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shows that they accumulated along the ancient
ice shelf edge during a general lowering of the sea
level. The highest deltas correspond perhaps to
that phase of lowering, the time of which is fixed
by the oldest of the visible tide crevasses (phase A)

For the determination of the age of these events
there are two groups of carbon-14 dates: a few
datings of the 7- to 13-meter marine terraces at
4,000 to 6,000 years old (Denton et al., 1975) and
a few of algae from the vicinity of Hobbs
Glacier. The oldest of the latter, obtained at
about 100 meters elevation, is roughly 40,000
years (Black, 1974; Black and Bowser, 1968).
Hence, phase A began more than 40,000 years
ago. The marine terraces of 4,000 to 6,000 years
of age correspond possibly to phase C.

All the sea-level changes discussed can be com-
pared with the glacio-eustatic sea-level curve of
Shackleton and Opdyke (1973). The result is
shown in figure 2, which suggests that for the last
50,000 years the relative sea-level changes in
McMurdo Sound have been caused by glacio-
eustatic fluctuation of sea level and by general
tectonic uplift of the coasts. The rate averaged
about 4 millimeters per year. The existence of
phase D shows the general uplift to be irregular,
and curve 2 of figure 2 is perhaps rather
simplified.

This work is part of a McMurdo Oasis glacio-
geomorphological study undertaken with the
support of the U.S. National Science Foundation
and the Geographical Faculty, Moscow State
University, U.S.S.R.
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Oceanographic measurements
under winter sea ice
in McMurdo Sound

VICTOR T. NEAL, HENRY CREW,
and ROBERT BROOME

School of Oceanography
Oregon State University

Corvallis, Oregon 97331

The processes involved in the formation of Ant-
arctic Bottom Water (AABW) have interested
physical oceanographers since the discovery of
AABW in the Weddell Sea (Brennecke, 1921).
AABW is believed to form in several antarctic
regions such as the Weddell Sea, the Ross Sea,
and areas near the Amery and Shackleton ice
shelves. The influence of AABW on the world
ocean is discussed by Warren (1971).

Theories to explain the formation of AABW
generally assume that at least one of these pro-
cesses is involved: (1) freezing of seawater (Bren-
necke, 1921), (2) interaction between seawater
and ice shelves (Jacobs et al., 1970; Seabrooke et
al., 1971; Gordon, 1971), (3) wind effects (Gill,
1973; Killworth, 1973), and (4) double diffusion
related to melting of sea ice (Gill and Turner,
1969). Most theories infer that austral-winter
conditions are important, yet few winter
oceanographic measurements have been made.

Our main field program was not planned to
take place until 1975, but support was available
in 1974 so measurements were made then. The
1975 field program was cancelled for lack of
logistic support. Unfortunately, in 1974 we had
only one current meter and no CTD (conductivity-
temperature-depth recorder), so the field work
had to be done with less than the desirable
amount of equipment.
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Figure 1. Stations occupied in September and October 1974.

We obtained useful data despite the equip-
ment shortage. McMurdo Sound winter
hydrographic data are scarce; others who have
reported such data in the last 20 years are Lit-
tiepage (1965), Tressler and Ommundsen (1962),
Gilmour et al. (1962), and Gilmour (1975). Cur-
rent measurements reported by Heath (1971) are
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Figure 2. Comparison of winter temperatures ( L =Crew &
Neal; o =Tressler and Ommundsen; o Littlepage).

also of interest although most were made in the
austral summer.

Due to logistics limitations and to ice condi-
tions (August storms caused early ice breakup)
the measurements were restricted to regions near
the ice shelf in McMurdo Sound (figure 1). A
party of four arrived at McMurdo Station on 1
September 1974 and spent 29 days on the ice.
Three stations were occupied: station I from 7 to
15 September, station II from 16 to 27
September, and station III from 28 September to
6 October. Water depths at the stations were 73,
517, and 556 meters. Station I was used primarily
for establishing procedures and testing equip-
ment.

Instrumentation. Two wooden huts were towed
from station to station by tracked vehicle. One
was a working hut (laboratory), the other, living
quarters. Instruments were lowered by a winch
through a 1-meter-wide hole in the ice beneath
the working hut.

Scientific equipment included deep-sea revers-
ing thermometers, water sampling bottles (NIO
type), a profiling current meter (an Aanderaa
meter enclosed in a special housing described by
Diiing and Johnson, 1972), and a microstructure
temperature probe previously used in the Arctic
(Neshyba et al., 1971). The profiling current
meter was allowed to free fall along a
hydrographic wire, recording speed and direc-
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Figure 3. High-resolution temperature profiles taken within
an 8-hour period at station II (times are indicated at top and
bottom of each profile). Profiles have been offset for com-

parison; temperature increases to the right in each profile.
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series temperature micro-
structure profiles (offset)
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tion at vertical separations of 5 meters or less.
The current meter had a threshold of about 2
centimeters per second.

The microstructure probe, which can measure
temperature changes of 1 millidegree Celsius or
less, was lowered by conducting winch to give a
continuous analog record. Water samples were
taken to the laboratories at Oregon State Univer-
sity for salinity determinations.

Temperature. Data obtained with reversing
thermometers commonly showed variations of
nearly 0.05°C at the same depth at the same sta-
tion. The greatest scatter of temperature

Figure 4. Temperature profiles showing an inversion that
lasted nearly 1 hour (time of measurements indicated at top
of each profile). Profiles have been offset for comparison;

temperature increases to the right in each profile.

readings was between 100 and 300 meters. The
lowest temperature measured was minus 1.96°C.
Similar variability in temperature can be found
in Littlepage (1965) and Gilmour (1975). Figure
2 compares our reversing thermometer data ob-
tained at station II, temperature data obtained
by Tressler and Ommundsen (1962), and data
reported by Littlepage (1965). All these data
were obtained from the same general area in late
winter. The average of temperatures we observed
at station II was about 0.02°C lower than the
average of values obtained by Littlepage (1965)
and by Tressler and Ommundsen (1962).

Fine-scale temperature structure and its
variability in the water column were observed
with the microstructure probe. Figure 3 shows
how much the vertical profile changed in less
than 8 hours. The profile was initially irregular
with a distinct gradient; it later became nearly
isothermal.

We noted temperature inversions in several
microstructure records. Some (figure 4) persisted
for nearly 1 hour, but most features of the ther-
mal microstructure were not persistent. Even
though the large-scale vertical temperature and
salinity gradients we observed were similar to
those observed in the Arctic (Neshyba et al.,
1971), the microstructure in McMurdo Sound
was much more variable and less pronounced,
possibly due to the shear in this relatively shallow,
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ice-covered water. Profiles shown in figures 5a
and 5b indicate the transient nature of the
microstructure features. In figure 5b the vertical
movement of the features suggests the influence
of internal waves. However, most of the temporal
changes seem to be best explained by assuming
that eddies are carried along in the mean flow or
that convective mixing is taking place as a result
of ice growth (Lewis and Walker, 1970).

Salinity. Salinity measurements ranged from
34.70 per mule at 5 meters to 34.83 per mule at
550 meters. The average salinity obtained at sta-
tion II was 34.72 per mule, 0.06 per mule less
than that obtained by Littlepage (1965) and by
Tressler and Ommundsen (1962) (figure 6).
Samples taken at the same station and depth
varied only 0.02 per mule or less.

Littlepage (1965) questions the reliability or
accuracy of salinity measurements obtained from
water samples taken at or near the in situ freezing
point of sea water. Since we had no means of
determining salinity while on station, we did not
know if the water was at or near the freezing
point. Therefore, even though we did not observe
ice crystals in the water we did use screening to
prevent ice crystals from entering some of the
sample bottles. Sample bottles were brought into
a warm area of the hut to prevent freezing in the
bottle before samples were drawn. Salinity deter-
minations made from samples taken from screen-
ed bottles showed no significant or consistent
deviation from the other samples, the greatest
difference being less than 0.01 per mule. Ac-
cording to the equation for calculating the in situ
freezing point (Doherty and Kester, 1974), very
few samples were either at or below the freezing
point (most of our samples were taken below 5
meters). It seems that, as Lewis and Lake (1971)
propose, if supercooling existed it was transitory.

Water type. Jacobs et al. (1970) listed the
following water types in the Ross Sea: Ross Sea
Shelf Water, Ice Shelf Water, Antarctic Surface
Water, and Circumpolar Deep Water. Although
we were adjacent to the Ross Ice Shelf we did not
find Ice Shelf Water, which according to Jacobs
et al. (1970) should be colder than -2.0°C and
have an average salinity of 34.70 per mule. All of
the water we found was warmer and was within
the range of salinity and temperature (34.75 to
35.00 per mule and -1.80 0 to -2.05°C) of Ross
Sea Shelf Water.

Currents. The flow in McMurdo Sound,
although under large tidal fluctuations, seems to
provide a net transport east or southeast under
the Ross Ice Shelf according to Gilmour et al.
(1962). Tressler and Ommundsen (1962) found

that current direction varies with depth; it is
toward the west and northwest above 300 meters
(rotating clockwise with increasing depth) but
toward the north and east below that depth. Lit-
tiepage (1965) reported a general residual flow in
deeper waters toward the southwest most of the
year but toward the northeast in October-
December.

Heath (1971) made extensive current
measurements in the austral summer under sea
ice at six locations, most south and southeast of
McMurdo Station. Heath noted a clockwise rota-
tion with depth, especially in the upper layers,
and maximum speeds at intermediate and mid-
depth. He attributed the vertical variations in
speed to friction (with the ice and the bottom)
and concluded that near Ross Island "currents
may be directed under the ice only near high or
low tide and not between tides." At stations
where the water depth was over 500 meters he
reported an increase in current speed with depth
to within 100 meters of the bottom. His
measurements indicated that currents generally
rotated clockwise with increasing depth.

Our attempts to obtain continuous current
records at discrete depths were unsuccessful
because the clock in the current meter failed.
Therefore, our current data are from vertical

Figure 6. Comparison of winter salinity measurements
(	Crew & Neal; o =Tressler and Ommundsen;

o Llttlepage).
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profiles of horizontal currents. It is possible to
compare these measurements with others taken
earlier.

At station I the currents were nearly uniform
in magnitude from surface to bottom, averaging
about 6 centimeters per second. Current direc-
tion rotated counterclockwise with depth. At sta-
tion II all profiles showed fairly constant speed in
the upper 100 meters (1 to 2 centimeters per
second), but speed increased below that depth in
several profiles; direction generally was toward
the south with slight counterclockwise rotation
with depth. All profiles at station III indicated
currents flowing generally to the northeast at all
depths with some indication of greater speed at
mid-depth.

Where there was significant rotation of the
current vector with depth it was counter-
clockwise. The maximum current speed we ob-
served was 22 centimeters per second, while the
average speed was 5 to 8 centimeters per sec-
ond (about 60 percent of the magnitude reported
by Gilmour, 1962). Our current measurements
showed flow under the ice on the rising tide.
However, we did not get sufficient coverage to
confirm or refute Heath's (1971) statement,
"closest to Ross Island the currents may be
directed under the ice only near high or low tide
and not between tides."

This work was supported by National Science
Foundation Division of Ocean Sciences grant
GX-42577 for the International Southern Ocean
Studies. We thank Donald Johnson for use of his
equipment and assistance in processing current-
meter records. We thank Edwin Sobey for his
assistance in processing the data and par-
ticipating in the expedition.
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Mesozoic nonmarine ecosystem
and faunal data:

Antarctica, Tasmania and India

PAUL TASCH
Department of Geology
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Wichita, Kansas 67208

Food chain relationships (Tasch, 1974) were
found to be more complex on lower (crustacean)
and higher (fish) trophic levels based on new data
on fossil spoor from Storm Peak (84°35'S. 163°
55'E.) and Blizzard Heights (84°37'S. 163°53'E.)
(Tasch, 1976). Included among the spoor are:
braided structures at both localities and conchostra-
can valve borings, a coprolite of three whorls in-
corporating a fish scale, and broken spines at Bliz-
zard Heights. At Storm Peak apparent galleries of
an infesting organism occur on the interior of some
conchostracan valves.
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