ridge, and Cape Basin) have a disconformity at the present seafloor.

A buried disconformity on the south flank of the AtlanticIndian Ridge at the northern boundary of the Weddell Sea
(figure 1) is delineated in two cores (io 11-67 and 70). The
hiatus extends from the middle Pliocene (3.5 million years) to
early-middle Pleistocene (1.8-0.8 million years). Since both
cores are much deeper (>4,500 meters) than the disconformity
in cores on the Atlantic-Indian Ridge (<3,850 meters), the
bottom-current responsible for the scour was the deeper AABW.
The cessation of scour in the early-middle Pleistocene to the
north of the present Weddell Basin scour zone represents a
major reduction in the thickness or lateral extent of the AABW.
A third buried disconformity was delineated on the profile
of cores. Middle Pliocene sediment unconformably overlies
upper Miocene sediment in three cores (figure 2). This disconformity is more widespread than others since it extends from
the southern flank of the Atlantic-Indian Ridge to the southern
Weddell Basin. The water mass responsible for erosion is probably the AABW; however, no conclusion can be drawn concerning the areal extent or watermass responsible without a greater
core coverage.
The intensification of bottom circulation that results in disconformities may be caused by climatic deterioration (Ciesielski, Ledbetter, and Ellwood in press; Kennett and Watkins
1976; Moore et al. 1978; Watkins and Kennett 1972). The exact
age of the increase in bottom-water velocity cannot be determined, however, since it falls within the hiatus. The age span
of the disconformities in this region encompasses some major
climatic coolings that could be responsible for intensification
of benthic circulation. The cause-and-effect relationship of the
paleoclimatic fluctuations and bottom-water paleocirculation
must await more precise dating of the circulation events by
tracing scour zones into marginal winnowing areas where
dating of high-velocity pulses may be delineated (Allison and
Ledbetter in press; Huang and Watkins 1977; Ledbetter, Williams, and Ellwood 1978).
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Seafloor spreading model for the
Weddell Basin

Indo-Atlantic Basin map. Preparation of a new bathymetric
map of the Indo-Atlantic Basin was also completed in 1981
(figure 2). The map, prepared as part of the fifth edition of the
General Bathymetric Chart of the Oceans (GEBCO) map series,
shows all recent track lines, including the complete Islas Orcadas data set. Bathymetry is contoured at a 250-meter interval
on a Mercator projection. Several new features have been
defined on the map, including the Meteor and Islas Orcadas
Rises, which manifest a Paleocene truncation of the Falkland/
Aguihas fracture zone (LaBrecque and Hayes 1979). Endurance
Ridge, located southeast of the South Orkney Platform, has
been named in honor of the ship Endurance, which broke up

JOHN LABRECQUE

Lamont-Doherty Geological Observatory
Palisades, New York 10964

This article describes current work in two areas: analysis of
marine magnetic anomaly data to develop a model of seafloor
spreading in the Weddell Basin and preparation of a bathymetric map of the Indo-Atlantic Basin.
Weddell Basin model. Analysis of marine magnetic anomaly
data has been extremely useful in describing the development
of oceanic basins and the evolution of continental margins. A
paucity of appropriate data within the Antarctic has delayed
application of these same techniques to the antarctic margins
and oceanic basins.
The Weddell Basin recently has been the focus of several
geophysical cruises, including those of the British Antarctic
Survey vessels and the ARA Islas Orcadas. Analysis of the
marine anomaly data gathered during these cruises has yielded
a distinct magnetic anomaly pattern which can be correlated
to the magnetic anomaly pattern M29 to 18, or ages of Late
Jurassic to late Eocene, respectively (figure 1) (LaBrecque and
Barker 1981). The present data set covers only portions of the
eastern Weddell Basin; however, coverage is sufficient to
extrapolate the seafloor spreading model for the Weddell Basin
as a whole. It is hoped the model will serve as a guide in
planning future expeditions to the region.
The marine magnetic data suggest that the Weddell Basin
was formed at the southern flank of a north-south spreading
system that was initiated during the Early Jurassic breakup of
Gondwana. The anomaly lineation pattern indicates that the
poles of rotation that describe the Mesozoic separation of
Gondwana with respect to West Antarctica remained very near
the Antarctic Peninsula during most of the Mesozoic. Therefore, a Gondwana reconstruction similar to that of DeWit (1977)
is supported by the recent data. During the Cenozoic, the
Weddell spreading center has been progressively subducted
beneath the Scotia Plate, with only the America Antarctic
Ridge surviving to the present.
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Figure 1. Magnetic anomaly profiles In the Weddell Sea from Islas
Orcadas cruises and Project Magnet flight 720. Model parameters:
layer depth, 6 kilometers; layer thickness, 500 meters. Skewness
parameter 0 = 0; transition zone width, w = 12 kilometers; magnetization, 0.01 electromagnetic units per cubic centimeter.
Spreading rates: 35-80 million years ago = 0.9 centimeters per
year; 80-108 million years ago = 0.45 centimeters per year;
108-165 million years ago = 0.6 centimeter per year. Flow lines
for South American motion with respect to Antarctica in a fixed
position are shown as stippled lines. Ages along flow lines are
expressed as magnetic anomalies and are underlined.
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Figure 2. General Bathymetric Chart of the Oceans (GEBc0) map 5.16, prepared by J. L. LaBrecque, P. D. Rabinowitz, C. Brenner, and F.
Munzo. Available from the Canadian Hydrographic Service, Ottawa.

and sank nearby after succumbing to the immutable forces of
the Weddell Gyre. (The breakup left Sir Ernest Shackleton and
his crew stranded within the Weddell Sea during an unsuccessful attempt to cross the Antarctic continent in 1915.)
The investigator is coordinating a data synthesis program
within the region 90°W to 20 0E, 90°S to 450S. The objective of
the synthesis program is the completion of a map series which
presents the currently available geophysical and geologic data
set for the region. The data review currently underway will
examine the adequacy of the available data set for the selection
of Weddell drill sites proposed within the Ocean Margin Drilling Program (0MD).
The aim of the polar drilling program is to trace the paleoenvironmental development of the Indo-Atlantic Basin since
the early Mesozoic. Little is currently known of the geologic
and paleoenvironmental development of the Antarctic. The
OMD polar drilling program will study an area that has been
unsampled by the Glomar Challenger and therefore the program
promises significant new information concerning the dispersal
of the Gondwana continents, the development of oceanic circulation, and the advance of the antarctic ice sheet.
Participating scientists in the OMD synthesis program represent the Bundesanstalt für Geowissenschaften und Roh-
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stoffe, the Norwegian Polar Institute, the University of Birmingham, the Argentine Hydrographic Office, the Bernard
Price Institute, the Massachusetts Institute of Technology, the
Woods Hole Oceanographic Institution, Rice University, Florida State University, the University of Georgia, the University
of Rhode Island, and the Lamont-Doherty Geological Observatory. The purpose of the synthesis program is to accumulate
and review all available data that bear on the paleoenvironmental development of the Indo-Atlantic Basin.
The acquisition and analysis of Islas Orcadas data within the
Weddell Basin have been supported under National Science
Foundation grants DPP 77-15586 and DPP 74-12862.
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Growth of the antarctic ice sheets
and the Neogene paleoenvironment
of the Maurice Ewing Bank
PAUL F. CIE5IEL5KI, MICHAEL T. LEDBETrER,
and BROOKS B. ELLw00D
University of Georgia
Athens, Georgia 30602

A micropaleontologic, magnetostratigraphic, and sedimentologic analysis of 56 piston cores was the basis of a geologic
study of the late Miocene to Recent depositional and erosional
history of the intermediate-depth Maurice Ewing Bank (Ciesielski, Ledbetter, and Ellwood in press) located at the eastern
extremity of the Falkland (Malvinas) Plateau, southwest Atlantic Ocean (see Ciesielski and Wise 1977 for location map). This
article presents the major conclusions of this study.
1. A review of regional oceanographic data indicates that
oceanic circulation over the Falkland Platform is dominated by
the Pacific water masses of the Antarctic Circumpolar Current
(ACC), with current velocities generally inferred to be 10-20
centimeters per second. The direction and relative intensity of
ACC bottom water flow over the Falkland Platform was
inferrred independently on the basis of a regional study of
bottom photographs, nephelometer profiles, direct measurements of current, and surface sediment distribution (Ciesielski
1978).
2. Fluctuations through time in the position of the Polar
Front and in the intensity of the ACC probably have been the
dominant influence on the depositional history of the Maurice
Ewing Bank since the initiation of the ACC flow over the bank
during the Miocene.
3. A detailed analysis of the late Miocene-Recent geologic
history of the Maurice Ewing Bank reveals a depositional and
erosional history, summarized in the following paragraphs,
which may be correlated with globally significant paleoceanographic events and episodes (figure 1).
The Maurice Ewing Bank suffered a major erosional event
during the late Miocene which exposed most CretaceousMiocene sediment, now near the surface, and shaped the present configuration of the bank. This erosional event occurred
during the late Miocene to early Pliocene (-7.2-4.7 million
years ago), with the major phase of erosion probably occurring
between middle magnetostratigraphic Chron 7 and late Chron
6 (-7.4-6.2 million years ago).
A widespread resumption of deposition on the Maurice
Ewing Bank occurred from 4.5 to 3.9 million years ago due to
a decrease in ACC velocity associated with an early Pliocene
amelioration of climate (figure 2).
Limited deposition and widespread erosion and/or nondeposition over most of the bank approximately 4.0-3.2 million years ago occurred due to an intensification of the ACC
during the late Gilbert and early Gauss magnetostratigraphic
chrons.
A renewal of widespread deposition occurred as bottom
current velocities decreased throughout much of late Gauss
time between 2.8 and 2.43 million years ago, and more limited
deposition occurred during the earliest Matuyama Chron
(2.48-2.2 million years ago).
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A regional disconformity was formed between sediments of
approximately 2.0-1.0 million years in age by intensified ACC
flow which is inferred to have occurred during the late Matuyama Chron (1.2 to approximately 1.0 million years ago). The
disconformity is thought to be temporally correlative with the
greatest Patagonian glaciation (Mercer 1976) in nearby southern Argentina.
Between approximately 1.0 and 0.7 million years ago the
bank was blanketed with a coarse, erosion-resistant layer of
ice-rafted detritus which armored the older sediment, thereby
protecting it from subsequent major erosion.
Sedimentation on the Maurice Ewing Bank was intermittent
during the Brunhes Chron (720,000 years ago to Present) and
finally culminated with the deposition of a veneer of carbonate
ooze during the last 200,000 years. This is the first record of
carbonate deposition on the bank since late Miocene time and
probably marks a southward shift of the Polar Front to its
present position over the bank.
4. The Miocene sedimentary record of the Maurice Ewing
Bank and other paleoenvironmental evidence from the circumantarctic region suggests several things about conditions prior
to the late Miocene. First, extensive ice shelves were not present along the antarctic margins. Second, no grounded ice sheet
was present in West Antarctica. Instead, present-day West
Antarctica was occupied by an archipelago and West Antarctic
Sea (figure 3). Finally, most ice-rafted detritus was deposited
close to the antarctic continent (e.g., Ross Sea), with more
limited deposition as far as 56°S. Ice-rafting was by small bergs
principally from tidewater glaciers and small ice shelves.
5. Extensive ice shelves formed in the Ross and Weddell
Seas during the late Miocene in response to expansion of the
east antarctic ice sheet and further reductions in ocean and
atmospheric temperatures.
6. With the formation of the Ross and Weddell ice shelves,
or shortly after, an immense ice shelf covered the former West
Antarctic Sea. Formation of this ice shelf was accompanied by
a significant increase in the velocity of oceanic circumpolar
circulation, resulting in widespread late Miocene erosion of
deep-sea sediments.
7. During the late Miocene, the west antarctic ice shelf rapidly thickened by basal and surface accretion until it grounded
below sea level to form the west antarctic ice sheet.
8. Formation of the west antarctic ice shelf and subsequent
formation of the west antarctic ice sheet, with floating and
partially grounded extensions (ice shelves) in the Ross and
Weddell embayments, led to the first major production of
antarctic bottom water (AABw) with characteristics similar to
those of the present-day AABW.
9. The late Miocene change in the character and volume of
AABW permanently altered rates of global abyssal circulation
and the temperature of abyssal water. Late Miocene changes
in oceanic carbonate compensation depth levels and an apparent permanent shift in the oceanic 13C/12C composition may
be attributed to this major change in abyssal circulation.
10. Antarctica was more extensively glaciated during most
of the Pliocene-Quaternary than at any time during the Miocene.
F. McCoy assisted in providing core samples from the
Lamont-Doherty Geological Observatory Core Laboratory.
Support for their collection and curatorial facilities is provided
by National Science Foundation grant OCE 76-18049 and Office
of Naval Research grant N000 14075-C-021. D. S. Cassidy proANTARCTIc JOURNAL
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Figure 1. Compilation of major late Miocene to mid-Pleistocene (1.0 million years ago) paleocilmatic, paleoglaclal, and paleoceanographic
events (left column) and episodes (right column). Also presented is a summary of late Miocene glacial conditions (lower right corner) prior
to (below diagonal lines) and after (above diagonal lines) establishment of the west antarctic ice sheet. For comparison purposes all ages
are quoted according to a single magnetostratigraphic time scale of LaBrecque, Kent, and Cande (1977) with the revised potassium-argon
(K-Ar) constants of Mankinen and Dalrymple (1979). (Figure is taken from Clesielski, Ledbetter, and Ellwood in press. All references to
"this paper" in the figure refer to that publication.)
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Figure 2. Lithologies of the Pliocene-Recent sediments of Islas Orcadas piston cores recovered from the Maurice Ewing Bank. Gaps in the
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vided samples from the Antarctic Marine Geology Research
Facility Core Library at Florida State University. Support for
this collection and curatorial facility is provided by National
Science Foundation grant OPP 74-20109. Partial financial support for this study was provided by National Science Foundation grants ON' 74-20109 and DPP 77-19360 to S. W. Wise and
DPP 79-05111 to M. T. Ledbetter and by the Institute for Polar
Studies of Ohio State University.
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USCGC Glacier Deep Freeze 81
expedition to the Amundsen Sea and
Bransfield Strait

Geologic sample station data

Station
number

1

JOHN B. ANDERSON and NATHAN C. MYERS

2

Department of Geology
Rice University
Houston, Texas 77001

3
4
5

During the 1981 austral summer, USCGC Glacier supported
oceanographic studies of an area of the Amundsen continental
margin and the Bransfield Strait en route from McMurdo Station to Palmer Station. During the limited time available for
scientific operations (7 days), 23 geologic stations (see table)
and 11 hydrographic stations were occupied. A geophysical
survey also was conducted. In addition, a biologist from
Hubbs Sea World Research Institute conducted whale observations (see Awbrey and Thomas, Antarctic Journal, this issue).

6
7
8
9
10

Science operations this season were hindered because -the
ship was unable to receive data on ice coverage by satellite
and the helicopters were disabled, thus making ice navigation
extremely difficult. Despite these problems, we did manage to
penetrate the sea ice on the outer shelf of the Amundsen Sea
between 108° and 110'W (see figure 1). An important objective
of our geologic program was to see if grounded ice deposits
exist on the continental shelf in this region. Eight piston cores
and three bottom grab samples were taken at 12 geologic stations in this area. Three piston cores taken on the continental
shelf (stations 5, 6, and 7) penetrated glacial deposits. We are
presently analyzing these sediments to determine whether
they were deposited by grounded ice or floating ice. The other
five piston cores were taken on the continental slope; they
contain a variety of glacial marine and nonglacial sediment
types.

11
12
13
14
15
16
17
18
19
20

On February 1, the Glacier departed the Amundsen Sea en
route to the Bransfield Strait area. The primary objective of our
Bransfield Strait survey was to acquire shallow seismic reflection profiles in the area for the purpose of locating geologic
outcrops. We also hoped to core those areas where outcrops
were indicated. Since only a small amount of ship's time was
available, most of this time was devoted to the geophysical
survey and to physical oceanographic work. We plan to return
to this area next season to conduct a more thorough piston
coring operation. The seismic survey was conducted through
the cooperation of L. McGinnis of Northern Illinois University
and R. Sylvester of the United States Geological Survey. An
800-joule teledyne sparker system and hydrophone streamer
was used to collect single-channel seismic data. Figure 2 shows
the locations of the seismic tracks and sediment sample locations.
Seismic profiling revealed several interesting features.
Along tracks BS3 and BS4 up to six reflecting layers were
detected, the lowermost of which was .07 second below the
sediment/water interface. At the southern end of track BS4
these layers have an apparent dip northwest under a bathy118

21
22
23
Note.

Position

710 02' S
110° 19' W
710 10' S
110° 21' W
710 13' S
110° 21' W
710 15' S
110° 20'W
710 14' S
110° 26' W
710 18' 5
110° 16' W
710 15' S
109° 00' W
710 11' 5
109° 02' W
710 11' S
109° 03' W
710 09' S
109° 02' W
710 03' S
108° 60' W
700 47' 5
108° 20' W
630 34' S
61° 33' W
630 24' S
61° 55' W
630 28' S
630 28' S
61° 50' W
63°29' 5
61° 44' W
630 31' 5
61° 34' W
630 29' S
61° 40' W
630 31' 5
61° 21' W
630 24' 5
61° 10'W
630 16' 5
61° 57' W
630 14' S
61° 51' W

Depth
(meters)

Piston core
length
(centimeters)

2,466

128

1,565

69

1,000

69

818

225

567

149

450

148

470

232

618

169

480

None

1,069

None

2,089

None

3,065

None

988

122

68

None

244
433

Bag sample only
Bag sample only

1,201

Bag sample only

1,300

172

1,219

None

757

None

557

None

928

284

936

278

Bottom grab taken at all stations but station 8.

metric trough. Potential outcrop of these layers was located
along tracks BS3 and BS4. Interestingly, these layers were
observed to lie at approximately the same water depths along
the different tracks. During profiling, some extremely steep
slopes (up to 25°) were recorded. These slopes strike eastnortheast roughly paralleling the regional structural fabric of
Bransfield Strait, and could be the expression of fault scarps
as postulated from gravity data (Davey 1972) and other seismic
data (Ashcroft 1974; Griffiths et al. 1964). Although seismic
penetration was not sufficient to show structural evidence for
faulting, bathymetry in the area of track ss4 does show northANTARCTIC JOURNAL
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Figure 1. Geologic station locations for area 1.
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During Deep Freeze 82, we will focus our coring operation
in areas where outcrops and near-surface exposures are indi cated on seismic records.
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Figure 2. Bathymetry, geologic station locations, and geophysical
tracks for area 2. Seismic tracks are designated Bsl through ss4.
The arrows indicate the start and stop points for each track.
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northwest and east-northeast trending troughs that may be
related to the regional structural fabric of Bransfield Strait.
Near the end of track BA, layered sediment ponded in a
broadly U-shaped trough was observed. This trough is cut in
a highly reflective layer which, at other points near Low Island,
is marked by a knobby and terraced surface overlain by a thin
veneer of sediment. This highly reflective layer may be volcanoclastic rock or may be upfaulted basement rock.
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Early Miocene to Pleistocene
fluctuations in ice-rafted debris at
DSDP site 274
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The initiation and growth of the antarctic ice cap has been
studied directly using the deep-sea sedimentary record and
indirectly using inferences from global changes in sea level,
climate, and vegetation (Drewry 1975). Since the recovery of
ice-rafted debris (mD) off Antarctica during the H.M.S. Challenger expedition (Murray and Renard 1891), attempts have
been made to distinguish uw in deep-sea sediments from other
terrigeneous components. IRD in deep-sea sediments commonly has been thought of as poorly sorted angular grains
consisting of quartz, feldspars, garnet, and rock fragments
(Connolly and Ewing 1965). It is particularly important, however, to differentiate individual IRD grains from grains transported or reworked by contourites and turbidites. Guidelines
have been put forth for recognizing individual grains of glacial
origin by correlating surface microfeatures on quartz (determined by scanning electron microscopy) with source environment and modes of transport (e.g., Krinsley and Takahashi
196; Margolis and Krinsley 1974).
In our work we are using Fourier grain shape analysis (Ehrlich and Weinberg 1970) to determine the deposition of IRD
onto the antarctic continental rise at Deep Sea Drilling Project
(DSDP) site 274 since the early Miocene. Fourier grain shape
analysis is able to describe the two-dimensional maximum
projectional shape of unicrystalline quartz grains to any specified degree of exactness. Fourier data are analyzed with an
extended CabfadQmodel algorithm (Full, Ehrlich, and Klovan
in press), which is able to define the number of end members
present within the data set and determine which samples are
most representative of each end member. The source and
transport history of any individual quartz grain controls the
overall shape of the grain. Sediment samples are so complex
that they can be considered unique fingerprints. The percentages of grains from contributing source areas and modes of
transport can then be quantified. The glacial origin of the
samples representing the most irregular end member within
the 45- to 63-micrometer quartz fraction is linked to glacial
erosion on the antarctic continent by verification of surface
feature microfeatures using the scanning electron microscope.
DSDP site 274, located on the continental rise in the northwest Ross Sea (figure 1), is ideally located to record the accumulation of sediment from the initiation and subsequent fluctuations of the west antarctic ice sheet. The percentage of
variaton of the glacial end member in site 274 divides the early
Miocene through Pleistocene section into three distinct intervals (figure 2). The early to middle Miocene interval contains
low percentages (5 to 28 percent) of highly irregular quartz
(sample average = 13 percent). In contrast, the late Miocene
and early Pliocene samples contain large fluctuations, with
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Figure 1. Location map of DSDP site 274 in the northwestern Ross

Sea Embayment. Taken from the Initial Reports of the Deep Sea
Drilling Project, Vol. 28.

percentages varying between 22 and 70 percent (sample average = 45 percent). The late Pliocene to Pleistocene interval
contains intermediate values (sample average = 19 percent)
but with variations (7 to 36 percent) on a scale similar to
variations in the early and middle Miocene.
The temporal fluctuations in the mr end member in this
study reinforce the basic findings of Frakes (1975) based on
the total percentage of coarse fraction. The mD end member
became an important component of the sedimentologic record
in the early Miocene (core 19), but did not intensify until the
late Miocene (core 12) after a peak in the early Pliocene (core
9). IRD deposition then appears to have tapered off. High
percentages of the IRD end member are positively correlated
with high percentages in the total coarse fraction (Frakes 1975).
The early Miocene through Pleistocene record of site 274 can
be correlated with paleoceanographic changes within the
southern ocean. The west antarctic ice sheet is believed to have
coalesced in the late Miocene and grounded on the continental
shelf in the early Pliocene (Drewry 1975), 5.5 to 3.7 million
years ago (Hayes and Frakes 1975). About 5.0 million years
ago there was a massive influx of sediments into site 274, along
with a decrease in IRD sedimentation in the Ross Sea (Hayes
and Frakes 1975). At 4.0 million years ago a rapid retreat of the
expanding ice sheet (Shackleton and Kennett 1975) was marked
by high paleotemperatures (Berggren and Haq 1976; Ciesielski
1975). The IRD end member of site 274 also shows a small
decrease in percentages at this time (figure 2). The period of
3.7 to 3.35 million years ago saw an expansion of the ice past
its present limits (Ciesielski 1975; Hayes and Frakes 1975;
Margolis 1975). A strong peak in IRD deposition occurs during
this time interval in the upper half of core 9. During the period
of deposition represented by this site there was a series of sea
level drops at 13, 10, 6.8, and 5.5 million years ago (Vail and
Hardenbol 1979) that have been related to the formation of the
west antarctic ice sheet. The percentage of IRD decreased
greatly after the deposition of core 9 approximately 3.1 million
years ago.
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previous paleoclimatic reconstructions of the west antarctic ice
sheet. This study shows that the shape variation within a
specified size fraction of quartz can be used to distinguish the
ice-rafted component, rather than the size range of particles
found within each sample or surface microfeatures.
This work was supported by National Science Foundation
grants DPP 77-21929 and DPP 80-23696. Samples for this study
were obtained from the DSDP core storage facility at LamontDoherty Geological Observatory and from P. Ciesielski at the
University of Georgia. Thanks go to R. Thunell and W. Full for
their helpful comments on the various aspects of the study.
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Fourier grain shape analysis of the quartz from the 45- to
63-micrometer size fraction from DSDP site 274 identifies several major fluctuations in the IRD during the time interval 11.0
to 3.1 million years ago. The peaks in IRD can be related to
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Quaternary paleocirculation of the
Antarctic Circumpolar Current
BRUCE H. CORLISS
Woods Hole Oceanographic institution
Woods Hole, Massachusetts 02543

The Antarctic Circumpolar Current (ACC), flows eastward
around Antarctica between approximately 400 and 65°S and is
one of the major currents in the ocean, with a transport on the

order of 125 Sverdrup (1 Sv = 10 6 cubic meters per second)
(Fandry and Pillsbury 1979). The current extends from the
surface to a depth of about 4,000 meters and serves to mix the
deep water in the ocean, contributing significant amounts of
circumpolar water to all of the deep ocean basins. In this study,
the history of ACC during the Quaternary is considered by
analyzing deep-sea benthonic foraminifera in four sediment
cores from the southeast Indian Ocean sector of the southern
ocean. The four Eltanin piston cores, E49-18, E49-23, E48-22,
and E48-28, were taken from the Southeast Indian Ridge in
waters at depths of 3,200 to 3,400 meters (figure 1). The data
for E49-18 are presented here (figure 2) and related to the glacial
circulation of the ACC. The water overlying these cores is Antarctic Circumpolar Water (ACw), flowing eastward within the
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Figure 1. Map of the southeast Indian Ocean with major physiographic features, the 2,000-,3,000-, and 4,000-meter depth contours (Heezen,
Tharp, and Bentley 1972), location of four piston cores being considered in this study, and the Recent distribution of deep-sea benthonic
foraminifera (Corliss 1979). Shaded areas atop the Southeast Indian Ridge and in the South Australian Basin are areas where Uvlgerina
spp. and Eplstominella exigua dominate; the cross-hatched area is marked by the dominance of Globocassidulina subglobosa; and the
hatched area is dominated by Epistominella umbonifera. The G. subglobosa assemblage was inferred to mark a western boundary
undercurrent indicated by closed arrows. The open arrows indicate an additional route for Antarctic Bottom Water Inferred from work by
Rodman (1977) and Gordon and Molinelli (1975).

122

ANTARCnc JOURNAL

E49-18
580
300

BENTHONIC
FORAMINIFERA

36 32 28 2420 -08-04 00 04 08
''''''I'

Ts ( C C)
RADIOLARIANS % C daosona I
5

'0

5

0 IS

%COCO,

, 19161

0 4-

40

80

FRAOMENTATWJ

(PLOJOKTONIC
F0RAMNIFERA)
20 40 60 80

400

V

A

bOO

000

:>
.

II0.

500

•4_

t-.

\

K>

>.

J>

---4.

Figure 2. Eltanin piston core E49-18: The second principal component of the benthonic foraminiferal data is shown, along with
planktonic foraminiferal oxygen isotopic data, a radiolarian nearsurface summer temperature estimate, percentage of Cycladorphora davlslana, percentage of calcium carbonate (CaCO) (Hays,
Imbrie, and Shackleton 1976), and the percentage of planktonic
foraminiferal fragmentation. Negative shaded values of the second principal component of the benthonic foraminifera are dominated by Melonis barleeanum, Melonis pompilioides, and Uvigerina
spp. Positive values are marked by the dominance of Globocassidulina subglobosa.

ACC with potential temperatures of 0.7° to 1.2°C, salinities of
34.72%o, and dissolved oxygen contents of 4.8 to 4.9 milliliter
per liter at the location of these cores (Gordon and Molinelli
1975; Rodman 1977).
The second principal component of the benthonic foraminiferal data in E49-18 is presented in figure 2 along with planktonic foraminiferal oxygen isotopic data from stages 12 to 5,
radiolarian near-surface summer temperature estimates, the
percentage of Cycladorphora davisiana and the percentage of
calcium carbonate (CaCO), presented by Hays, Imbrie, and
Shackleton (1976), and the percentage of planktonic foraminiferal fragments. The principal component analysis reveals
two assemblages within the second principal component, with
the oscillations of the faunal assemblages showing a striking
correlation with the oxygen isotopic curve. The first assemblage, marked by positive values, is dominated by Globocassidulina subglobosa and is found generally during the warm
interglacial isotopic stages 11, 9, 7, and 5. Negative values
indicate that the second assemblage is dominated by Melonis
barleeanurn, Melonis porn pilioides, and livigerina spp. and is
found generally during glacial isotopic stages 10, 8, and 6,
during intermediate isotopic levels (including the latter part
of stage 11), and during the middle of stages 9 and 7. The G.
subglobosn assemblage is similar to the faunal assemblage
found presently associated with Antarctic Bottom Water
1981 REVIEW

(AABw), with potential temperatures of 0.6° to 0.8°C, suggesting that the AABW boundary current was present at this site
during interglacial times, as it is today. The presence of M.
barleeanu rn and the M. barleeanurn-M. porn pilioides- Uvigerina
assemblage indicate that conditions within the ACC were different during glacial intervals than at present.
It is interesting to note the similarity between the benthonic
foraminiferal faunal patterns in the eastern North Atlantic and
beneath the ACC. Streeter and Shackleton (1979) analyzed one
core, v29-179 in the northeast Atlantic, which showed a Uvigerina -M. barleeanurn -Astrononion assemblage during glacial
times within the last 125,000 years. The Uvigerina dominance
was suggested to reflect the reduction or elimination of the
young, well-oxygenated North Atlantic Deep Water (NADW),
resulting from the cooling and stratification of the Norwegian
Sea surface (Kellogg 1980). It was speculated that the M. barleeanurn-Astrononion assemblage may reflect deep water formation north of the Polar Front in the North Atlantic during
full glacial intervals. The North Atlantic faunal assemblages
during glacial times and the timing of these changes are strikingly similar to those found in this study beneath the ACC.
Two possibilities are suggested to account for the glacialinterglacial oscillations of the ACC and the similarity of faunal
patterns between the North Atlantic and the southern ocean.
The first hypothesis is that the similarity between the North
Atlantic and ACC faunal changes and timing of faunal changes
is a result of the circulation changes being linked and the deep
circulation responding as one system. The cessation or reduction of NAM during the glacial intervals has been suggested
to be due to the Norwegian Sea becoming ice covered (Kellogg
1980; Schnitker 1979; Streeter and Shackleton 1979). At present,
the NADW, with high temperatures, salinities, and dissolved
oxygen content, flows south in the Atlantic to the southern
ocean, where it becomes an important component of the antarctic circumpolar water (Acw). The cessation or reduction of
NADW during glacial intervals may have affected in some manner the ACW and may account for the observed faunal changes.
The hydrographic changes in the ACW may have changed
directly because of the lack of NADW input, or it may have been
altered because of changes in the residence time of the ACW.
The presence of an M. barleeanurn-M. pornpilioides-Uvigerina
assemblage suggests the presence of a deep water mass that is
not present today in the ACC, which can be called "Circumpolar
Glacial Deep Water" (cGDw).
A second possibility to account for the faunal patterns is that
the circulation changes in the two polar regions are not linked,
but occurred as a result of similar oceanographic conditions
responding to global climatic changes but independent of one
another. This explanation puts more emphasis on variables
such as the extent of ice cover and wind conditions to account
for the presence of the CGDW. Ongoing research will evaluate
these two hypotheses to account for the observed faunal patterns.
This work was supported by National Science Foundation
grant DPP 78-21105.
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Early to early-middle Paleocene
diatom zonation

Combos (1977) established three tentative late Paleocene
diatom zones from the southwestern Atlantic. This article
reports on an early to early-middle Paleocene diatom zonation
based on submarine deposits of site 208 and nearly completes
a Paleocene diatom zonation.
Site 208 of leg 21 of the DSDP was located on the northern
part of the Lord Howe Rise at 26°06.61'S 161°13.27'E at a water
depth of 1,545 meters (figure 1). Of the 255.4 meters of cored
sediments recovered from this site, 21 meters (cores 29 through
31) were referred to as early (Danian) to middle Paleocene age
on the basis of calcareous nannofossils (Martini 1971). Generally, the Paleocene sediments consist of gray, siliceous fossilbearing and nannofossil-bearing radiolarite or diatomite. Disconformities occur above and below this section between the
middle-middle Eocene/early-middle Paleocene and the Mesozoic and Cenozoic (Burns et al. 1973).
From a moderately well-preserved diatom assemblage
recovered from this Paleocene section, diatom microflora of
over 40 species distributed in 16 genera were recognized
(dePrado 1981). We propose four new diatom zones for the
early to early-middle Paleocene sections. They are (in ascending order): the Hemiaulus caracteristicus s.l. partial range zone;
the Notiostyrax tasmanos partial range zone; the Riedelia ?
cylindrica partial range zone; and the Stephanopyxis conici
local range zone (figures 2 and 3).
This work was supported in part by National Science Foundation grant DPP 79-11304 (to H. Y. Ling).
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Department of Geology
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Knowledge of Paleocene diatoms is still in its infancy, primarily because Paleocene deposits bearing siliceous microfossils are extremely rare, both on land and under the sea. With
the exception of Combos' (1977) report of late Paleocene diatoms from hole 327A of leg 36 of the Deep Sea Drilling Project
(DSDP), which is by far the most comprehensive and readily
accessible reference to date, information regarding Paleocene
diatom biostratigraphy is limited and inconclusive and comes
almost solely from the land outcrop sections.
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Marine biology
Sea-ice microbial communities in
McMurdo Sound
CORNELIUS W. SULLIVAN and ANNA C. PALMISANO
Department of Biological Sciences
University of Southern California
Los Angeles, California 90007

The annual sea ice in McMurdo Sound provides a substrate
for the growth of a complex microbial community that was
described first by Bunt and Wood (1963). Diatoms, which
dominate this community, undergo a spring "bloom," turning
the bottom of the ice a golden brown color. Microalgae, bacteria, and protozoa apparently live and grow within sea-ice
brine channels and attached to ice-crystal surfaces at the iceseawater interface. Cellular metabolism occurs in a harsh
environment where ambient temperatures are below -1.86°C
(and possibly as low as -4°C) and where light is strongly
attenuated. Under-ice light is reduced to less than 1.0 percent
that of the light at the ice surface. Furthermore, while light is
continuous during the summer months, the photosynthetic
diatoms are subjected to almost 6 months of continual darkness
during winter.
During the 1980-81 field season, we addressed the following
questions concerning the population ecology and the physiological ecology of the sea-ice micro-organisms: (1) What factors affect the distribution and abundance of sea-ice organisms? (2) What are the interactions between the members of
the microbial community? (3) How are the sea-ice microorganisms adapted to the conditions of low light and low
temperature? (4) How do the photosynthetic microalgae survive the long antarctic winter? We have only begun to answer
these questions and report here our preliminary findings.
We examined the areal distribution of the algal and bacterial
components of the sea-ice community in 30 cores taken at six
stations in McMurdo Sound during the 1980-81 austral summer. The mean chlorophyll a content was 114 ± SD 112 milligrams per square meter; the mean concentration of bacteria
was 3.9 x 10 11 ± SD 2.1 x 10 11 cells per square meter, as
determined by a direct count of acridine orange-stained cells
by means of epifluorescence microscopy.
We found that the levels of chlorophyll a per square meter
associated with the New Harbor area, West Sound (x = 188,
SE = 58) were not significantly different than the levels in the
East Sound (x = 142, SE = 36). This observation is particularly
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interesting because previous workers have characterized the
West Sound as oligotrophic (deficient in plant nutrients) and
East Sound as eutrophic (rich in dissolved nutrients). Dayton
and Oliver (1977), for instance, reported an order of magnitude
difference in infaunal densities. Further, the oligotrophic
nature of the West Sound relative to the East has been confirmed by measurements of bacterioplankton standing stocks
and secondary production made by Holm-Hansen and associates (1977), Fuhrman and Azam (1980), and Hodson and
associates (1981).
While our tests are preliminary, they suggest the following:
1. In contrast to the planktonic and benthic communities,
there seems to be little difference between the East and West
Sounds in the sea-ice microbial standing crop.
2. West Sound benthic fauna may receive a significant portion of their carbon and energy from sea-ice community production.
3. Growth of the sea-ice community may not be nutrientlimited.
Vertical profiles of chlorophyll a, phaeopigments, adenosine
triphosphate (Alp), and bacterial concentrations showed consistent patterns in all the annual sea-ice cores examined. In
general, the bottom 20 centimeters of the core contained 100
to 1,000 times more chlorophyll a and phaeopigments than the
remainder of the core; chlorophyll a concentrations were as
high as 2.10 milligrams of chlorophyll a per liter. The mean
chlorophyll a:phaeopigment ratio was greater than 1.0 for the
bottom 20 centimeters of the core, while the ratios for the
upper sections of the core and for seawater phytoplankton
samples were consistently less than 1.0.
The lower 20 centimeters contained bacterial concentrations
as high as 6 x 109 per liter. The bacteria in this section were
relatively large, often occurred as paired or dividing cells, and
frequently were found in chains of 10 to 30 cells. In the upper
sections of the ice core, bacterial concentrations were an order
of magnitude lower, and the size and morphology of the bacteria were strikingly different. Bacteria were usually single
cells, small (<0.8 micrometer in diameter) and similar to those
found as bacterioplankton in the water column.
In examining the interrelationships of members of the bottom-ice microbial community, we found that bacterial cells
were frequently in close physical association with certain dominant species of diatoms of the genus Amphiprora (figure). A
variety of morphological types of bacteria, often in chains and
filaments, appeared to colonize the exterior of the diatom
valve. It is not uncommon in nature to find bacteria colonizing
detritus, including dead and decaying diatoms; however, the
colonized Amphiprora cells were not senescent. Cytological
analysis using phase-contrast microscopy and epifluorescent
ANracnc JOURNAL

Scanning electronmicrograph of bacteria associated with the ice diatom Amphiprora sp. Sample was collected from sea Ice at site 2 (Cape
Armitage) by divers. The material was rapidly fixed with 2 percent glutaraldehyde In seawater at —2°C and prepared by critical-point drying
before observation through a Cambridge microscope. (a) Indicates the specificity of the bacterial association with Amphiprora sp.; bacteria
seldom are associated with other diatoms. (Magnification 380X) (b) Depicts the morphological diversity of Ice bacteria observed In
association with Amphiprora sp., including rods, cocci, filaments, and prosthecate bacteria. (Magnification 1,550X)

illumination of DAPI and acridine orange-stained cells indicated that the cells were intact and performing normal metabolic processes.
The large size of the bacteria associated with the bottom-ice
community suggests that they are physiologically active, while
the presence of multiple cells and chains suggests that the
bacteria are growing and dividing. The brine channels that
harbor sea-ice organisms may have a relatively high concentration of dissolved organic matter due to the release of photosynthate by ice algae, which could then be utilized by the
associated sea-ice bacteria.
To determine the effect of changing light intensities on the
physiology of sea-ice algae, we conducted a controlled light
perturbation study on the sea ice at McMurdo Station. Light
penetration to the underlying ice algae was reduced by more
than 90 percent in a 100-square-meter experimental quadrat
by covering the ice surface with tarps and snow; an adjacent
control quadrat was left uncovered. We were assisted in this
experiment by George Simmons and his field team. Under-ice
samples and light measurements were taken by divers Dale
Anderson, Arpad Vass, and John Wood. The results of this
experiment are currently being analyzed.
Little is known about the capacity of ice microalgae to survive the polar winter when absence of light precludes photosynthetic nutrition. In our laboratory at the University of
Southern California, three polar sea-ice diatoms, isolated in
unialgal, axenic culture, were subjected to a 30-day simulated
summer-winter transition. Light and temperatures were
decreased and salinity was increased to mimic seasonal
changes for ice-covered polar seas reported previously. The
diatoms responded to these changes by a reduction in cellular
metabolism, as indicated by (1) a decline in growth rate and
photosynthetic rate, (2) a decrease in cellular ATP, and (3) the
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storage and subsequent utilization of endogenous carbon
reserves. In addition, heterotrophic potential of the three
clones increased by as much as 60-fold. In some cases, the
decrease in light intensity characteristic of the onset of polar
winter alone was sufficient to trigger these physiological
changes. Survivorship of cells subjected to the summer-winter
transition,then kept in complete darkness at 0°C for 6 months,
ranged from 0.1 to 10 percent of the population.
In conclusion, our combined field and laboratory studies
have indicated that the sea ice-microbial community is very
rich and active. Because of this any studies attempting to
evaluate the carbon and energy flow through polar ecosystems
must include this conspicuous and important aspect of the
environment.
This research was funded by grant DPP 79-20802 from the
Division of Polar Programs, National Science Foundation.
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Diatom resting spores usually are heavily silicified cells with
morphology and metabolism markedly different from actively
growing, vegetative cells. Since diatom resting spores can survive periods of darkness, it is reasonable to assume that conversion into spores would be an effective over-wintering strategy. Resting spores are not commonly reported in antarctic
waters (Hargraves and French in press). However, their apparent absence may in part be matters of timing, place of collection, or nonrecognition. Foster and associates (1980) found
what they considered to be resting cells (if not specialized
resting spores) in newly formed ice in the Weddell Sea. We
have found resting spores of centric diatoms in cultures and
now understand better the preserved samples from past
cruises. Collections from the SA Agulhas, a successful cruise
extending far south during the austral fall in remarkably good
weather, promise a continuation of this study.
Many antarctic Chaetoceros species belong to a section of the
genus not known to have resting spores. Another section of
the genus is represented in the southern Indian Ocean by the
resting spore-forming C. radicans Schütt, which is considered
to be a cosmopolitan species. On the cooperative, 1976 French
cruise of the Marion Dufresne (cruise MD-08) this species, collected under the direction of S. Z. El-Sayed, was dominant in
many stations. Net hauls were crowded with chains of vegetative cells having bifurcating spines (Fryxell and Medlin in
press), and the paired resting spores had specialized setate
valves holding them together (figures 1 and 2). These specialized "extra" valves are not part of the resting spore, but are
the valves formed at the first nuclear division in the resting
spore process.
Although much can be learned about morphology and stages
in resting spore production from such preserved field samples
in which the dominant organism is forming spores, questions
concerning ecological triggering mechanisms require work
done with living material. Thalassiosira antarctica Comber,
examined in culture at Texas A&M University, has been found
to form resting spores (Fryxell, Doucette, and Hubbard 1981;
Fryxell, Villareal, and Doucette 1980).
Study of the antarctic clones (T. antarctica var. antarctica)
has revealed that high salinity (such as cells might experience
in interstitial brine in sea ice) triggers resting spore production
(Villareal in preparation) and is especially effective when coupled with a controlled nitrogen source (up to 75 percent resting
spores) (Doucette in preparation). These resting spores also
have "extra" valves—in this case, the last nuclear divisions
originating with a single vegetative cell are unequal. A rudimentary valve is left as the hypotheca and usually telescopes
into the nearly empty vegetative epitheca husk. Most commonly, pairs of resting spores originating from a vegetative
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Figure 1. Chaetoceros radicans single resting spore. Taken during
Marion Dufresne cruise MD-08, at station 17 (46052.6'S 37°53.7'E),
25 March 1976, with a 35-micrometer net hauled to the surface
from a depth of 100 meters. Magnification, 4,800X.

Figure 2. Chaetoceros radicans specialized setate valves that hold
twin resting spores together but are not part of the resting spore
frustule. Taken during Marion Dufresne cruise MD-08 at station
17. Magnification, 3,200X.

cell are seen in field samples, but a determinate number of
divisions can produce up to four resting spores per vegetative
cell. Figure 3 illustrates a single resting spore with limp rudimentary valves remaining after final nuclear divisions. Its
appearance, with limp rudimentary valves still clinging to
both domed resting spore valves, indicates that, in this
instance, one vegetative cell produced only one resting spore.
T. antarctica is a bipolar species. The northern clone (T.
ANTARCrIc JOURNAL

.'
r'0,
k#

,#

P1

Figure 3. Thalassiosira antarctica var. antarctica resting spore with
a rudimentary valve clinging to each valve, showing that there
were two unequal divisions of the original vegetative cell nucleus.
Clone AA4 originally was isolated from the South Atlantic during
Islas Orcadas cruise 17/78, at station 34 (51 '47'S 39 030'W), 5 October 1978; isolated 6 November 1978. Magnification, 3,000x.

antarctica var. borealis Fryxell, Doucette, and Hubbard) is also
in culture at Texas A&M University. Besides having markedly
different resting spore morphology, the boreal and austral
varieties have slight structural differences in vegetative bands.
Production of resting spores is not a response to high salinities
in T. antarctica var. borealis, but resting spores have been
produced in senescent cultures.
Samples of another bipolar species, Porosira glacialis (Grunow) Jorgensen, taken from both Narragansett Bay and the
Scotia Sea, also are in culture. They have been studied in light
and scanning electron microscopes. Although few resting
spores have been produced in the boreal clones, and fewer in
the austral cultures, observations on vegetative girdle bands
suggest that varietal status for these two species may be justified (Villareal and Fryxell in preparation). Girdle band structure appears to show genetic separation as effectively as valve
morphology (Fryxell, Hubbard, and Villareal 1981).
All clones of T. antarctica and P. glacialis from the north and
south reveal surprisingly wide tolerances to changes in salinity, with all clones able to grow in salinities ranging from 10
to 50 parts per thousand. Thus far, all clones are able to grow
if fully acclimatized to each increment in temperature from
—2°C to 10°C. In addition, morphological differences exist in
cultures grown at temperatures of melting ice. Cold temperatures (0° to —2°C) result in loss or marked reduction of external
tubes. Cold temperatures also result in the constriction of the
foramen (external opening of the areola), but this characteristic
is somewhat variable and also is noted in P. glacialis grown at
a salinity of 50 parts per thousand. This "cold-water form" has
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been seen previously in field samples, but it was not recognized for what it was. We have not experimented yet with
different nutrient levels at low temperature; however, resting
spores are not produced by near-freezing temperatures alone.
Culture work on these and other antarctic clones (totaling more
than 90 clones of a dozen species) is continuing (Villareal in
preparation).
Initial examination of the nonsiliceous, vegetative ultrastructure of the two bipolar diatom species by light and transmission electron microscopy has yielded evidence of no
obvious differences between the two populations of the same
species (Doucette in preparation). An observation of multiple
nucleoli in all four populations, although not unusual in
plants, was unexpected in that to our knowledge it had not
been previously reported in diatoms. Work is under way to
determine the contents of specialized secretory vesicles in both
species that may be involved in extrusion of f3-chitin threads
through strutted processes, present only in the family Thalassiosiraceae. The fusion of these vesicles with the plasma
membrane and the liberation of their contents into the area
between the plasmalemma and the cell wall has been demonstrated (Doucette 1980).
Plans had been made to cooperate with the British Antarctic
Survey (BAs) on the First International BIOMASS Experiment
early in the austral summer of 1980-81. However, metal fatigue
of the propeller (brought about by vibrations of unknown
origin in the shaft) caused cancellation of this year's field effort
by BAS. S. Z. El-Sayed, who was invited by the South African
Council on Scientific and Industrial Research to participate on
the South African ship SA Agulhas, made some last minute
changes to accommodate our phytoplankton project. From 10
February to 20 March 1981, M. A. Meyer, representing our
project, took phytoplankton collections on a survey of the
relatively little-studied area of the southern ocean north of
Queen Maud Land. The chief scientist, Ian Hampton, conducted the acoustic survey of Euphausia superba Dana by mapping a grid from the ice edge north to 60°S, bounded by 15°E
and 30°E, a part of the international effort to assess the abundance of krill.
Discrete samples were taken from Niskin bottles at 17 night
stations (three depths) and 23 day stations (seven depths) for
quantitative estimates by microscopical examination of phytoplankton species present. In addition, at each station, vertical hauls with nets of 35-micrometer mesh were made from
a depth of 200 meters for concentration of rarer, larger species,
taxonomic study of abundant species, and study of resting
spore production. Preliminary analysis of the net hauls by ElSayed while on board ship revealed the predominance of Corethron criophilum Castracane, Rhizosolenia spp., Thalassioth rix
antarctica Schimper, and Nitzschia kerguelensis (O'Meara)
Hasle. A bloom of Chaetoceros neglectum Karsten was encountered in the area of the subantarctic Marion Island (46°53'S
37°52'E, 15 March 1981) near the end of this successful cruise,
but no resting spores were noted in the study of living material
on board ship. Living material was brought back to Texas, and
selected cultures are being established.
This work was supported in part by National Science Foundation grants DPP 78-23463, DPP 80-20381, and DEB 79-23159 and
by the Smithsonian Oceanographic Sorting Center's program,
"Cooperative Systematics and Analyses of Polar Biological
Materials" (DPP 76-23979; B. J . Landrum, principal investigator).
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Bacterioplankton adaptation and
growth in different zones of the
southern ocean

ton (<100 micrometers) and bacterioplankton (<3 micrometers): adaptation to low temperature and nutrient waters, bacterial production by frequency of dividing cells, and increase
in cell numbers (Fuhrman and Azam 1980; Hagstrom et al.
1979), percentage of active bacterial cells by the 2-(p-iodophenyl)-3-(p nitrophenyl)-5-phenyl tetrazolium chloride (TNT)
technique (Zimmerman, Iturriaga, and Becker-Berck 1979),
and size fraction of the microplankton biomass (ATP, total
adenylates, and adenylate energy charge). A summary of the
results from this cruise follows.
Bacterioplankton are adapted to low-nutrient waters in the
subantarctic zone (figure 2). Bacterioplankton growth in water
strained through a filter having holes less than 3 micrometers
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First estimates of bacterioplankton production in Drake Passage of the antarctic ocean were made in the austral summer
of January 1980 (Hanson and Lowery 1981; Hanson et al. in
preparation). The major results of that study were:
(1) bacterioplankton production was less than 1 milligram per
square meter per day (or less than 0.02 microgram carbon per
liter per day); (2) free-floating bacteria were mainly responsible for the production in surface waters; and
(3) bacterioplankton production was an insignificant source of
particulate organic matter, but bacterioplankton were important in the consumption of dissolved organic carbon and the
decomposition of particulate organic matter in antarctic circumpolar deep water.
A followup cruise was made between 13 September and 16
October 1980 to obtain additional estimates of production and
adaptation of bacterioplankton in the antarctic region. We
studied the waters along 90°W from 45°S to the Polar Front
Zone, and across the Drake Passage from ice pack to Cape
Horn (figure 1). Michael McCartney of the Woods Hole Oceanographic Institute studied the hydrographic conditions in the
southeast Pacific Ocean and obtained evidence of a convective
zone (formation of the antarctic intermediate water) in the
southeastern gyre of the Pacific Ocean (McCartney in preparation).
A microbiological team of R. Hanson, K. Lowery, D. Schafer,
and T. Ryan studied a number of characteristics of microplank130
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Figure 1. Station locations for the RIV Atlantis II cruise 107, leg 11,
in the south Pacific and the Drake Passage, 30 September-13
October 1980. Zones based on conductivity-temperature-depth
and expendable bathythermograph data (modified from McCartney
in preparation).
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Figure 2. Influence of nutrient concentrations (yeast extract) on
the growth of bacterioplankton (<3 micrometers) collected from
a depth of 40 meters in the subantarctic convergence zone off
South America (station 265). Cultures maintained at in situ temperatures (60C). In the beginning, the frequency of dividing cells
was 6 percent; after 45 hours it varied between 10 and 20 percent.

in diameter showed little response to 0.001 percent yeast
extract, whereas high concentrations of yeast extract (>0.001
percent) suppressed growth. The initial bacterio plankton
number was 26,000 cells per milliliter. Approximately 6 percent
of the cells were in the process of binary division. The percentage increased to 20 percent during the latter stages of
growth. Assuming a carbon content of 830,000 grams per cell
(Fuhrman and Azam 1980), bacterioplankton production in
the nonenriched cultures over the first 10 hours of incubation
was 0.13 microgram carbon per liter per day.
Bacterioplankton biomass (ATP) in the <3-micrometer fraction showed more variation with a change in culture temperature than with a change in nutrients (figure 3). At in situ
temperatures, biomass changed very little and even decreased
at 0°C over 48 hours. At elevated temperatures, however,
biomass increased significantly with time. These results suggest that the bacterioplankton growth in the Polar Front Zone
is suppressed by low temperature. In contrast, in the antarctic
zone, the bacterio plankton possess a lower temperature range
for maximum growth (Wiebe and Hendricks 1972).
Spatial distribution of microplankton biomass was related
to hydrological conditions (data not presented). From 45°S and
southward, AT? concentrations were low (10-20 nanograms
per liter) and became more uniform with depth (100 meter')
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Figure 3. Influence of temperature on the growth (ATP concentration) of bacterioplankton (<3 micrometers) collected from a depth
of 40 meters at station 298 in the Polar Front Zone of the antarctic
ocean. The initial ATP concentration was 9 nanograms per liter.
h = hours of incubation; ng ATP/l = nanogram of adenosine tnphosphate per liter.

in the southern subantarctic zone (Convection Zone). Between
the subantarctic front and the Polar Front Zone (figure 1),
concentrations increased (>60 nanograms per liter) before they
declined at station 292 near the antarctic zone. Most (60-80
percent) of the biomass was in the size fraction >3 micrometers
but <10 micrometers. Bacterial numbers showed about the
same trend (that is, highest concentrations, approximately
100,000 cells per liter, at the Polar Front Zone). However, the
frequency of dividing cells remained constant, at approximately 5 percent. This suggests that bacterioplankton production was higher at the Polar Front Zone than in the subantarctic
zone. Estimates of the percentage of active bacterioplankton
by the NT technique were inconclusive. Formazan deposits
were difficult to observe in the small coccoid to rod cells
(approximately 0.2 by 0.5 micrometer, measured by scanning
electron microscopy).
In conclusion, these alternative methods of bacterioplankton
production tentatively confirm the low production estimates
made by means of nucleic synthesis (Hanson and Lowery 1981;
Hanson et al. in preparation). However, the bacterio plankton
are functioning at near optimum rates that are regulated by
temperature but not by low concentration of nutrients.
This work was supported by National Science Foundation
grant 0?? 78-21507. Ship time on the RN Atlantis II, Woods
Hole Oceanographic Institute, was provided by M. McCartney
(NSF grant OCE 78-22223).
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noides (d'Orbigny); and (3) Cosmopolitan. Globigerinita glutinata (Egger).
Three kinds of water masses in the sampling area were
identified on the basis of species collected (figure): pure subtropical waters, pure subantarctic waters, and waters having
different mixtures of subtropical and subantarctic waters. The
three types of waters were distributed in patches; generally,
subtropical waters predominated over subantarctic waters
down to 39°30'S latitude. No direct contact was found between
pure subtropical and pure subantarctic waters. The results
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Since 1959, Boltovskoy and co-workers have studied the
surface hydrology of the southwest Atlantic using foraminifera
as biological indicators. Boltovskoy published a detailed
bibliography of those studies in 1970 and 1978. The present
investigation augments what has already been done to determine the different water masses and hydrologic limits of the
southwest Atlantic. The main objective of this investigation
was to determine, by means of planktonic foraminifera, the
structure
and composition of the northwest region of the sub/
tropical/subantarctic convergence zone. The material analyzed
consisted of 29 planktonic samples, 16 collected in the surface
layer by horizontal tows, and 13 collected in the epipelagic
zone by vertical tows between 225 and 0 meters (figure).
The fauna was found to be qualitatively and quantitatively
poor. Sixteen species were found. They can be divided according to their temperature requirements into three well-defined
groups: (1) Subtropical. Globigerina rubenscens Hofker, Globigerinella aequilateralis (Brady), Globigerinoides conglobatus
(Brady), G. ruber (d'Orbigny), C. trilobus (Reuss), Globorotalia
hirsuta (d'Orbigny), C. Menardii (d'Orbigny), and Orbulina
universa (d'Orbigny); (2) Subantarctic. Globigerina bulloides
(d'Orbigny), G. Quinqueloba Natland, Globigerinita uvula
(Ehrenberg), Globoquadrina pachyderma (Ehrenberg), Globorotalia inflata (d'Orbigny), C. scitula (Brady), and G. truncatuli-
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confirmed once again the existence of a wide convergence zone
in the southwest Atlantic Ocean (Boltovskoy 1966, 1970, 1978).
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Little attention has been given to the effect of carbonate
dissolution on calcareous deep-sea benthonic foraminifera
other than the observation by many workers that benthonic
foraminifera are more resistant than planktonic foraminifera
to carbonate dissolution. One of the complicating factors in
studying calcareous deep-sea benthonic foraminifera in the
southern ocean is the presence of highly corrosive Antarctic
Bottom Water, which may influence the faunal distribution
patterns by differentially removing solution-susceptible spe-

HoNjo

Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543

SALINITY (%)
3420 3430 3440 3450 3460 3470 3480 3490i SAMPLE
NUMBER
I
and
TEMPERATURE (°C)
DEPTH(m_40
-30
400
250
300
200
0 0 5 0 10 0 15 0
NORTH ' PACIFIC CENTRAL WATER

I
2

.

Oh

cj

-20

-10

0

01

02

03

04

% BROKEN
BENTHONIC
FORAMINIFERA
50
100
0

i3O6
378

3 11978
NORTH PACIFIC
INTERMEDIATE
WATER

- 2000

Nt
PACIFIC DEEP WATER

S(%0)

2778

3000

3978

4000

6
5000

4278

4878

9i,5582
10

Figure 1. Temperature, salinity, and 141 data from GEOSECS (Geochemical Ocean Sections Study) station 235, together with dissolution
sample number and percentage of broken benthonic foraminiferal tests per sample vs. water depth (Corliss and Honjo In press). 141is an
Index of undersaturation with respect to calcite. Note the different scales for 141 above and below zero. Negative values Indicate
supersaturation of calcium carbonate (CaCO1), zero is saturation, and positive values indicate undersaturatlon of CaCO1. In this region,
the upper 500 meters are supersaturated, with undersaturation increasing steadily below this level.
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cies. We describe in this article a dissolution experiment
involving nine species of benthonic foraminifera on a 5,792meter mooring in the central North Pacific (Corliss and Honjo
in press). The purposes of the experiment were (1) to determine
the influence of carbonate dissolution on benthonic foraminiferal tests and (2) to establish the relative susceptibility of
the nine species.
Ten dissolution samples with approximately six specimens
each of eight common deep-sea benthonic foraminifera and
one shallow-water species were placed on a 5,792-meter PARFLUX (Particle Flux Study) P 1 sediment trap mooring (Honjo
1980) in the central North Pacific (15°21.1'N 151°28.5'W) and
exposed to seawater at nine different depths on the mooring
(figure 1) for 61 days between September and October 1978.
(Two samples were located in water 5,582 meters deep.) The
eight deep-sea species, all common in the southern ocean
(Corliss 1979), were: Cibicidoides kullenbergi (Parker), Epistominella umbonifera (Cushman), Gyroidinoides orbicularis
(d'Orbigny), Gyroidinoides soldanii (d'Orbigny), Hoeglundina
elegans (d'Orbigny), Oridorsalis tener (Brady), Planulina wuellerstorfi (Schwager), and Pyrgo murrhina (Schwager). The shallow-water species, Amphistegina sp., was included in the
experiment to determine the susceptibility of a porous, shallow-water species. All specimens were greater than 250
micrometers in diameter and in good condition, with no chamber, breakage and shiny surface textures.
The sequential modification of the test ultrastructure of E.
umbonifera is presented in figure 2 as an example of the results
of the experiment. This species, a dominant species in the
deep sea, is found throughout the southern ocean and is associated with cold Antarctic Bottom Water (Corliss 1979, in preparation). The sequence of modification in E. umbonifera is: (1)
corrosion of test surface, which creates dull surface textures;
(2) smoothing of the surface; (3) pitting of the surface, resulting
in uneven surface textures; and (4) breakage of the chambers
and extensive corrosion of the remaining surfaces, resulting
in a highly irregular surface texture.
The sequence of modification of E. umbonifera is similar to
that of the other hyaline trochospiral species. The modification
of P. murrhina is slightly different due to biloculine coiling of

the test. Initial corrosion of the surface layer is associated with
the development of cracks, holes, and dull surface textures.
Removal of the chamber wall follows, generally without any
observable intermediate steps. As each chamber is removed,
the preceding chamber is exposed in good condition and the
dissolution sequence begins again.
The susceptibilities to carbonate dissolution of the nine benthonic foraminifera vary considerably. A ranking of their relative susceptibilities shows that Amphistegina sp. is the most
susceptible to dissolution, followed by P. murrhina, P. wuellerstorfi, a group of four species (C. kullenbergi, E. umbonifera,
H. elegans, and 0. tener), and finally, G. orbicularis and G.
soldanii.
The susceptibility ranking shows that E. umbonifera is as
susceptible to dissolution as C. kullenbergi, H. elegans, and 0.
tener and more susceptible than Gyroidinoides spp. This indicates that it is unlikely that dissolution has a major role in
preferentially concentrating E. umbonifera within the depth
range where calcareous benthonic foraminifera are found,
since E. umbonifera is as susceptible to dissolution as many of
the other species. However, this study has not considered all
of the major deep-sea species, and the effect of dissolution on
deep-sea assemblages would depend somewhat on the composition of the faunal assemblage and the resistance to dissolution of the individual species present.
This work was supported by National Science Foundation
grant DPP 78-21105 to Bruce H. Corliss and grant OCE 77-27080
to Susumu Honjo.
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Figure 2. Sequential modification of Epistominella umbonifera by calcium carbonate dissolution (Corliss and Honjo in press). Photographs
(1) through (5) Illustrate the condition of the specimens before the experiment, including two closeup photographs taken at random
locations on the umbilical and spiral sides of the test. (1) umbilical view (b OX); (2) closeup of (1)(625X); (3) spiral view (94X); (4) closeup
of (3)(625X); (5) edge view (175X); (6) sample 1 (87X), 306 meters; (7) sample 4 (94X), umbilical side, with circular cracks developed near
aperture taken at depth of 2,778 meters; (8) closeup of (7) showing surface in good condition (525X); (9) sample 4 (525X), closeup of spiral
side showing surface composed of interlocking crystals surrounding pores; (10) sample 5 (68X), initial effects of erosion shown with large
crystals standing out in central region, 3,978 meters; (11) sample 5 (525X), closeup of spiral side showing surface of test smooth compared
with (9), with no dissolution modification, 3,978 meters; (12) closeup of central region of (10) showing large crystals (525X); (13) sample 7
(89X), spiral side, showing pitting of tests and extensive erosion which created an irregular surface texture, 4,878 meters; (14) sample 10
(87X), spiral side, showing erosion of surface and extensive breakage of chambers, 5,590 meters; (15) closeup of (14) showing highly
Irregular surface texture (525X).
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Feeding biology of sea stars and
brittle stars along the Antarctic
Peninsula
JOHN H. DEARBORN, KELLY C. EDWARDS,

and DAvID B. FRAU

Department of Zoology
University of Maine
Orono, Maine 04469
During RJV Hero cruise 81-2, 9 February to 5 March 1981, we
conducted field studies of the foods and feeding behavior of
selected species of two groups of echinoderms, sea stars
(Asteroidea) and brittle stars (Ophiuroidea). Our objectives
for this first field season were (1) to collect a large number of
individual specimens of the most abundant species from a few
widely separated stations for analysis of stomach contents, (2)
to obtain material from selected species for preservation for
later morphological studies, particularly for examination of
ciliated surfaces by scanning electron microscopy, and (3) to
obtain at each principal station a representative series of bottom photographs for both analysis of the community and
determination of feeding postures and orientation of individual asterozoans.
Food habits. A total of 16 trawl stations were made between
15 and 26 February. Invertebrates were obtained in depths
ranging from 66 to 690 meters. Additional collections were
made with fish traps, grabs, and plankton traps from RIV Hero
and with fish traps and dip nets from zodiacs used near Palmer
Station. Our ship operations took place from Grandidier Channel (65°29'S 64°31'W) in the south to Admiralty Bay, King
George Island (62°09'S 58°28'W) in the north; fieldwork in the
Palmer Station area was emphasized. Large collections of echinoderms (figure 1) were obtained together with numerous
other invertebrates, some of which were preserved for eventual shipment to the Smithsonian Oceanographic Sorting Center. Ten species of sea stars and seven species of brittle stars
were collected in sufficient numbers to provide adequate samples for analysis of stomach contents. A total of 360 individual
specimens from these collections were measured in the laboratory at Palmer Station and their stomach contents noted.
Several thousand additional specimens were preserved and
returned to Maine for later analysis.
Our studies of echinoderm food habits involve recording
the size, sex, and reproductive condition of each individual,
then determining the composition of the diet by a numericalpoints method modified from Brun's (1972) work on the asteroid Luidia ciliaris. The points method assesses percent frequency of occurrence of each item, stomach fullness, and the
relative proportion of each diet component in relation to a full
stomach. The resulting information is then organized for later
computer analysis.
We were especially interested in obtaining data on two
abundant large species which were the ones most likely to feed
on krill or krill remains. These were the multi-armed sea star
Labidiaster annulatus and the brittle star Ophionotus victoriae.
Examination of 50 specimens of Labidiaster annulatus taken
off Janus Island near Palmer Station showed that 93 percent of
136

Figure 1. Assortment of sea stars on deck, collected by otter trawl,
100.-i 10 meters, off Janus Island at University of Maine station 19,
23 February 1981. (a) Dipiasterias brucel; (b) Acodontaster sp.,
about 18 centimeters across; (c) Psilaster charcoti, with oral surface uppermost; (d) Porania antarctica glabra.

the 43 individual specimens containing food had been feeding
on living krill. One specimen contained a small unidentified
fish. These sea stars capture krill and small fish by means of
long flexible arms (figure 2) and rings of numerous small,
pincer-like structures called pedicellanae. At other locations
this species was more catholic in its diet. Additional prey
included polychaetes, gastropods, bivalves, amphipods, mysids, and ophiuroids. These data confirmed earlier studies
(Dearborn 1977) demonstrating the opportunistic nature of
this predator.
Other asteroids obtained in large numbers included Bath ybiaster loripes obseus, Psilaster charcoti, Odontaster validus, Porania antarctica glabra, and Diplasterias brucei (figure 1).
The brittle star Ophionotus victoriae was particularly important for our studies of food habits and trophic relationships
because of its large size, abundance, and known biological
interactions. It literally carpeted the seafloor at several stations
in the South Shetlands and south of Anvers Island. During the
1981 fieldwork, specimens were collected primarily at three
locations: Whalers Bay at Deception Island, off Janus IIand,
and at the Argentine Islands. About 1,500 individual specimens were preserved for stomach analysis. At Whalers Bay the
population was dominated by young individuals having disc
diameters generally less than 15 millimeters. This may have
reflected recolonization following recent volcanic disturbance.
At the Argentine Islands the population consisted mostly of
individuals having disc diameters larger than 22 millimeters.
This species obtains food from both the bottom and the
water column. The various food items taken with the long
flexible arms include diatoms, foraminifera, mollusks, polychaetes, copepods, mysids, krill, fragments of sea urchins, and
brittle stars. Sufficient data are now available to compare popANTARCFIC JOURNAL

taming respiratory surfaces, particularly in ciliary-mucoid and
deposit feeders (Shick, Edwards, and Dearborn 1981). Other
structures designated for study were asteroid spines, dermal
papulae, podia and pedicellariae, and ophiuroid spines, arm
plates, and podia.

Figure 2. Photograph of the seafloor at a depth of 77-78 meters,
taken off Janus Island at University of Maine camera station 7, 23
February 1981. (a) compass, suspended from camera frame, with
vane Indicating direction of bottom current; (b) gorgonian; (c) solitary ascidian; (d) large nemertean worm, probably Parborlasia
corrugatus; (e) medium-sized specimen (about 38 centimeters
across) of the multi-armed sea star Labidiaster annulatus. This
asteroid can capture krill and small fishes with its flexible arms.

Underwater photography. Underwater photographs provided
important ecological data on the kinds, numbers, and orientation of invertebrates on the seafloor (figure 2) and the condition of the bottom as it was affected by anchor ice or scouring
by icebergs. Photographs were taken at eight stations ranging
in depth from 24 to 78 meters. Equipment used included a
Benthos (Benthos, Inc., North Falmouth, Massachusetts 02556)
model 371 utility camera and a model 381 flash activated by a
bottom contact switch. A model 395 deep-sea compass was
suspended below the camera frame and appeared to some
degree in each photograph (figure 2). The compass had an
attached vane so that the instrument oriented into the bottom
current and thus indicated direction of current flow in the
photograph. This was important because knowledge of bottom
current direction was required for interpreting the orientation
of feeding postures of individual echinoderms and other
macroinvertebrates. Negatives were returned to Maine for
printing and detailed examination. Preliminary results show
that the substrate at all sites photographed was greatly affected
by ice action. There was little development of the community
of sessile, slow-growing hexactinellid sponges, colonial cnidarians, and ectoprocts so characteristic of the seafloor in the
deeper waters of the antarctic shelf free of ice disturbance (Dell
1972).
This research was supported by National Science Foundation grant DI'? 79-21537. We are indebted to Capt. Pieter J.
Lenie and the crew of the Riv Hero for excellent field assistance
and to Don Wiggin and others for support while at Palmer
Station.

ulations at various locations and different size groups within
the same population.
These and other data on Labidiaster, Ophionotus, and other
asterozoan genera support and expand earlier observations
(Dearborn 1977) on the presence of krill and krill remains in
the diet of certain benthic macroinvertebrates.

Morphological studies. Various external parts and internal
tissues were dissected from a number of echinoderms and
other invertebrates. These were fixed in a buffered glutaraldehyde-formalin solution and returned to Maine for later
examination, especially with scanning electron microscopy.
We obtained sufficient material to begin descriptive studies
of the surface morphology of asterozoans as it relates to capture, handling, and eventual ingestion of food particles. It was
important to determine the presence or absence of cilia on
particular surfaces and their functional arrangement because
of the role of cilia in transporting small particles and main-
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Phytoplankton ecology and krill
distribution in the southern ocean

tives included the study of krill biology and behavior and the
relationship of krill to the physical, chemical, and biological
environment. The Texas A&M program focused on the aspects
of phytoplankton research that are designed to give a better
understanding of the distribution and abundance of krill in
the southwestern Indian sector of the southern ocean.

SAYEDZ. EL-SAYED

To estimate krill abundance, a 120-kilohertz echo-sounder,
a 2-channel analog echo-integrator, and a 20-channel digital
integrator were run continuously (except while on station).
The computer-based digital data logger was operated whenever krill swarms were detected and during most net tows to
record detailed acoustic information on swarm structure.

Texas A&M University
College Station, Texas 77843
IAN HAMPTON

Sea Fisheries Institute
Cape Town, South Africa

For phytoplankton studies, stations were occupied daily at
approximately 1 hour before local apparent noon and 1 hour
before midnight. At the noon stations several operations were
carried out: a Secchi disc reading, a conductivity-temperaturedepth-oxygen (cwo) profile to 200 meters, a Niskin cast, and
a phytoplankton net haul. Water collected from Niskin casts
was used to determine the concentrations of chlorophyll and
phaeopigments, adenosine triphosphate (All'), and nutrients
(phosphate, silicate, nitrate, nitrite, and ammonia), as well as
for estimating the primary productivity of phytoplankton and
species abundance. Activities at midnight stations were similar, but productivity and ATP were not measured. Other phytoplankton studies carried out included culturing of antarctic
species, with special emphasis onNitzschia kerguelensis ( = Fragilariopsis antarctica) and species of Thalassiosira, and autoradiographic studies to track the relative carbon-14 uptake of
different phytoplankton species.

At the invitation of the South African Council on Scientific
and Industrial Research (csu), a Texas A&M University team
joined in a cooperative research cruise on the SA Aguihas (figure) with scientists from the South African Sea Fisheries Insti tute, the National Research Institute of Oceanology, the University of Cape Town, and the Percy Fitzpatrick Institute of
African Ornithology. This cruise (10 February-20 March 1981)
was part of FIBEX (First International BIOMASS Experiment), an
international expedition organized to study the living
resources of the southern ocean within the framework of the
BIOMASS (Biological Investigations of Marine Antarctic Systems
and Stocks) program. The primary objectives of the cruise were
to study the distribution and abundance of krill by hydroacoustic techniques and to develop a methodology for a future
circumpolar acoustic assessment of the krill stock. Other objec-
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Cruise track and stations occupied during SAAgulhas cruise (10 February-20 March 1981).
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Analysis of the material/data related to phytoplankton and
krill studies is still under way; preliminary results suggest the
following:
1. There was little change in the chlorophyll a content
between latitude 67S and 61°S, but north of 61°S there was a
steady chlorophyll increase which reached a maximum at
about 52°S (near the Antarctic Convergence); thereafter, it
decreased slightly.
2. The depth of the chlorophyll maximum layer usually was
located at or near the bottom of the euphotic zone (about 70
meters) and often was associated with the pycnocline. The
bulk of the phytoplankton gathered by net were Nitzschia ker-

quelensis, Corethron crio phi/urn, Rhizosolenia spp., Chaetoceros
or Coscinodiscus spp. Further, species distribution

spp.,

reflected the three different water masses traversed during this
cruise, namely sub-antarctic waters, the Polar Front Zone, and
antarctic waters.

3. The dissolved in vivo fluorescence accounted for 15 to 75
percent of the total in vivo fluorescence. The "correction" of in
vivo fluorescence for the dissolved fraction may prove useful
in the calibration of continuous fluorescence measurements
with particulate samples.

4. Euphausia superba was widely distributed, but a marked
degree of patchiness was evident. There was no obvious trend
in abundance either from north to south or from east to west.
Gross distribution features probably will become evident only
when our data are combined with those from adjacent areas
studied by French, Japanese, and Australian scientists.
5. The krill almost always were found in well-defined
swarms; sound-scattering layers were encountered only rarely.
Swarms were often small (less than 50 meters across) but dense.
During the day, the swarms were almost always found
between 20 and 100 meters, and they tended to concentrate
between 40 and 50 meters. There appears to be a relationship

Biochemical and ultrastructural
aspects of vision in Euphausia
superba
C. J . DENYS
Department of Biological Sciences
DePaul University
Chicago, Illinois 60614

An organism's visual perception of its environment is a
function of several factors, including the wavelength of maximum absorbance (A max) of its visual pigment (rhodopsin),
the spectral absorbance of the screening pigments, and the
morphology of the eye in which these pigments are located.
The vision of Euphausia superba is of particular interest since
1981 REvIEw

between the maximum depth of the swarms and the vertical
extent of the well-oxygenated antarctic winter water, but this
hypothesis will have to be examined statistically before any
valid conclusion can be reached.
6. There was consistent vertical migration of krill swarm to
the surface at night. This makes nighttime acoustic records
questionable since they cannot detect surface concentrations.
On the one occasion when a surface swarm was sampled during the day it was found to consist predominantly of juvenile
animals; this agrees with last year's findings (El-Sayed and
Hampton 1980). There appears to be little relationship between
the state of digestion of krill and the depth at which they are
caught or the local abundance of phytoplankton. In mixed
catches, the guts of juvenile and subadult animals .often were
empty while the adults showed evidence of recent feeding.
Analysis of the 1981 data should give us a better understanding of the relationship between krill abundance and the concentrations of their food supply.
We wish to thank John Henry of the Sea Fisheries Institute,
Cape Town, M. Orren of the University of Cape Town, and D.
Pin and C. Els of the National Institute of Oceanology, Stellenbosch, South Africa, for their close collaboration and cooperation. We also deeply appreciate the efforts of M. Meyer and
L. Weber of Texas A&M University in data collection and
analysis. Capain William Leith and the officers and crew of
the SA Aguihas are to be thanked for their valuable support.
The Texas A&M University team gratefully acknowledges the
csm's invitation to participate on this cruise and the financial
contribution of the U.S. Marine Mammals Commission.
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it has a bearing on such behaviors as vertical migration and
swarming, which are of ecological importance to both the
species itself and to its numerous predators. My colleagues
and I have been studying the vision of E. superba. The results
reported in this article are based on work done at Palmer
Station during the 1979-80 field season (see Denys, Poleck,
and O'Leary 1980) and at Harvard University in the laboratory
of P. K. Brown during 1980.
The rhodopsin extracted in digitonin from the rhabdoms of
E. superba has a 485-nanometer A max (figure 1). Unlike the
rhodopsins of most other invertebrates, it is unstable at room
temperature and bleaches in the dark to retinal and opsin. At
10°C it is stable, and irradiation causes the formation of a
stable, photoconvertible metarhodopsin with a 495-nanometer
A max. In addition to being thermally labile, the rhodopsin of
E. superba exhibits a unique sensitivity to pH. With increasingly alkaline pH, the absorbance decreases at 485 nanometers
and rises at 370 nanometers. The spectral change can be
reversed by decreasing the pH of the extract. There is no other
rhodopsin known to have this property.
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Previous studies of euphausiid visual pigments (Fisher 1967;
Fisher and Goldie 1959, 1961; Kampa 1955) had indicated that
euphausiid rhodopsins absorbed maximally at about 465
nanometers. The disparity between the 485-nanometer X max
of E. superba rhodopsm and the shorter wavelength absorbance maxima reported for other euphausiid rhodopsins can be
attributed to screening pigment contamination of extracts used
in previous studies. The eyes of E. superba contain ommochrome screening pigments of both ommin and xanthommatin-type (Denys in press). The ommin is red (A max = 515
nanometers in digitonin, pH 6.5) and the xanthommatin-like
pigment is yellow (A max = 450 nanometers in digitonin, pH
6.5). The latter pigment is photosensitive and bleaches maximally at about 440 nanometers. It is the xanthommatin-like
pigment that contributes to erroneous determinations of rhodopsin absorbance maxima. When a digitonin extract of E.
superba rhodopsin containing the yellow pigment is bleached
at room temperature, the difference spectrum has a 465-nanometer A max like that reported for other euphausiids instead
of the 485-nanometer A max of the purified rhodopsin. The
role of xanthommatin contamination was further confirmed
by measuring the bleaching of the rhodopsin of the North
Atlantic euphausiid Megan yctiphanes norvegica in the rhabdom membrane by microspectrophotometry. The M. norvegica
rhodopsin has a 488-nanometer A max rather than the 465nanometer A max reported in earlier studies (Fisher 1967;
Fisher and Goldie 1959). Since M. norvegica and E. superba
have similar depth distributions, the similarity of their rhodopsins may reflect an adaptation to the prevailing wavelengths in their photic environment. The similarity may also
reflect an adaptation to the color of their own bioluminescence,
if the latter plays a role in intraspecific behavior.
Morphologically, the compound eye of E. superba is of the
clear-zone type usually associated with dim-light vision. In
adult animals, the clear zone between the proximal tips of the
crystalline cones and the distal ends of the rhabdoms accounts
for approximately two-thirds of the length of each ommatidium. In addition to the usual optical and photoreceptive
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Figure 1. Bleaching of E. superba rhodopsin in 2 percent digitonin
In 1/15 molar phosphate buffer, pH 6.5, at room temperature: 1—
initial dark spectrum; 2—final bleached spectrum in the presence
of 0.04 molar hydroxylamine.
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Figure 2. Electronmicrograph of an axial section through a rhabdom of E. superba. ORE, distal refractive element; PRE, proximal
refractive element. Scale = 10 micrometers. (Prepared by M. Adamian of Harvard University, Cambridge, Massachusetts)
ANTARCTIC JOURNAL

elements, the eyes of E. superba contain several unusual morphological features. The distal end of the rhabdom is capped
by a conical refractive structure (DRE) (figure 2), which is continuous with a refractile axial channel complex. The complex
extends through the clear zone to the proximal tip of the crystalline cone. The high refractivity of these structures suggests
an optical function, as first proposed by Kampa (1965), but
their actual role has not been determined. A similar conical
refractive element (PRE) is located at the proximal end of the
rhabdom. The rhabdom itself is fused and composed of alternating layers of orthogonally oriented microvilli contributed
by the seven retinula cells of each ommatidium. This kind of
rhabdom structure has been associated with polarized light
sensitivity in other crustaceans (Waterman 1981) and may have
such a function in E. superba as well.
This work was supported by National Science Foundation
grant DPP 76-23437. Additional support was provided by
National Institutes of Health grant EY 03104 to P. K. Brown. C.
M. Boyd of Dalhousie University, Halifax, Nova Scotia, provided live M. norvegica for micro spectro photometry.
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Euphausiid larval distribution in the
Scotia Sea, 1979-1980

larvae of these two species in samples from the western Scotia
Sea. Furthermore, various furcilia stages (figure 2) of the
euphausiid E. triacantha appear to show a significant abun-
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The rich material of euphausiid larvae from the 1979 Islas
Orcadas cruise in the Scotia Sea (1 March to 5 April) provided
the impetus for a careful analysis of the pattern of distribution
of larvae during the antarctic austral summer. Special effort
was made during the 1980-81 season to examine and identify
the euphausiid larvae in four locations in the western and
eastern sectors of the Scotia Sea (figure 1). Another objective
was to compare the euphausiid larval distribution north and
south of the Antarctic Convergence northwest of South Georgia Island.
The samples were obtained at discrete depths down to 1,000
meters with the use of the Reeve plankton sampler containing
a 5-gallon cod-end capsule. The procedure followed—capturing the larvae alive and then fixing them for taxonomic identifications—permitted healthy recovery of the minute
euphausiid larval forms (1-11 millimeters in length) without
any morphological mutilations.
The study revealed the dominance of calyptopis and furcilia
stages of Thysanoessa sp. in the western sector of the Scotia
Sea, which also contained furcilia larvae of Euphausia frigida.
Advanced furcilia larvae of these two euphausiid species also
were encountered in the eastern sector of the Scotia Sea. We
presume that these two species tend to breed in the Scotia Sea.
However, the larval abundance of the Thysanoessa sp. is several
orders of magnitude greater than that of E. frigida.
In the eastern Scotia Sea, larval forms of two other antarctic
euphausiid species, E. spinifera and E. triacantha, were found
in appreciable numbers. It is of interest that there were no
1981 REVIEW
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Figure 1. Area map showing the four sampling stations in the
Scotia Sea.
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Furcilia I

2.98mm

Site D

Furcilia VJL

Furcilia U

9.13mm

Site D

4.38 mm Site C

Furcilia III 4.56mm Site D

Post Larva 10.46mm Site D

Figure 2. Furcilia larvae of Euphausla triacantha from the vicinity of the Antarctic Convergence northwest of South Georgia island.

dance in the vicinity of the Antarctic Convergence, particularly
at site D located north of the convergence. E. triacantha may
require a higher breeding temperature (5° to 7°C) than does
the cold-adapted southern euphausiid species. Samples from
all four study sites visited during austral summer 1979 lacked
the antarctic krill E. superba larvae. Nevertheless, E. superba
larvae were found during the same cruise in the northern
Weddell Sea at stations south of Elephant Island. This finding
is in agreement with findings on krill larvae reported by Irmtraut Hempel of Kiel University, West Germany (Hempel 1979;
Hempel, Hempel, and de C. Baker 1979). It is becoming
increasingly evident that early larval stages of E. superba are
seen primarily in the Bransfield Strait-Weddell Sea area and
that embryological development takes place at greater depths
(George 1980). On the basis of these results, further experiments on development of krill embryos and larvae will be
performed at Palmer Station during the 1982 austral summer.

I wish to thank Margaret Amsler for her help in the analysis
of larval samples and Ellen Smoller for her help during the
field-sampling effort aboard Islas Orcadas. The research was
supported by National Science Foundation, Division of Polar
Programs, grant DPP 78-27021.

Protein synthesis and reproduction
in fishes of McMurdo Sound

The fishes of Antarctica are a highly specialized group of
vertebrates that have evolved to achieve an extraordinary
degree of cold adaptation (DeWitt 1971). This project is concerned with the molecular basis of temperature adaptation at
the subcellular, cellular, and organismal levels. Studies are
focused on the protein synthetic system, which represents the
final expression of hereditary information and is closely linked
with basal metabolism, growth, and reproduction.
Large numbers of Trematomus species were obtained by
fishing through the ice in the McMurdo area. In addition, 20

AUDREY E. V. HASCHEMEYER

Hunter College
The City University of New York
New York, New York 10021
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species not previously studied in this project were obtained
by trawling from the icebreakers off Ross, Beaufort, and Franklin Islands. These included representatives of the following
families: Channichthyidae (icefish), Bathydraconidae,
Nototheniidae, and Liparidae.
One of the questions addressed this season was: How do
antarctic fish meet synthetic demands of reproduction under
conditions in which biological reactions are slowed by low
temperatures? Trematomus hansoni, for example, has a rate of
liver protein synthesis at 0°C that is only one-twentieth that
of a mammal of comparable size (Smith and Haschemeyer
1980).
The table presents results for incorporation of 3H-leucine
into protein in liver, plasma, and ovary at varying stages of
gonad development. Fish at an early stage (gonadosomatic
index = 1.4 percent) show most incorporation retained in liver
protein (62 percent), with 30 percent in plasma and 8 percent
in ovary. This pattern changes markedly with ovary development. In late-stage fish (gonadosomatic index = 18 percent),
the ovary accounts for 51 percent of total incorporation. In
addition, two-thirds of the radioactivity in plasma protein was
found in polypeptide chains having high molecular weight
(figure 1, track C); these chains are not present in immature
fish (track B). Molecular weight standards are shown in track
A (from top to bottom: 200,000; 116,000; 94,000; 68,000; 43,000);
gels are stained with Coomassie blue dye.
Further analysis was carried out with isolated hepatocytes
prepared by collagenase perfusion in situ at 5°C. Cells were
plated and incubated at 4°C with various radioactive amino
acids in a modified Waymouth's medium. Plating occurred in
3 days, at which time the medium was changed in order to
eliminate free radioactivity. The subsequent secretion of
radioactive protein into the medium is shown in figure 2. Halftime for secretion was 18 hours, comparable to that observed
for secretion of radioactive plasma protein in vivo. Analysis of
the secretion products from hepatocytes of gravid fish showed
a high proportion of protein in the high-molecular-weight
region (figure 1, track E). Hepatocyte protein (track D) also
showed a faint band here; the band was highly labeled (track
F), indicating active synthesis.
The results are consistent with production of egg proteins
in antarctic fish via the hepatic precursor, vitellogenin, as in

Figure 1.
1. Sodium dodecyl sulfate gel electrophoresis of T. hanson!
proteins. (A) Molecular weight standards; (B) plasma protein,
immature fish; (C) plasma protein, gravid female; (D) hepatocyte
protein; (E) secreted protein from plated hepatocytes, gravid
female; (F) 14C-leucine incorporation into hepatocyte protein by
fluorography.

other egg-laying vertebrates. A striking feature of this system,
however, is the fact that as much as 75 percent of liver protein
synthesis is directed to a single protein. The basis for this may
be an unusually large number of expressed genes for vitellogenin. To examine this question, DNA has been purified from
eight antarctic species (Hudson et al. 1980) and used for preparation of clones hybridizable to liver poly A- messenger RNA
of immature or vitellogenic fish. Five DNA clones found to be

Incorporation of 3 H-leucine into protein of liver, plasma, and ovary of T. hanson! and T. bernacchii in vivo at -1.5°C. HSI (hepatosomatic
Index) = grams of liver per 100 grams of body weight; GSI (gonadosomatic index) = grams of ovary per 100 grams body weight
Relative incorporation

Stage

Body weight
(grams)

HSIa

GS1

Early
Middle
Late

166 ± 56 (9)(
224 ± 82 (3)
188 ± 60 (5)

2.5 ± 0.7
4.2 ± 0.6
3.7 ± 0.8

1.4 ± 0.5
9.0 ± 0.9
17.8 ± 4.3

Liver (%) -

0.62 ± 0.06
0.41 ± 0.06
0.20 ± 0.04

Plasma (%)

Gonad (%)

0.30 ± 0.06
0.21 ± 0.08
0.29 ± 0.14

0.08 ± 0.02
0.38 ± 0.03
0.51 ± 0.14

Note. Results presented ± standard deviation.

aHSI

(hepatosomatic index) = grams of liver per 100 grams of body weight.
bGSI (gonadosomatic index) = grams of ovary per 100 grams of body weight.
CNumbers in parentheses = number of animals studied.
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Figure 2. Time course for secretion of labeled protein into the
culture medium by plated hepatocytes of T. hansoni (gravid
female). Total labeled protein released to the medium Is normalized to the level reached at 6 days and is presented with standard
deviation (N 4). Experimental temperature = 4°C.

Effect of temperature on levels of
glycoprotein antifreeze in
antarctic fishes
A. L. DEVRIES

University of Illinois
Urbana, Illinois, 61801
This season's work began in late October with the arrival of
J. Schrag, B. Marks, P. Yund, W. VanVoorhies, and S. O'Grady
of the University of Illinois. A. Clarke of the British Antarctic
Survey and J . C. Ellory of the Physiological Research Laboratory, Cambridge, England, joined the group during the early
part of the season.
Three fishing stations were established on the ice of
McMurdo Sound and maintained until mid-December, when
sea-ice conditions became too hazardous to transport personnel and fish houses. From these stations specimens of the
various Trematomus fishes as well as 200 specimens of the large
antarctic cod (Dissostichus mawsoni) were obtained. Most of the
Dissostichus were weighed, measured, tagged, and released.
Several of the smaller specimens were transported to the
aquarium and used for studies of glycoprotein antifreeze turnover.
Seasonal variation in antifreeze concentrations in northern
fishes has been documented (DeVries 1980a). Since fishes
inhabiting McMurdo Sound experience freezing temperatures
throughout the year, with little seasonal variation (0.2°C), we
were interested in the effect of warm acclimation on the concentration and synthetic rate of glycoprotein antifreeze in these
fishes. To examine this problem, we acclimated two groups of
Pagothenia borchgrevinki. The first group was held at +4°C
144

specific form RNA of gravid fish will be studied to determine
number and arrangement of vitellogenin genes and will be
compared with data for other vertebrates.
Fieldwork was conducted from early September 1980 until
station closing in late February 1981. The field party comprised
A. Haschemeyer, R. Mathews, H. W. Detrich, R. Cohen, R.
Rice, and H. Jannasch. The project was supported by National
Science Foundation grant DPP 77-20461. I gratefully acknowledge the collecting assistance provided by the marine science
technicians and officers of USCGC Glacier and USCGC Polar Star.
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373-382.

(warm acclimated) for a period of 6 weeks, while the second
group was held at -1.5°C, which approximates their environmental temperature. For both groups, incorporation of 14Cleucine and 3H-alanine into TCA (trichioroacetic acid) precipitable protein, TCA soluble protein, and glycoprotein antifreeze
was measured in isolated hepatocytes (liver cells). Viability of
the isolated hepatocytes was determined by trypan blue staining, INT Formazan incorporation, and 14C-leucine incorporation into TCA precipitable protein. In these experiments, isolated hepatocytes effectively incorporated 14C-leucine for 120
hours (figure 1).
The rate of 3H-alanine incorporation into glycoprotein antifreeze followed Michaelis-Menten kinetics, with a maximum

-L5°C TCAppt protein

•

C

+4°C TCAppt protein

30

0
0.

E
•0

20

a-

o 10

24 48 72 96 120

24 48 72 96 120

HOURS

HOURS

Figure 1. Time course of 3 H-alanine and 14C-leucine incorporation
Into TCA (trichioroacetic acid) precipitable protein over 120 hours
at -1.5°C and +4°C. DPM = disintegrations per minute.
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velocity of 20 nanomoles per milligram of protein per hour at
—1.5°C, and 32 nanomoles per milligram of protein per hour
at +4'C. Glycoprotein antifreeze accumulation in the culture
medium was monitored by radioimmunoassay over a period
of 120 hours in cultures of hepatocytes from cold acclimated
fish (-1.5°C) incubated at —1.5°C and +4°C. The estimated
11 10 (temperature coefficient) for the rate of antifreeze synthesis
is approximately 3. Polyacrylamide gel electrophoresis of the
glycoprotein antifreeze produced by the isolated hepatocytes
showed that all four fractions normally present in the serum
of P. borchgrevinki are also synthesized by isolated hepatocytes
(figure 2).
5
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CM's GEL SLICE
Figure 2. Distribution of 3 H-alanine activity from gel slices of glycoprotein antifreeze standard fractions, TCA-soluble culture
media, and antibody-treated, TCA-soluble culture media. DPM =
disintegrations per minute; 0 3 H-AFGP STD's = tritiated antifreeze
glycoprotein standards.

Two major conclusions can be drawn from this study: (1)

Pagothenia borchgrevinki, unlike many northern fishes, does
not show compensation during warm acclimation; and (2)
environmental factors responsible for the modification of
antifreeze synthesis in northern fishes do not elicit changes in
the rate of antifreeze synthesis in P. borchgrevinki (O'Grady,
Clarke, and DeVries in press).
In a continuation of the study of turnover of glycoprotein
antifreeze, the disappearance of tritium labeled glycoprotein
from the circulation was followed over the course of 5 weeks.
In general, the half-life of the different-sized glycoproteins
was approximately 3 weeks.
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With the help of J . C. Ellory, we examined the role of the
glycoprotein antifreeze in the prevention of freezing of the
cytosol of the red blood cells of Dissostichus. Although these
cells are capable of inward transport of potassium, they do not
appear to transport the labeled glycoprotein antifreeze. The
results of these studies agree with those of another that showed
that the cytosol of red blood cells do not contain significant
amounts of glycoprotein antifreeze (DeVries 1980b).
Several grams of glycoprotein antifreeze were isolated this
season and were used to investigate the so-called cooperative
effect of the high-molecular-weight glycoproteins on the freezing point depression of the low-molecular-weight glycoproteins. Measurements of the freezing point depression using a
freezing point osmometer (Osuga et al. 1978) suggested that
the presence of small amounts of glycoproteins 1-5, which are
large, potentiated the antifreeze activity of glycoproteins 7 and
8, which are small and have little antifreeze activity by themselves. With this technique, however, the dependence on
freezing rate of the small glycoproteins must be considered.
The temperature of initial ice propagation of a seed crystal
while the temperature was lowered slowly was compared with
results obtained from a freezing point osmometer when temperature was lowered rapidly. Results when cooling was slow
indicated no cooperative effects. Thus, the potentiation of
antifreeze activity reported by Osuga and associates (1978)
must be considered an artifact produced by the technique
employed rather than a real phenomenon (Schrag and DeVries
in preparation). Antarctic fishes seldom are observed to freeze
in nature; however, determination of the temperature at which
their body fluids freeze, using slow cooling rates, is useful,
because that temperature would approximate the temperature
at which antarctic fishes would freeze in their environment,
since cooling and freezing of antarctic waters occurs slowly.
This research was supported by National Science Foundation grant DPP 78-23462.
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Morphological specializations in
antarctic fishes
JOSEPH T. EASTMAN

Department of Zoology and College of Osteopathic Medicine
Ohio University
Athens, Ohio 45701

My work this year included morphological studies of fishes
collected during two previous field seasons near McMurdo
Station. In my laboratory at Ohio University, gross anatomical,
histological, and ultrastructural studies have focused on buoyancy mechanisms in swim -biadderless antarctic fishes
(DeVries and Eastman 1978; Eastman 1979, 1980; Eastman and
DeVries 1981 in press). I am also studying other aspects of the
morphology of this unique group. In this article I discuss
briefly three of these topics.
Specializations in cryopelagic fishes. The cryopelagic habitat
(Andriashev 1970) is associated with the undersurface of sea
ice. Andriashev considers this habitat to be a feeding ground
for a variety of organisms, including amphipods and fishes.
Dunbar (1977) speculated that the cryopelagic biota is one of
the most specialized components of the polar ecosystem.
Pagothenia borchgrevinki is the only truly cryopelagic fish in
McMurdo Sound. Although not neutrally buoyant, Pagothenia
have lower percentage weights in seawater than do most other
notothenioids. This species also lacks the substrate-contact
adaptations characteristic of benthic trematomids. Furthermore, Pagothenia are generally more active swimmers than the
benthic trematomids, as indicated by higher hemoglobin concentrations and hematocrits (Wells et al. 1980). Since Pagothenia are likely to encounter ice crystals in their habitat, they
have greater concentrations of glycoprotein antifreeze compounds in their blood than do trematomids confined to icefree habitats (DeVries 1974).
Another unique specialization related to the cryopelagic
habitat of Pagothenia is the presence of a reflective layer
between the dermis and the body musculature. This subdermal stratum argenteum (figure, A) consists of iridophores containing large reflective crystals, probably guanine. The silver
light reflected from iridophores produces a camouflage effect
that serves to make Pagothenia less conspicuous against a background of platelet ice. Pagothenia is also unique among
McMurdo Sound notothenioids in possessing a stratum argenteum between the sclera and choroid of the eye. This layer
provides additional camouflage. In conclusion, my observations on Pagothenia support Dunbar's (1977) hypothesis concerning the specialized nature of the cryopelagic biota.
The eye of Dissostichus mawsoni. We know little about the
biology of this large antarctic fish. It is captured in McMurdo
Sound from October through December at depths of 350-550
meters. The eye of Dissostichus is similar to that of nocturnal
teleosts. Rods are far more numerous than cones. The ratio of
receptor to bipolar to ganglion cells is high, and there is much
vertical summation. There is probably no retinomotor movement; the pigment appears to be permanently retracted into
the cell bases. The choroid is remarkably thick and vascular
and includes a large choroid gland (figure, B) with blood vessels arranged as a rete mirable (figure, Q. In summary, the eye
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of Dissostichus is adapted for vision in dim light; however, the
cones have been retained, indicating that this species may
occasionally employ photopic vision.
The choroid gland probably maintains the high intraocular
oxygen tension necessary for acute vision, and it may also
cushion the eyeball against hydrostatic pressure (Lagler et al.
1977). Most notothenioids possess a choroid gland. For example, the gland is present in the nonantarctic Bovichthys vanegatus and Not othenia angustata as well as in eight species from
McMurdo Sound. However, it is absent in Pagothenia, Trematomus newnesi, and Gymnodraco acuticeps. The loss of this
structure through evolution may be another specialization
associated with life in the cryopelagic habitat or, in the case
of Gymnodraco, a relatively shallow, seasonally bright, benthic
habitat.
Black pigment in the body cavity and the gut. The body cavities
and gut walls of McMurdo Sound fishes living in the water
column have a heavily pigmented lining. This is especially
marked in pelagic (Pleuragramma, Aethotaxis) and benthopelagic (Trematomus loennbergii) species. The linings of the oral
and opercular cavities and the walls of the esophagus and
stomach, as well as the parietal peritoneum, are pitch black.
In Aethotaxis, the wall of the rectum also is black. Histological
sections indicate that gut wall pigment is contained in melanocytes located in the tunica submucosa (figure, D).
Gut pigmentation is probably an adaptation serving to
reduce bioluminescence of the gut contents, thereby rendering
fishes less visible to potential predators. Raymond and
DeVries (1976) describe bioluminescent dinoflagellates, copepods, ostracods, and fish fecal pellets from McMurdo Sound.
Bioluminescence probably would be visible through the thin
body walls of notothenioid fishes, especially during the darkness of the austral winter, or in water depths greater than 100
meters at any time of the year. The large Dissostichus is the
only pelagic or benthopelagic species lacking a darkly pigmented gut. It may be that the thick body wall (to 5 centimeters) of this large fish effectively masks bioluminescence.
This work was supported by National Science Foundation
grants DPP 77-15612 and DPP 79-19070. Dr. J . A. C. Nicol provided helpful comments about the eyes of antarctic fishes.
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(A) Skin and adjacent red pectoral muscle of Pagothenia borchgrevinkl. The stratum argenteum (arrow) is in a subdermal location, and the
iridophores appear yellowish-brown in transmitted light. 150X. (B) Interior view of the posterior half of the eye of Dissostichus mawsonl.
This species has a large, crescent-shaped choroid gland which has been filled with dark Microfil latex. 1.8X. (C) Cross section of the
choroid gland of Dissostichus mawsoni. The gland is composed of numerous small blood vessels arranged as a rete mirable. 250X. (D)
Cross section of the rectum of Aethotaxis mitopteryx. Black pigment (arrows) is contained in melanocytes located in the tunica submucosa. 250X. Histological sections stained with hematoxylin and phloxine. Abbreviations: cg, choroid gland; d, dermis; e, epidermis; rm, red
muscle; s, scale; sa, stratum argenteum; tm, tunica mucosa; tml, tunica muscularis; ts, tunica submucosa.
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Population studies of south
polar skuas
DAVID

G. AINLEY

Point Reyes Bird Observatory
Stinson Beach, California 94970

One goal of the project described in this article is to determine the population structure and demography of south polar
skuas (Catharacta maccormicki) nesting at Cape Crozier, Ross
Island. To do this we are collecting data on age-specific annual
survivorship, fecundity, and emigration. Another goal is to
determine the way age affects aspects of the species' life history, including such elements as arrival date, laying date,
clutch size, fidelity to mate and territory, and nesting success.
The project was begun during the 1961-62 austral summer
when Robert C. Wood of Johns Hopkins University banded
all chicks that survived to at least 3 weeks of age. He did
likewise in each succeeding season through 1970-71. During
those 10 years he gathered data on known-age skuas that
survived their early years to return to Crozier. In 1974-75 and
1975-76 we returned to Crozier and censused known-age
skuas again.
During the austral summer of 1980-81, with the indispensable help of Bob Wood, we began a final 3-year study of the
dynamics of the banded skua population. In December, Bob,
Steve Morrell, and I located 216 known-age individuals and

Respiratory heat and water
exchange in three species of
antarctic birds
DAVID E. MURRISH

and PAUL C. TIRRELL

Department of Biological Sciences
State University of New York-Binghamton
Binghamton, New York 13901

Countercurrent heat exchange in the respiratory passages of
birds has been shown to result in substantial savings in metabolic heat and body water (Murrish 1973; Schmidt-Nielsen,
Hainsworth, and Murrish 1970). This energy and mass
exchange is based on simple physical principles. During
inhalation, the incoming air is warmed and humidified by the
mucosal lining of the nasal passageways. The mucosa is cooled
by convection and evaporation. During exhalation, air at body
temperature and saturated with water vapor passes over these
cool tissues and gives up heat. Water vapor then condenses
on the mucosa. The amount of heat and water savings can be
determined by measurement of the temperature of the exhaled
air.
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rebanded 200 of them with highly resilient stainless steel
bands. The birds were 10 to 19 years old. (The ages of skuas
studied in earlier years had ranged from 2 to 14 years.) In the
following months we summarized all data collected during
this and previous years and are now preparing the data for
computer analysis. In the summers of 1981-82 and 1982-83
we will again census the Crozier known-age skuas and will
also visit other skua rookeries to look for Crozier-born birds.
These data will provide insight into emigration rates, annual
survivorship, and the probability of sighting among older age
classes. Following the third season (1982-83) all data collected
since 1962-63 will be analyzed.
Trends visible in the data collected to date, though expressible now only in qualitative terms, are that Crozier skuas
have extremely low fecundity, probably live 30 to 40 years once
they reach breeding age, and remain attached to Cape Crozier
and the sea in spite of the large, reliable food source 150
kilometers away in McMurdo (I refer here to the dump). It also
is apparent that fecundity is highly sensitive to factors independent of population density and is especially sensitive to
weather. This results in a very uneven age structure in the
Crozier population. For instance, more than 50 percent of the
banded population alive in 1980-81 were born in 1962-63
(and thus were 18 years old in 1980-81), and only two other
age cohorts made up the majority of the other individuals.
Such a structure is not typical in populations of long-lived
birds.
This project is being supported by National Science Foundation grant DPP 79-20796.

Giant petrels (Macronectes giganteus), Wilson's storm petrels
(Oceanites oceanicus), south polar skuas (Catharacta maccoTmicki), and blue-eyed shags (Phalacrocorax atriceps) were captured as needed from islands near Palmer Station. Birds were
released immediately following the experiment.

Measurement of respiratory air temperatures were made on
unanesthetized birds lightly restrained to a wooden frame
with cloth strips. Body temperature was determined by a thermistor inserted into the esophagus to the vicinity of the crop.
The rapidly fluctuating temperatures within the nasal passages
were measured with a calibrated microbead thermistor (time
constant = 0.05 second in air moving 100 centimeters per
second). The microbead thermistor was one arm of a wheatstone bridge; the null balance was determined with an oscilloscope.
Plastic casts were made of the nasal air passages to determine
their geometry and dimensions. (The casts were made on dead
animals collected for other studies.)
Temperatures of the exhaled air of the two species of petrels
and the skua are shown in figure 1. At ambient air temperatures of 00 to 30°C, the temperature of the exhaled air was well
below body temperature. Body temperatures (with standard
ANTARCrIc JOURNAL

deviations) were: giant petrels, 39.2 ± 0.2°C (N = 8); Wilson's
storm petrels, 39.5 ± 0.4°C (N 5); and south polar skuas, 39.3
± 0.3°C (N = 5). Representative temperature profiles within
the nasal passages of the birds at an air temperature of 0°C are
presented in figure 2. For all three types of birds, the gradients
for temperatures taken within the passages were steep. Temperatures at the internal nares approached those of bodies.
The nasal passages of these polar birds consist of a system
of turbinates similar to those of other birds (Bang 1966;
Schmidt-Nielsen et al. 1970). The lengths of the main air stream
channels were: giant petrel, 70 millimeters; Wilson's storm
petrel, 17 millimeters; and south polar skua, 52 millimeters.
The mean distances from the center of the air stream lumen to
a nasal surface for the three birds were 0.5, 0.1, and 0.2 millimeter, respectively. The pathway for air movement is characterized by a large surface area and a short distance from the
center of the air stream to the nearest mucosal wall.
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Figure 2. Temperatures at various depths in the nasal passages
of three species of antarctic birds breathing air at 0°C.
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skua extracts 20 percent of the oxygen (42 milliliters) from the
liter of inhaled air, the metabolic heat production would be
202 calories (4.8 calories per milliliter of oxygen). If the bird
were to exhale the air at body temperature, 39.6 calories would
be lost. This is approximately 19.6 percent of the simultaneous
metabolic heat produced. Calculations for the two petrels
reveal similar heat savings.

I
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Figure 1. Temperature of the exhaled air of three species of antarctic birds at various air temperatures. Regression lines fitted by
least squares method to points below 20°C.

The external nasal passages of the blue-eyed shag are less
than 0.2 millimeter in diameter. They do not communicate
with the external nares and, thus, do not function for respiration. The internal nares of shags serve to eliminate secretions
from the nasal salt glands (Schmidt-Nielsen, Jorgensen, and
Osaki 1958).
The south polar skuas were able to decrease their exhaled
air temperatures below those of the other two birds. The respiratory heat budget of the skua is given in the table. Heating
1 liter of air from 0°C to 39°C requires 9.8 calories. The heat of
vaporization to saturate the liter with water vapor is 29.8 calories. A skua must then add 39.6 calories to every liter of 0°C
air it inhales. Upon exhalation of the liter of air at 7°C, saturated, 83 percent of the heat is recovered. This amount of heat
is important to the heat budget of the bird. If one assumes a
1981 REVIEW

Calculated heat required for warming and humidifying 1 liter of air
(STP) from 0°C, 75 percent relative humidity, to 39°C, saturated,
during inhalation, and the heat recovered by cooling the same air
to 7°C, saturated, upon exhalation.
Heat recovered
Heat added
upon
upon inhalation exhalation
(calories)
(calories)
Heating of air
Heat of
vaporization
Total heat

Percent
savings
upon
exhalation

9.8

8.0

820/6

29.8
39.6

24.8
32.8

830/6
830/6

The volume of respiratory water saved by cooling the
exhaled air also can be estimated. One liter of air, standard
temperature and pressure, at 0°C, assuming 75 percent relative
humidity, contains 3.6 milligrams of water. Warming the air
to 39°C, 100 percent relative humidity, increases the carrying
capacity to 48.6 milligrams of water. Of this amount, the respi149

ratory tract of skua would have to add 45.0 milligrams of water.
If the bird exhaled air at body temperature, saturated, all of
the water would be lost. However, by exhaling at 7°C, saturated, only 7.8 milligrams of water would be lost, and 37.2
milligrams of water would be recondensed onto the nasal linings. This is an 82.7 percent recovery of the water added to the
inhaled air. The two petrels would have slightly less efficient
water recovery.
This work was supported in part by National Science Foundation grants DPP 74-18368 and DPP 77-21861.

Pygoscelid penguin research in
Admiralty Bay
G. BUTLER,
and NICHOLAS VOLKMAN

WAYNE TRIVELPIECE, RONALD

Mount Desert Island Biological Laboratory
Salsbury Cove, Maine 04672

Our field team was based at the Polish Academy of Science's
Arctowski Station at Point Thomas on King George Island from
12 February to 2 March 1981. Our efforts were directed primarily toward preparations for the 1981-82 and 1982-83 field
seasons. This involved censusing and banding penguins and
flying birds in five rookeries in the Admiralty Bay area, as well
as coordinating our research with that of our Polish colleagues.
Chinstrap (Pygoscelis antarctica) penguin chicks that survived to creche age (3-4 weeks) were counted and banded at
the Point Thomas, Sphinx, DeMay, Uchatka, and Stranger
Point rookeries (figure); gentoo(P. papua) penguin chicks were
censused and banded at the first two sites. Estimates of the
reproductive success of chinstrap and gentoo penguins were
made on the basis of the number of breeding pairs at each
rookery in 1977-78. Chinstrap penguins fledged a mean of
0.45 chicks per pair, and gentoo penguins, a mean of 0.30
chicks per pair. In contrast, during 1977-78, chinstraps fledged
1.06 chicks per pair, and gentoos, 1.12 chicks per pair (Trivelpiece unpublished doctoral dissertation; Trivelpiece and Volkman 1979). The primary cause of the relatively low productivity
in 1980-81 may have been severe storms in December and
January which deposited 1-2 meters of snow on penguin nesting areas (Jablonski personal communication). Although all
Ade'lie (P. adeliae) penguin chicks had fledged prior to our
arrival, a similar low productivity was indicated by the
hundreds of dead 5- to 7-week-old chicks (estimated by degree
of molt) found in the Point Thomas, Sphinx, and Stranger
Point rookeries. The cause of this mortality, thought to be a
pathogen, is being investigated by B. Jablonski of PAS. Several
breeding adults that had been banded between 1976 and 1978
were sighted at Point Thomas this season. Among them were
3-year-old Ade'lie (n = 4) and chinstrap penguins (n = 9) that
had been banded as chicks in 1977-78. Sighting of the chinstraps gives us the first data on the age of first breeding of this
species. The sex of these breeders was not determined.
Finally, we censused breeding brown (Catharacta lonnbergi)
and south polar (C. maccormicki) skuas and American sheath150
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bills (Chionis alba) in the Point Thomas and Sphinx rookeries.
Brown skuas banded in 1977-78 experienced 90 percent mortality among the territorial pairs at Point Thomas. The cause
of this high mortality is unknown, but the situation appears
to be similar to that recorded at Palmer Station, Anvers Island,
in 1978-79 (Parmelee, Maxson, and Bernstein 1979). However,
all known skua territories at Point Thomas were re-occupied
by new breeding pairs. Reproductive success of brown skuas
in 1980-81 was 0.68 chicks per pair, 40 percent lower than in
1977-78; south polar skua and American sheathbill productivity was similar to that in 1977-78-0.40 and 1.1 chicks per
pair, respectively.
This research was supported by National Science Foundation grant DPP 79-20424. We thank K. Birkenmajer, commander, Arctowski Station, for his hospitality and helicopter
transport, which greatly facilitated our research. B. Jablonski
kindly shared his 16 months of research data with us and
recorded the breeding of penguins we had banded in 1976-78.
We also thank Capt. P. Lenie and the crew of the 1w Hero for
logistical support.
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Summer leopard seal ecology along
the Antarctic Peninsula
S. STONE

and T.

MEJER

Department of Ecology and Behavioral Biology
University of Minnesota
Minneapolis, Minnesota 55455

From late December 1980 through March 1981, we studied
leopard seals (Hydrurga leptonyx) around Palmer Station
(64°46'S 64°04'W) and in adjacent waters from the RN Hero.
This was the final season of a 3-year study of the species. The
objectives were: (1) observe and examine adult females to
obtain more precise information on the timing, social organization, and success of mating; (2) handle weaned pups as
well as seals of other ages to obtain information on growth and
maturation; and (3) quantify information on feeding and food
habits and examine age-related food preference and seasonal
change in food habits.
We concentrated on capture and release, radio telemetry,
collection, and visual and underwater acoustic observation.
We also gathered information on crabeater seals (Lobodon carcinophagus) and Weddell seals (Leptonychotes weddelli) as it
pertained to leopard seal ecology (e.g., distribution) and activity (e.g., feeding); we were especially interested in crabeater
seal pup predation by leopard seals. We captured leopards on
ice floes by injecting them with an immobilizing drug and
then, if necessary, pulling a heavy canvas bag over the heads
of lightly immobilized seals (Stirling 1966). Nineteen leopard
seals were captured, measured, and examined for scars,
wounds, and ectoparasites. Toenails (to determine age), blood
samples and smears (to identify blood parasites), and vaginal
smears from females (to check for evidence of estrus) were
taken. Radio transmitters were attached to 14 leopard seals.
Radio tracking was conducted from Zodiacs (inflatable rubber
boats), the RN Hero, and three antenna masts at islands near
Palmer. In addition, 18 adult females were collected for reproductive material, teeth (for aging), blood smears and comprehensive tissue samples (for parasite quantification), and stomach contents (for food type and amount). Preliminary examination of the reproductive material indicates that adult females
ovulate and implant by late January or early February. More
thorough examination of the ovaries and reproductive tracts
should clarify whether delayed implantation occurs in leopard
seals and should yield detailed information on the timing of
reproductive events. Intraspecific scarring in leopard seals was
not as extensive or severe as that seen in crabeaters and Weddels; fresh wounds were most common in January.
Leopard seals of all ages and both sexes used the waters
around Palmer throughout the season. Drifting pack ice was
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plentiful when we arrived. We began to see leopards in early
January, and they became increasingly common into February.
Leopard seals were always present and available for handling
as long as ice was accessible to us. Leopards were present even
when ice was absent, and sometimes we saw them many
kilometers from ice.
Leopard seals, regardless of their sex and age, appear to feed
effectively on whatever is most accessible (figure). Within the
same bay and at the same time, different leopards fed on seals,
penguins, fish, krill, and (rarely) squid. Commonly, one
individual was found to have taken two different items at the
same feeding or within several hours. Unexpectedly dense
concentrations of leopard seals, from 10 to 20 or more in Arthur
Harbor, sometimes occurred in midseason when numerous

Leopard seal showing cusped dentition for grasping and straining.
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crabeaters and Ade'lie penguin chicks were also present and
feeding on the abundant krill. Leopards showed no inclination
to scavenge, either from penguin, seal, or whale carcasses.
In March, weaned crabeater pups with extensive, raking,
fresh wounds from leopard seal canines increasingly became
apparent. Most pups seen toward the end of summer bore
such signs of recent attacks, just as most adult crabeaters bear
scars from leopard seal teeth (Siniff and Bengtson 1977). Weddell pups commonly hauled out on beaches around Bismarck
Strait, but only one was seen with old scars from canine puncture wounds, possibly from a leopard. None of the weaned
elephant seal (Mirounga leonina) pups that appeared from midsummer on showed signs of leopard seal attack.

Milk intake of Weddell seal young
estimated by tritiated water and
22 sodium turnover
RAY

A. TEDMAN and MICHAEL M. BRYDEN
Department of Anatomy
University of Queensland
St. Lucia, Queensland 4067, Australia
BRIAN GREEN

Division Wildlife Research
C.S.I.R.O., P. 0. Box 84
Lyneham, A.C.T. 2602, Australia

Weddell seal young, like other phocid seals, exhibit rapid
growth during a relatively short nursing period, gaining about
100 kilograms in 6 to 7 weeks. Since there are no morphological
adaptations of adult mammary glands in Weddell seals, apart
from sinusoidal vessels in lactating glands, which might
account for their rapid growth (Tedman 1981; Tedman and
Bryden 1981), we believe it is important to determine to what
extent the high fat content of the milk (up to 60 percent) and
the milk secretion rate are responsible for the large weight
increases. Although the milk composition of many phocids is
known, we lack complete information on milk yield for this
group.
Owing to the disturbance associated with repeated handling
of young and separation from their mothers, as well as difficulties involved in measuring urine and fecal losses, it would
be difficult to obtain reliable data on milk intake by Weddell
seal pups by weighing pups before and after suckling. Radioactive isotopes such as tritiated water (I-iTo) and 22sodium
(22Na) have been used successfully to measure water and
sodium turnover rates, respectively, and, in turn, to measure
milk intake by offspring in some domestic and wild species
(Green and Newgrain 1979; Macfarlane, Howard, and Siebert
1969). The main advantage of these methods is that they reduce
disturbance to mother and offspring to a minimum (Wright,
Jones, and Gentry 1974).
A combination of HTO and 22Na was used to make two
independent estimates of milk intake by Weddell seal young
152

This project was supported by National Science Foundation
grant DPP 77-21946. The manager and personnel of Palmer
Station, as well as Capt. Lenie and the crew of the RN Hero,
again provided consistent, invaluable support and direct,
energetic assistance. We gratefully acknowledge their essential
help.
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on the sea ice at Turtle Rock, McMurdo Sound, between 18
October and 10 December 1980.
Newborn pups and their mothers were tagged within 3 days
of birth. At the beginning of the experiments, each of 11
randomly selected pups (6 days postpartum) was given an
intravenous injection of 0.4 milliliter of hypotonic 22sodium
chloride (22 NaCl) solution (1.85 millibecquerels per milliliter)
and 1 milliliter of tritiated water (370 millibecquerels per milliliter). They were isolated from their mothers for 5 hours to
allow equilibration of the isotope, after which a blood sample
was obtained from the extradural vertebral vein. The dilution
of isotopes during the equilibration period provided estimates
of body water and exchangeable Na pools. Pups were then
returned to their mothers.
Blood samples were collected at 3-day intervals, and pups
were reinjected at 15 days (with 1 milliliter of HTO and 0.8
milliliter of 22NaC1) and at 27 days (with 1 milliliter of HTO and
1 milliliter of 22NaC1) postpartum following the procedure outlined in the preceding paragraph. A final injection of 1 milliliter of HTO was given at the end of each experiment to check
the pups' total body water content. Four lactating seals not
involved in the previous experiments were given intravenous
injections of 1 milliliter of 1-cro at 6 days and 35 days postpartum
to calculate changes in body composition. On each occasion,
a blood sample was collected 5 hours after injection. All blood
samples were allowed to clot, after which serum fractions were
drawn off and frozen along with red-cell fractions.
Isotope turnover is derived from fractional turnover rate
nF)/t] and body pool, where I is the initial isotope
I
concentration in the blood after equilibration and F is the final
isotope concentration in the blood at time ' 1 t" (days) after
injection. Milk intake estimates are calculated from isotope
turnover rates and water and sodium contents of milk.
Milk samples (2 milliliters) were collected from the mothers
of each of the 11 pups at approximately 6-day intervals. A
subcutaneous injection of 4 milliliters of oxytocin (P-M Oxytocin, Ethnor Pty. Ltd., N.S.W.; 10 I.U.'s (international units)
per milliliter usually was required to obtain samples using a
human milk expressor.
Pups were weighed at intervals of approximately 6 days to
check growth rates and to relate milk intake to weight gain.
Cows were weighed during the first week postpartum and
again near weaning to quantify weight loss.
Analysis of blood and milk samples is continuing. In addition to sodium and water content (for use in milk intake calculations), milk samples are undergoing detailed analyses (fat,
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fatty acids, protein, carbohydrate, electrolytes, osmolarity) to
supplement the small amount of published data on milk composition in this species.
Field support for this work was supplied by the National
Science Foundation, for which we are deeply grateful. We
thank D. Griffiths for assistance in the field studies.
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Population dynamics of Weddell
seals in eastern McMurdo Sound
J. W. TESTA,
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Department of Ecology and Behavioral Biology
University of Minnesota
Minneapolis, Minnesota 55455

We investigated the population dynamics of Weddell seals
(Leptonychotes weddelli) near McMurdo Station from 22 October to 5 December 1980. Our main objective was to maintain
the continuity of census and reproductive data for a long-term
research project initiated in 1970.
Seals on the fast ice adjacent to Ross Island between Cape
Evans and McMurdo Station were reached by tracked vehicles
from late October through early December. Tagging pups and
retagging adult females in pupping colonies along traditional
tide cracks at Hutton Cliffs, Turks Head, and the Delbridge
Islands (166°25'E 77°40'S) were priorities early in the season.
Tagging of pups was intensive enough to allow a complete
count of parous females and pups. Numbers of males and
nonparous females were estimated by Jolly-Seber analysis of
resightings. Censuses of seals were conducted seven times
from 11 November to 2 December. Pups at the Hutton Cliffs
colony were weighed weekly to evaluate their growth and
condition at weaning, providing a basis for comparison with
previous years.
The total population of Weddell seals in the fast-ice area was
estimated to be 930. There were at least 830 individuals (this

Late summer dives of Weddell seals
GERALD L. KOOYMAN, MICHAEL A. CASTELLINI,

and RANDALL W. DAVIS
Physiological Research Laboratory
Scripps Institution of Oceanography
University of California, San Diego
La Jolla, California 92093
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figure includes those seen during a census period plus tagged
seals known to be alive but not sighted). Adult and subadult
females accounted for approximately 80 percent of the population. Pup production had increased from a low of 257 in 1976
(DeMaster 1978; Thomas et al. 1980) to a high of 457 in 1980.
The proportion of known adult females pupping (76 percent)
was as high as that of any of the last 10 years (Siniff in press).
However, total population size has not recovered from the
1976 decline. Growth and condition of the pups at Hutton
Cliffs in 1980 were good.
Future work will concern ecological relations between Weddell seals and antarctic cod (Dissostichus mawsoni) and the seasonal movements and mortality factors affecting juvenile Weddell seals. Preliminary work on these aspects was begun in
1979 (Thomas et al. 1980).
This research was sponsored by National Science Foundation grant DPP 78-21713801.
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In early January 1981, studies of the diving behavior of
Weddell seals began near Scott Base and near White Island.
This late-summer investigation continued until late February,
when all summer personnel departed. By the end of the summer field season 20 dive recorders had been attached to seals
and 19 had been recovered.
The recorders were of two types, a time-depth recorder (TDR)
and a depth histogram recorder (DHR). Both are described elsewhere (Kooyman 1981; Kooyman, Billups, and Farwell in
press). The TDR, which records every dive over a 2-week
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period, has been used in previous studies of Weddell seals
(Kooyman et al. 1979). The DHR, which analyzes the frequency
of dives to a preset depth threshold, records every dive over
a 1-month period. This was the first time it had been used in
the Antarctic, but it has been used previously in studies of
king penguins in the subantarctic (Kooyman, Davis, and Costa
1980).
The recorders were on the seals from 2 to 21 days. A total of
4,000 dives were recorded. Data on these dives now are being
analyzed for similarities and differences from previous years,
as well as for comparisons between McMurdo Sound and
White Island seals. Analyzed will be such variables as the
diving intensity (number of dives per unit of time and amount
of time spent underwater), preferred depths, and preferred
time of diving.
Simultaneous with the dive studies, a field site for overwintering was being set up at White Island (figure). The site
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includes an ice hole cut through 15 meters of sea and platelet
ice. The hole is being used for biological and oceanographic
collections and observations through the winter.
The White Island site is of special interest because it is
located about 25 kilometers south of the edge of the Ross Ice
Shelf and is one of the few localities where seals live year
around within the ice shelf. The ice in this location is stable
throughout the year, and we are taking advantage of this
condition to study the seals throughout the winter. Similar
winter studies will be done at McMurdo as soon as ice conditions permit.
Such studies will yield information about how foraging
behavior of seals differs between summer and the harsher
winter conditions. We also will look for differences in feeding
behavior between seals diving under thin sea ice and those
diving under thick shelf ice. Ice thickness under the shelf
ranges from an estimated 15 to 70 meters. Dives under the
thick ice will provide data on orientation abilities of seals
when they dive to depths where no astronomical light sources
(such as the sun, moon, or stars) are available.
This work was supported by National Science Foundation
grant DPP 79-23623. Many assisted in the fieldwork; we would
like to give special acknowledgment to the Weddell seal field
team of M. Davis, M. Horning, R. Maue, and W. Stockton.
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A south-facing, oblique, aerial photograph of White island taken
25 January 1981 from an altitude 011,525 meters. The arrow Indicates the overwintering field camp. There were open water leads
up to 10 meters wide In the three ice rifts nearest the island. The
rifts are about 10 meters deep. (Photograph by G. L. Kooyman)

Minke whales oft northwestern
Ross Island
S. LEATHERWOOD and J . A. THOMAS
Hubbs Sea World Research Institute
San Diego, California 92109

F. T. AWBREY
Biology Department
San Diego State University
San Diego, California 92182

The first objective of our study was to quantify responses of

minke whales (Balaenoptera c.f. B. acutorostrata) to a survey
vessel passing nearby. This information is needed to deter-
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mine whether a correction term is necessary for ship transect
models used to estimate population sizes of minkes and other
large whales (Tillman in press). Joint helicopter and ship surveys totaling 8 hours 8 minutes were conducted at seven locations in open water in the southwestern Ross Sea (figure 1).
Observed minke whale swimming directions, grouped by distance and bearing relative to the ship, were tested for uniformity (Batschellet 1972). If the whales were not responding to the
vessel, one would expect a uniform distribution of swimming
directions, irrespective of the whales' positions relative to the
ship. We found that swimming directions were unaffected by
the ship (Leatherwood, Awbrey, and Thomas in press) and
concluded that no correction factor would be necessary to
estimate minke whale density from data collected on board
USCGC Polar Star. However, we recommended to the International Whaling Commission (IwC) that similar studies be conducted with aircraft and the actual research vessels used by
iwc in censuses of antarctic minke whales.
Our second objective was to describe the distribution, size,
and behavior of the Ross Island segment of minke whale popANTARCrIc JOURNAL
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Respiration patterns of individuals and groups were often
highly repetitive for protracted periods. Average dives for 30
whales observed for about 1 hour lasted from 9.7 to 10.8 minutes. These long dives were separated by 1.3 to 3.5 minutes of
shallow submergence or surface "rafting" in open water and
by 2-15 blows (figure 2). Such behavior is comparable to that
previously described for minke whales (Kimura and Nemoto
1956). In observed feeding instances, whales were swimming
on either side, and their throats were distended. Since the
water near the whales was brownish-red, prey were assumed
to be krill.
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Figure 1. Areas of the Ross Sea where seven flights were conducted from USCGC Polar Star to determine minke whale response
to a survey vessel (shown by solid arrow; — p ), and area where
eight flights were conducted from McMurdo Station to describe
distribution, size, and behavior of minke whale population(s) (section of Ross Sea adjacent to Ross Island and Ross Ice Shelf and
enclosed with dashed line; ---). Numbers in parentheses indicate
number of whales observed from helicopter and ship, respectively,
during concurrent operations.

ulation(s) summering in the Ross Sea. Eight helicopter survey
flights, totaling 17.5 hours, were conducted over the icebreaker
channel and its associated cracks and over the waters near the
fast-ice edge (approximately 6 nautical miles to either side of
the channel mouth). Five times, we landed on the ice and
maintained ice-edge hydro phone- recording stations (a total of
4.25 hours of recordings).
From 36 to 64 minke whales were observed during each
flight, as individuals and in pods of up to 38. Their distribution
was clumped along the ice edge and in wide cracks. The whales
also used areas under the ice extensively, capitalizing on small
cracks and holes to penetrate under the fast ice to at least 2.5
nautical miles from the nearest appreciable open water. Several
whales were seen respiring in holes so narrow they had to
"spy-hop" to expose the blowhole above the water surface.
Individual whales were observed to dive for up to 14 minutes.
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Figure 2. Two minke whales that have emerged from beneath the
Ice and circled while hyperventilating before resubmerging
beneath the ice. Dive patterns in such instances were highly predictable.

Under the best conditions, "slicks" persisted in the cold
water for as long as 4 to 5 minutes after the whales sounded.
When we encountered such slicks, we lingered until the
whales surfaced so that we could count accurately the number
in the group. The entire study area was surveyed on five of
the eight flights. We assumed that we saw from all to about
half the minke whales present on each of these five flights.
Therefore, we think that a conservative estimate of the summer
population of minke whales off western and northwestern
Ross Island is between 65 and 130.
The whales either lacked white or gray on the flippers or
had only a trace of light gray on the flippers; this is consistent
with observations by Williamson (1959) and Ohsumi, Masaki,
and Kawamara (1970). Total body lengths were estimated as
7 meters to nearly 10 meters. No calves were seen.
In January 1980, USCGC Northwind personnel observed killer
whales (Orcinus orca) attack a minke whale in the icebreaker
channel. However, we observed no such behavior; minke
whales and killer whales appeared to coexist in close proximity
without confrontation.
Six types of underwater sounds recorded in the presence of
minke whales were believed to be minke whale vocalizations:
a whistle series, a clanging bell series, a click, a screech, a lowfrequency grunt (figure 3), and a frequency-modulated sweep
similar to that illustrated by Schevill and Watkins (1972).
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Figure 3. Sonograms of five types of underwater sounds believed to be minke whale vocalizations: clanging bell series, screech, low
frequency grunt, whistle, and click.

This research was supported by National Science Foundation grant 77-21646. S. Leatherwood was partially supported
by the iwc. The authors thank the officers and crew of USCGC
Polar Star; the pilots and crew of VXE-6, McMurdo Station,
and AVDET 82, Naval Air Station, Mobile, Alabama; and personnel of rrr at McMurdo Station.
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Objectives of this continuing project are to document
(1) killer whale (Orcin us orca) distributions and behaviors near
Ross Island and elsewhere in the Antarctic, (2) geographic and
interpod variation in killer whale color patterns, and
(3) geographic variability in killer whale vocalizations.
Searches for killer whales were made from shipboard in the
following areas: (1) in the Ross Sea, January 1981 (Leatherwood, Thomas, and Awbrey in press); (2) between McMurdo
Station and Punta Arenas, Chile, Lyttleton, New Zealand, and
Wellington, New Zealand, January and February 1981 (Leatherwood, Todd, Thomas, and Awbrey in press); and (3) between
Port Hueneme, California, and Callao, Peru, December 1980.
Searches also were made from land-based helicopters 5-26
January 1980 in McMurdo Sound and from ship-based helicopters 27 January-2 February 1980 off Franklin Island and
northwestern Ross Island (total of 30 flights; approximately 50
hours). On 28 occasions, ice-edge stations were maintained to
collect underwater recordings of whales and seals (approximately 40 hours of recordings) (figure 1).
Killer whales were seen off Cape Adare, over Pennell Banks
(approximately 170°O'E 75°0'S), and near King George Island,
but were abundant only off Ross Island. As many as 152 whales
were observed during a single flight, with an estimated 50 in
a single herd. Whales were concentrated in some of the same
four or five areas on nearly ever flight. Calves, large adult
males (estimated at 9 meters in length), and numerous intermediate-sized animals were seen. Animals judged to be calves
of the season, less than half the length of an accompanying
adult, comprised 2.99 percent (52 of 1,789) of all animals
sighted-3.66 percent (47 of 1,285) of those in McMurdo Sound
and 1.00 percent (5 of 504) of those in more offshore areas.
Before the icebreakers arrived at McMurdo Sound, the killer
whales used the fast-ice edge. When the breakers began preparing the channel, they were accompanied by killer whales,
which moved ahead of and behind the vessels into newly
forming cracks and holes. Once the channel was open, the
whales continued to use the newly opened water and adjacent
cracks. In one instance, a group of eight was observed in a
crack about 6 nautical miles from the icebreaker channel, near
the Strand Moraines; the group was progressing slowly away
from open water such that individuals had to break 2.5-15.0
centimeters of sheet ice to breathe. Bubble-blowing often preceded the whales' contact with the ice. Preparation of breathing holes appeared purposeful. Whales, sometimes three
abreast, often surfaced in the newly opened holes.
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Figure 1. Researcher recording vocalizations of killer whales In a
crack west of the icebreaker channel In McMurdo Sound, 24 January 1981. (Photo by J. Thomas)
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Figure 2. Comparison of selected vocalizations of killer whales
from Ross Island and Puget Sound, Washington: (A) Downswept
whistle followed by rapid, suppressed, carrier FM burst. This Is one
of the most common sounds produced by McMurdo killer whales
and is most similar to the "ricochet" sound of Puget Sound animals
(Dahlheim 1980). (B) Upswept whistle of Puget Sound killer whales
(Dahlheim 1980). (C) Upswept whistle of McMurdo Sound killer
whale. Compare with (B). Sounds of McMurdo whales generally
start and end at higher frequencies than comparable sounds from
Puget Sound. Effective filter bandwidth for all three, 50 hertz.
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edly in front of the recording station after long dives. They
made no movements that we regarded as aggressive.
Although present during most recording sessions, Weddell
seals were not vocalizing. Their silence may have been a
response to the presence of killer whales, or it may reflect
termination of mating activities. Killer whale activity levels
increased in the evening, corresonding with peak underwater
activity of Weddell seals.
This research was sponsored by National Science Foundation grant DPP 77-12646. We thank personnel of rrr, McMurdo
Station, and the officers and crew of USCGC Polar Star, USCGC
Glacier, AVDET 82, Mobile, Alabama, and VXE-6, McMurdo.
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Figure 3. A killer whale feeding on an antarctic cod (Dissostichus
mawsonl) near the Ice edge In McMurdo Sound. (Photo by S.
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Evans and Yablokov (1978) reported regionally distinct color
patterns for killer whales. Bigg, MacAskie, and Ellis (1976) and
Chandler, Goebel, and Balcomb (1977) similarly distinguished
pods and individuals. Ross Island killer whale patterns
observed in 1981 were indistinguishable from those seen there
in 1980 (JehI et al. 1980). One large male seen in 1980 and in
other years since 1976 was re-identified in 1981 from its saddle
pattern and its distinctively shaped and notched dorsal fin.
Many individuals had light, yellowish to brownish patches;
these are presumed to be algal concentration.
Killer whale regional populations (Jehl et al. 1980), pods
(Ford 1980), and individuals (Dahlheim 1980) also can be distinguished acoustically. Sounds of Ross Island killer whales
recorded in 1981 were indistinguishable from those recorded
there in 1980. However, all antarctic killer whale sounds (figure
2), other than clicks, are different from those of Pacific Northwest killer whales.
Killer whales were observed feeding on antarctic cod (Dissostichus mawsoni) (figure 3) and pursuing Adelie penguins.
On one occasion, a killer whale swimming in an ice-lead
stopped at locations where emperor penguins had been feeding, hyperventilated, proceeded directly to the next penguin
feeding area, and again hyperventilated. The whales were
aware of our presence on the ice and often investigated the
hydrophone, "spy-hopping" in front of us or surfacing repeat-
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The basic objectives of this study were (1) to investigate the
physical-chemical environment of the eastern Scotia Sea in
order to provide a base for studies of the ecosystem, (2) to
delineate the zone of mixing between Weddell Sea and Drake
Passage waters, (3) to determine the biomass, metabolic activity, and distribution of bacterioplankton, phytoplankton, and
selected zooplankton species, and (4) to determine whether or
not the northern boundary of the Weddell Sea outflow is causally related to the high densities of krill and to krill development.
The study was conducted from 1w Melville, a UNOLS (University-National Oceanographic Laboratory System) vessel
operated by Scripps Institution of Oceanography, which
departed from and returned to Punta Arenas, Chile. A full,
multidisciplinary team of investigators was on board during
the 63 days of sea time.
Leg 1 (20 January to 20 February 1981; T. D. Foster, chief
scientist) emphasized physical-chemical oceanographic measurements in the eastern Scotia Sea; 133 stations were occupied
in five north-south sections, as shown in figure 1. On every
station a conductivity-temperature-depth (crD) profiler and
rosette water sampler was lowered to 1,000 meters or to the
bottom. In addition to providing calibration of the cm data,
water samples were used on an alternating basis by the chemical and biological programs. On every other station an oblique
BONGO net tow was made, and at a few stations vertical net
tows were also made. Large water samples for the biological
and chemical programs were taken at selected stations. An
acoustic transducer was towed between most stations to sense
zooplankton distribution. Bathymetry was determined along
the cruise track except in territorial waters.
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Figure 1. Cruise track of R/v Melville during the first leg of the
eastern Scotia Sea study. Dots show the positions of hydrographic
stations occupied.
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Figure 2. Cruise track of RN Melville during the second leg of the
Scotia Sea study. Hatched area north of Elephant Island indicates
area of Intensive sampling in conjunction with krill swarm studies.
Dots show the positions of hydrographic stations occupied in
addition to those taken within the hatched area.
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Leg 2 (25 February to 27 March 1981; 0. Holm-Hansen, chief
scientist) emphasized biological studies in the area between
Bransfield Strait and the South Orkney Islands. It was planned
that the Melville would do a limited acoustic survey for krill in
conjunction with the First International BIOMASS Experiment
(1mEx) program, which involved 17 ships from 12 countries.
Unfortunately, this was not possible because of ship scheduling problems, but the Melville did rendezvous with the
Meteor and Walther Herwig (Federal Republic of Germany) and
Professor Siedlecki (Poland) in the area north of Elephant Island

in order to pursue krill patch studies. Figure 2 shows the cruise
track and the area where a superswarm of krill was detected.
Thirty-five C1D stations were occupied during leg 2.
The work done by the major disciplines on board ship are
described in the 10 reports that follow. During leg 2 a film
crew (Payson Stevens, Bill Milling, and Charles Hipser) was
on board preparing a documentary film on krill in the antarctic
ecosystem.
All ship time was provided by National Science Foundation
grant DPI' 79-21295.

Net sampling of plankton and krill in
the Scotia Sea, January-March 1981

assessment of plankton within the upper waters of the region.
Other leg 1 sampling included (1) noon and midnight vertical
net hauls from 200-0 meters for T. Ikeda's physiological studies and (2) surface tows to obtain live krill for observations of
feeding and egestion by T. Antezana and K. R. Antezana.
Leg 2 was oriented toward biology and focused on areas
within and around high densities of krill near Elephant and
Cornwallis Islands, in the Bransfield Strait, and in the southeastern Scotia Sea, where a portion of a leg 1 transect was
repeated. Net sampling was done using BONGO nets, a 10-foot
(3.05-meter) midwater trawl, and a multiple opening-closing
net and environmental sensing system (MOcNESS).
The BONGO samples were collected in a series of consecutive
tows to 100 or 150 meters depth, the tows being repeated as
rapidly as possible. We made four to five such tows per hour,
each about 1 kilometer long; 158 pairs of BONGO samples were
obtained (24 series).
Finer structure of the plankton assemblage was investigated
with the MOCNESS. We made 27 hauls, each deploying eight
nets consecutively. The hauls included replicate horizontal
and stratified oblique tows, replicate day and night series, and
replicate series inside and outside the large swarm (approximately 10 megatons) found near Elephant Island. Much of this
sampling was targeted as to depth and tow length on the basis
of simultaneous acoustic information (see Macaulay, Antarctic
Journal, this issue).
Eight Isaacs-Kidd midwater trawl samples were made to
obtain bulk material.
Results. Conspicuous features of Euphausia superba (krill)
noted during leg 1 were as follows.
1. Low to moderate numbers of early larvae, particuarly
calyptopis stages, were dispersed across the central part of the
Scotia Sea, north of the principal zone of confluence with
Weddell Sea water.
2. Few juvenile and adult krill were caught where the larvae
were present.
3. There were instances of alternation between presence of
krill, usually at low population densities, and high concentrations of net phytoplankton both at the southern stations near
and to the east and west of the South Orkney Islands and
southward from South Georgia Island in a transect across the
eastern half of the Scotia Sea.
4. At 30 of the 67 sampling localities, net (333-micron mesh)
phytoplankton densities were high (greater than 200 cubic
centimeters wet displacement per square meter).
5. High densities of late-juvenile and adult krill were found
at only 2 of 67 stations, near the northern South Orkney bank
and southeast of South Georgia Island. We interpret this as
representing the probability of encountering a substantial
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ERIc SHULENBERGER
Museum of Natural History
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Department of Oceanography
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Leg 1 of the Scotia Sea expedtion of 1w Melville was carried
out within the framework of a hydrographic study of the western Scotia Sea (see Holm-Hansen and Foster, Antarctic Journal,
this issue). The survey period of late January to mid-February
1981 was during the austral summer.
Leg 2 of the Scotia Sea expedition included intensive zooplankton sampling where krill were abundant (in the vicinity
of Elephant Island and in part of the Bransfield Strait) and in
adjacent waters; in addition, a southern portion of the leg 1
track was retraced. Net sampling in conjunction with an
acoustical survey of the plankton (Macaulay, Antarctic Journal,
this issue) and serial net tows for examination of krill patch
structure and plankton associations were emphasized.
As analysis of the material continues, distributions and
abundances of zooplankton species will be related to physicalchemical features of the environment and to availability of
food, especially phytoplankton.
Field procedures. On leg 1, zooplankton was sampled at alternate hydrographic stations with an open BONGO net (333micron mesh) towed obliquely from 0 to 150 meters deep at
2-2.5 knots; 67 such tows were made, approximating a random
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swarm at random. Population densities were approximately
2,000 and 700 cubic centimeters beneath 1 square meter,
respectively, each over a towing distance of about 1 kilometer.
Zooplankton observations during leg 2 were mostly to the
south and southwest of the leg 1 survey. Preliminary results
are:
1. Dominance of adult krill in particular coastal regions and
of larvae in contiguous oceanic regions was particularly evident on leg 2.
2. A BONGO net transect oblique to Elephant Island was
repeated on 4 consecutive days, during which originally high
concentrations of krill fell to nil. Krill were replaced by a
diverse, low-concentration assemblage dominated by salps,
copepods, and hyperiid amphipods. On a fifth day, a large
swarm of krill was located farther to the north, somewhat
seaward of the insular slope. A 15-sample transect was made
across the approximately 10 kilometers of high krill concentration. The mean concentration of krill was 380 cubic centimeters
beneath 1 square meter.
3. Using a conservative estimate of patch size (50 square
kilometers; Macaulay, Antarctic Journal, this issue), the netkrill in the patch gives (5 x 107 square meters) x (0.38 kilograms per square meter), or 1.9 x 10 kilograms of krill in this
one patch. However, the BONGO nets towed to only 80 meters,
less than half the thickness of the patch as observed simultaneously using acoustics.
MOCNESS sampling provided material for finer resolution
of structure within the patch. The krill were predominantly of
2nd- and 3rd-year age classes; males were most common.
4. A moderately dense aggregation along the eastern margin
of the Bransfield Strait was transected by BONGO and MOCNESS
sampling.
5. A crossing of Bransfield Strait at 63°S yielded consistently
low densities of plankton, though with distinct onshore-offshore differences, and almost no krill.
6. Fourteen oblique BONGO tows were made between the
South Orkney Islands (59°S 47°W) and Elephant Island (61°S
55°W). Large quantities of furcilia larvae (predominantly two
late stages) were encountered for over 350 kilometers. Population densities ranged from 20-250 cubic centimeters per
square meter (x = 91.5), with sampling to about 100 meters
depth. Stratified sampling by MOCNESS showed that the larvae
were concentrated almost entirely at about 20 meters at one
locality.
7. Narrow, dense swarms of krill, which by late March
extended along slope waters of the northwestern and western
sides of Elephant Island, were sampled by zigzag transects;
sampling was done with BONGO nets which were guided by
the acoustic records. The swarms were closely tied to waters
of 140-160 meters depth, though the bottom slope in these
areas was particularly gradual. The narrow juvenile-adult

Metabolic activity of larval stages of
antarctic krill
TSUTOMU IKEDA

Australian Institute of Marine Science
Townsville, Queensland, Australia
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swarm paralleled the coastline, and the extensive areas occupied by larval krill extended seaward and shoreward, largely
separate from it.
Our January-February 1981 records of calyptopis larvae and
early furcilia stages of Euphausia superba over the central and
southern Scotia Sea agree with those reported by Hempel and
Hempel (1978) from early 1976. By March 1981, larval development had proceeded to late furcilia, dominated by 7-8 millimeter and 9-10 millimeter stages, and the dense net phytoplankton noted in February had disappeared.
Size composition of the population of larvae in the southern
Scotia Sea resembles the equally dense population of larvae to
the north, west, and southwest of Elephant Island, suggesting
that there may be continuity between these nursery areas.
The population densities of adult krill measured by BONGO
and MOCNESS sampling in the large patch to the north of Elephant Island during March were of the order of 0.4 percent of
densities estimated from acoustic studies by Macaulay at the
same time. There is little doubt that the nets employed by
Melville were inaccurate for estimates of larger krill, 20-55
millimeters in length. BONGO nets towed at 4-5 knots appear
to have sampled better than when towed at slower speeds.
Nighttime catches of large krill were consistently greater than
daytime catches, again emphasizing the need for improved
sampling techniques.
Analysis of the collections will proceed with determinations
of the major zooplankton taxa, particularly copepods, amphipods, and pelagic tunicates. Euphausia superba are being
analysed for size-frequency composition and sex ratios, with
a view toward understanding more about composition of the
unevenly distributed population segments.
This work was supported in part by National Science Foundation grant DPP 79-21295. Participants in the zooplankton
program included: leg 1—Michael Fahay (National Marine
Fisheries Service) and Victor Mann (Graduate, University of
Chile); leg 2—Sergio Andrade (University of Concepción),
Robert Marak (National Marine Fisheries Service), Eric Shulenberger (San Diego Natural History Museum), and John
Wormuth (Texas A&M University); legs 1 and 2—Kristen Ray
Antezana and Tarsicio Antezana (University of Valparaiso)
and Edward Brinton (Scripps Institution of Oceanography).
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The studies described below are part of a long-term program
by the author to better our understanding of the growth and
nutrition of krill (Euphausia superba Dana) and to relate their
life cycle to the physical and biological conditions in antarctic
waters.
During both legs of the expedition, krill larvae were collected
from surface tows with a 500-micrometer mesh net for the
purpose of obtaining respiration (oxygen consumption) and
excretion (ammonia and inorganic phosphate) measurements.
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Respiration and excretion rates of krill larvae measured during the Melville cruise to the northern Weddell Sea and eastern Scotia Sea,
January- March 1981
Temperature
(°C)
Eggs
Nauplii
Cl-lit
Ci'
C"
Cli'
Ci"
C"
F
F,_,,,
F iv- v

+0.5
-0.5
0.0
+0.7
0.0
0.0
-0.5
-0.5
-1.0
+0.2
+0.1

n

6
6
6
5
5
6

8
8
5
8
8

Excretion rate

Body dry weight
(milligrams)

Respiration ratea

Ammonia (NH)"

Orthophosphate (PO3)C

0.0276 ± 0.0005d
0.0277 ± 0.0033d
0.0820 ± 0.0098
0.0672 ± 0.0097
0.179 ± 0.028
0.253 ± 0.011
0.251 ± 0.022
0.0964 ± 0.0109
0.486 ± 0.036
0.419 ± 0.037
1.308 ± 0.319

0.090- 0.026
0.68 ± 0.09
1.12 ± 0.21
1.44 ± 0.53
1.06 ± 0.080
1.05 ± 0.11
1.09 ± 0.12
1.07 ± 0.14
1.01 ± 0.13
1.03 ± 0.10
0.969 ± 0.208

ND

ND
ND
ND
ND
ND
0.008 ± 0.004
0.012 ± 0.006
0.011 ± 0.005
0.014 ± 0.002
0.008 ± 0.004
0.015 ± 0.010

ND
ND
ND
ND
0.022 ± 0.008
0.027 ± 0.008
0.034 ± 0.018
0.030 ± 0.016
0.043 ± 0.019
0.048 ± 0.015

a Measured in microliters of oxygen per milligram of dry weight per hour.
b Measured in micrograms of nitrogen per milligram of dry weight per hour.
C Measured in micrograms of phosphorus per milligram of dry weight per hour.
d Measured on formaiin preserved samples.
e ND = Not determined.
C = Calyptopis.
= Furcilia.

Eggs and nauplii were obtained from gravid females maintained at close to 0°C in aquaria on board the Melville. Respiration and excretion were measured simultaneously by a
water-bottle method (Ikeda 1974). Incubation was made at near
in situ temperatures for a period of 24 hours, except for experiments on eggs and nauplii, which were incubated for 48
hours. Dissolved oxygen was determined by the Winkler titration method; ammonia and phosphate were measured by the
phenol-hypochlorite method and the molybdate-blue method,
respectively (Strickland and Parsons 1972).
Results are summarized in the table. The respiration rate of
48-hour-old eggs was on the order of 0.090 microliter of oxygen
per milligram of dry weight per hour. This rate increased to
0.68 microliter of oxygen per milligram of dry weight per hour
for nauplii that had hatched 24 hours previously. No excretion
measurements were taken on eggs or nauplii. Further increase
of the respiration rate was observed for calyptopis and furcilia
(0.969 to 1.44 microliters of oxygen per milligram of dry weight
per hour). The excretion rates of ammonia and phosphate by
calyptopis and furcilia ranged from 0.022 to 0.048 microgram
of nitrogen per milligram of dry weight per hour, and 0.008 to
0.015 microgram of phosphorus per milligram of dry weight
per hour, respectively.
Using the same experimental techniques, Ikeda and A. W.
Mitchell (Australian Institute of Marine Science) measured
respiration and excretion of juvenile and adult krill (size range,
27 to 354 milligrams dry weight) during the Kaiyo-Maru cruise
to the Indian sector of the antarctic ocean in 1980. The respiration rates of 0.349 to 0.485 microliter of oxygen per milligram
of dry weight per hour and phosphate excretion rates of 0.005
to 0.009 microgram of phosphorus per milligram of dry weight
per hour were substantially lower than the present results for
the larval stages; the ammonia excretion rates, 0.029 to 0.045
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microgram of nitrogen per milligram of dry weight per hour,
were similar to the present results on larvae.
When the results obtained from the Melville cruise are combined with those of the Kaiyo-Maru cruise, a changing pattern
of respiration rate over the life cycle of krill (eggs to matured
adults) becomes apparent: The highest rate occurs during the
calyptopis and furcilia stages, and rates during both younger
and older stages are relatively lower. The relatively high rate
of ammonia excretion by adult krill as compared with rates of
respiration suggests changes in protein metabolism associated
with developmental changes from the larvae to the juvenileadult stage.
Cannibalism of juvenile and adult krill under laboratory
conditions is well known; frequent cannibalism was also
observed among calyptopis and furcilia maintained in aquaria
on board the Melville. Detailed study of this phenomenon
might provide information regarding nutrition and feeding
habits of dense larval swarms of krill such as were encountered
between the South Orkney Islands and Elephant Island (see
report by Brinton et al., Antarctic Journal, this issue).
T. Ikeda participated during both legs of the Melville cruise.
This work was supported by National Science Foundation
grant DPP 79-21295.
References
Brinton, E., Shulenberger, E., Wormuth, J . , and Antezana, T. 1981.
Net sampling of plankton and krill in the Scotia Sea, January-March
1981, Antarctic Journal of the U.S., 16(5).
Ikeda, T. 1974. Nutritional ecology of marine zooplankton. Memoirs of
the Faculty of Fisheries, Hokkaido University, 22, 1-97.
Strickland, J . D. H., and Parsons, T. R. 1972. A practical handbook of
seawater analysis. Bulletin of Fisheries Research Board of Canada,
167, 310 pp.

ANTARCTIC JOURNAL

Phytoplankton studies in the
Scotia Sea
CYNTHIA A. PADEN, CHRIS D. HEwEs, AMW NE0RI,
and OSMUND HOLM-HANSEN

Scripps Institution of Oceanography
University of California-San Diego
La Jolla, California 92093

ELLEN WEAVER
San Jose State University
San Jose, California 95192

DALE A. KIEFER
University of Southern California
Los Angeles, California 90007

EGIL SAKSHAUG
Inst it utt for Mann Biokjemi
University of Trondheim
NTH, Trondheim, Norway

Most phytoplankton studies in the southern oceans have
been simple estimates of the magnitude of primary production
and cell counts of the larger algal cells which are sampled by
nets (see Holm-Hansen et al. 1977 for data and other references). While considerable information has been obtained on
rates of primary production as related to geographical area and
seasonal effects, our understanding is still relatively poor
regarding such matters as the causes of phytoplankton patchiness, the interaction between phytoplankton distribution and
physical mixing processes, and the relationship between phytoplankton abundance (and species composition) and zooplankton biomass and species. Our program on board Riv Melville thus had the following primary objectives: (1) to relate the
distribution, species composition, and metabolic activity of
phytoplankton to the physical and chemical environment; (2)
to determine the chemical and physiological differences in
cells from various depths in the water column and to relate
these differences to the rate of mixing by downwelling or
turbulence; (3) to determine the most important factors governing growth rates of phytoplankton; and (4) to mesh our
data on phytoplankton with information on the feeding preferences and abundance of zooplankton, especially Euphausia
superba (krill).
Phytoplankton distribution. Surface chlorophyll concentrations were determined during all steaming time by recording
in vivo fluorescence on water pumped from an intake close to
the bow of the ship. During leg 1 the vertical distribution of
chlorophyll was determined at 12 depths (usually to 1,000
meters) on every even-numbered conductivity-temperaturedepth (cm) station; during leg 2 chlorophyll was similarly
measured on 33 of the 35 cm stations occupied. Water samples
were preserved with formalin or iodine solution whenever
extracted chlorophyll measurements were made. These sam-
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ples will be examined by inverted microscope techniques for
the enumeration of species and calculation of total organic
carbon as a function of species and phylogenetic group. High
chlorophyll concentrations (above 3 micrograms per liter) were
found at only six locations, all of which were in relatively
shallow areas close to the Scotia Ridge. Net tow samples (35micrometer mesh) of phytoplankton from 26 stations (leg 1)
were preserved with gluteraldehyde and osmium tetroxide for
light and electron microscope studies. Preliminary examination of net samples revealed marked differences from station
to station regarding relative abundances of major phylogenetic
groups (diatoms, thecate or naked dinoflagellates, nanoplankton, etc.); this heterogeneity was also seen in chlorophyll data
on size-fractioned water samples. The phytoplankton biomass
often seemed to be inversely related to the zooplankton biomass. At station 016 (just west of South Orkney Island) on leg
1, the chlorophyll concentration was over 8 micrograms per
liter, with very low zooplankton biomass; the same station on
leg 2 had relatively low chlorophyll (approximately 0.6 microgram per liter) but much higher zooplankton biomass, including larval krill.
Extensive chlorophyll a data were collected during leg 2,
north and northeast of Elephant Island. In addition to the
chlorophyll measurements made in surface waters and in water
samples from the rosette bottles as described previously, continuous chlorophyll profiles from the surface to 120 meters
were obtained with a pumping system connected to the cm
unit. Examination of the chlorophyll data indicates that water
with high standing stock of phytoplankton (about 3 micrograms of chlorophyll a per liter) flowed from the south, around
the east end of the island, and into the area north of Elephant
Island, where the large krill swarms were found. The chlorophyll concentrations decreased with increasing krill abundance; to the north and west of the major krill swarms, the
chlorophyll concentrations were reduced to approximately 10
percent of that found "upstream" of the krill. This suggests
that the location of krill swarms may be related to the current
systems, which transport high concentrations of phytoplankton into areas inhabited by the krill.
Phytoplankton growth rates. Our studies concerned with
measuring phytoplankton growth rates were directed at (1)
determining the rate of primary production, which represents
the "base" of the food web and (2) increasing our understanding of the rate of photosynthesis as influenced by light intensity, temperature, and addition of essential inorganic
nutrients, as well as organic compounds and chelators. No
nutrient deficiency could be demonstrated in culture experiments that lasted for 18 days. Temperature seems to be of
major significance in regard to low growth rates, as generation
times of most samples examined were in the range of 3 days
at ambient surface water temperatures (usually between 0° and
1°C). Photosynthetic rates increased markedly when temperature was increased to 8°C, above which the rates decreased
rapidly. On sunny days all phytoplankton samples tested
showed either light saturation at ambient light conditions or
a photoinhibition at the higher light intensities. Incident light
intensity was measured continuously on both legs with a deckmounted scalar irradiance quantum meter. Radiometric measurement of attenuation of photosynthetically active light in
the water column was also measured with a submersible quantum meter. Respiration of phytoplankton was estimated by
direct oxygen uptake and also by loss of previously fixed
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