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Sea-ice cover in the waters overlying the antarctic continental
shelf ranges from 60 percent during the austral winter (Zwally,
Comiso, and Gordon 1985) to 20 percent during the austral
summer (Navy Polar Oceanography Center 1974-1985). Sedi-
mentation processes which occur beneath sea ice are only
poorly understood at this time. Sub-ice deposition supplies the
food which reaches the benthic communities over most of the

shelf and also supplies the terrigenous sediment packages
which are now being used to study the recent climatic history of
the southern continent. As part of our on-going study of sedi-
mentation processes on the antarctic shelf, we have conducted
sediment-trap experiments beneath the fast ice of McMurdo
Sound (Leventer and Dunbar 1987; Dunbar and Leventer 1986).
Our efforts during the 1986-1987 field season were directed
toward the collection of a continuous suite of samples from a
time period extending from the early austral spring through the
peak bloom and ice breakout intervals of the austral summer.
During this period, the sea ice undergoes a cycle of thickening,
melting, and breakout (see Leventer et al., Antarctic Journal, this
issue). Associated with the evolution of the sea ice is the de-
velopment and release of the products of the sea-ice microbial
community (Sullivan et al. 1982). We have examined the timing
and magnitude of sedimentation events in relation to the sea-
sonal cycle of sea-ice development and microbial growth. We
also deployed a sediment trap from the ice edge during early
December to examine the fluxes of biogenic and terrigenous

Figure 1. Location of sediment trap moorings deployed beneath fast ice from 6 October 1986 through 16 February 1987 and sediment sample
sites.
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components associated with ice-edge and open-water condi-
tions. We hope to develop accurate indices of sea-ice extent for
retrospective studies.

During austral summer 1986-1987, we deployed 61 sediment
traps at 18 locations within McMurdo Sound (figure 1, table)
employing procedures similar to those described in Dunbar et
al. (1985). The experiments began 6 October 1986, and our
seasonal program ended on 16 February 1987. Between three
and six sediment traps were deployed at each site, generally
with one trap about 35 meters below the surface, two traps at
about 15 and 35 meters above the seafloor, and the remainder
evenly spaced through the water column. Traps were recovered
through sea-ice service holes every 1 to 3 weeks and their
sample jars replaced. A total of 278 samples of the vertical
particulate flux was collected in this fashion.

During deployment and recovery operations at each site, a
SIPRE sea-ice core was collected from the bottom of the con-
gealation ice to monitor the growth and release of the sea-ice
diatom community. Seafloor sediment samples were collected
during November and December from the sea ice using both an
Ekman grab sampler and New Zealand Antarctic Research Pro-
gram sphincter core. Additional sediment samples were col-
lected by sphincter core and gravity core during a short cruise
aboard the USCGC Glacier. In December, a large (1-square-meter
collecting area) conical sediment trap, designed and built by
R.Y. Anderson (University of New Mexico), was deployed on a
bottom-moored free-vehicle from the ice edge in the central
Sound. This trap, recovered in mid-February, provides one of
the first samples of the sedimentary products of the austral
summer open-water bloom.

Sediment trap data.

Water depth	Number of
	

Sampling
Mooring site	 Latitude	Longitude	(meters)	traps	 Date 	intervals

Tent Island
Barnes Glacier
Erebus Ice Tongue (EIT)
Erebus Basin
18 Mile Site

Blue Glacier
Ferrar Glacier
Ciros drill site
Gneiss Point
Ice edge

Inner Debenham Canyon
Outer Debenham Canyon
Mackay Glacier snout
Granite Harbor (GH) sill
GH outer basin

Central Sound
South Base EIT
New Harbor

Grab samples
S-216-87-1
S-216-87-2
S-216-87-3
S-216-87-4
S-216-87-5
S-216-87-6
S-216-87-7

Sphincter cores
S-216-87-8
S-216-87-9
S-216-87-1O
S-216-87-11

Gravity cores
DF-87-38
DF-87-40
DF-87-43
DF-87-44
DF-87-53
DF-87-54

77°42'
77036'
7743,
77©46'
7745'38.56"

7T48'08.51"
7740'56.39"
77036'16.58"
77°21'
77030

77006'38.55"
77000'51 .35"
76057'33.71 "
76056'41.58"
76a5458.61

77024'56.17"
77042'07.11
77a3637.51

77042.5"
77049.5'
77"47.5'
77a44•5

77042'
77035'
77035

77"40'
74°45'38"
77042.5'
7655.7'

77°30.3'
77023.6'
7658.7'
7T'02.1'
77027.7'
77028.5'

166°12'
16611'30"
166©21'
16611'
165034'05.32"

164031'37.00"
163028'34.08"
164032'03.69"
164000'
164050'

163020"! 3.86"
163032'56.80"
162027'56.24"
162047'03.04"
163017'58.99"

165007'52.53"
166055'44.32"
164000'11.95"

166021'
166034'
166037'
166037'
166052'
166004'
16614'

163035'
165034'5"
166©21'
163022.5'

166012.4'
165031.7'
163034.2'
16324.6'
165°11.9'
16520.1'

4	10/6-11/23	 9
3	10/8-1/15	 8
5	10/27-1/27	10
6	10/23-1/2	 5
4	10/30-12/18	2

3	10/31-12/11	 1
4	10/18-12/11	2
4	11/1	 0
3	10/31	 0
1	 10/24	 0

3	10/21-1/28	 5
4	10/24-1/5	 4
5	10/17-2/4	 6
4	10/17-2/4	 6
5	11/11-1/28	 4

1	 12/8-2/16	 1
1	 12/15_TBR)	 1
1	 11/14_TBRb	 1

313
345
400
648
500

140
210
203
255
310

181
464
619
351
805

518
200
120

400
60
74

530
240
278
136

210
500
400
795

270
731
430
329
548
660

a Month/day. October through December dates are 1986. January and February dates are 1987.
b To be retrieved.
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Total sediment fluxes through the water column for two
moorings in Granite Harbor are given in figure 2. Fluxes
through the upper water column prior to January are low, gen-
erally less than 200 milligrams per square meter per day. At the
Outer Basin site (figure 1), sediment fluxes throughout the
water column increase through the season, reflecting the pro-
gressive increase in sea-ice and sub-ice productivity. Late sea-
son fluxes to the upper water column at both sites are generally
higher, but extremely variable, indicating episodic blooms and/
or release and settling events (e.g., difference between 27Janu-
ary 1987 and 4 February 1987 fluxes at MacKay snout). Nearly all
profiles from the Granite Harbor sites show an increase in total
flux of 100 to 600 percent in the lower 200 meters of the water
column, mostly the result of sediment transport within a near-

Granite Harbor Outer Basin

FLUX	2 /day

0	400	800	0

bottom turbid layer. Mid- and deep-water sediment fluxes of 500
to 1,000 milligrams per square meter per day are equivalent to
sediment accumulation rates of 1 to 4 millimeters per year and
are some of the highest sediment fluxes yet measured beneath
fast ice. With three other moorings in the area, we expect to
resolve the horizontal component of the particulate flux in Gra-
nite Harbor, in particular the input of biogenic debris from the
open Ross Sea and the input of fine-grained terrigenous debris
from the MacKay Glacier system.

All samples described herein are curated at Rice University
(trap and SIPRE core samples) or Florida State University (sedi-
ment samples) and are available to other investigators upon
request (sample size requirements permitting). This research
was supported by National Science Foundation grant DPP

Mackay Snout
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Figure 2. Total vertical particulate flux to sediment traps at the snout of the Mackay Glacier and Granite Harbor outer basin.
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85-16911. The field party included Robert Dunbar, Amy Le-
venter, and Marian Allen (Rice University) and Richard Wayper
(Victoria University of Wellington, New Zealand). We gratefully
acknowledge the assistance of Alex Pyne and the New Zealand
Antarctic Research Program, Cenozoic Investigations of the
Ross Sea drilling personnel and the officers and crew of the
USCGC Glacier.
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Summer-winter comparisons of
oxygen content in the polar seas

CHEN-TUNG A. CHEN*

Institute of Marine Geology
College of Marine Sciences

National Sun Yat-Sen University
Taiwan, Republic of China

Until very recently, marine chemistry studies in the polar
seas were mainly performed in summer. Little or no chemical
data were collected in winter because of logistical problems. Yet,
deep and bottom waters of the world oceans are formed mainly
in winter in the polar regions. The lack of winter data in such
regions has prevented scientists from accurately estimating the
variation of chemical properties of deep and bottom waters as
they move away from their formation regions.

Winter oxygen data have now been collected in the Weddell,
Bering, Greenland, and Norwegian seas. The concentrations of
oxygen were found to differ drastically from summer values.
Surface waters were undersaturated, because the air-sea ex-
change rate is comparatively lower than the cooling rate. What
follows will be the comparison between my winter data and the
summer data collected by me and by other investigators.

In 1982 Levitus summarized all data from the National
Oceanographic Data Center as of 1978 and published the an-
nual and seasonal mean oxygen saturation levels at the sea
surface. The southern ocean annual mean was shown to be a
few percent undersaturated, but at that time sufficient winter
data were not available. The recent winter data, to be discussed
later, indicate an even lower degree of saturation. The then-
available and recent winter data also show undersaturation in
the Bering Sea and the northern North Atlantic.

* On leave from College of Oceanography, Oregon State University,
Corvallis, Oregon 97331.

As early as 1963, Smetanin reported that wintertime north-
east Pacific surface water is slightly undersaturated with oxy-
gen. In 1964, Ivanenkov reported that nearly all of the Bering Sea
in winter absorbs oxygen. He reported an average of 6 percent
undersaturation in the western Bering Sea, a value later con-
firmed by Reid (1973). A similar degree of oxygen undersatura-
tion exists in the northwestern North Pacific Ocean in winter
(Hakodate Marine Observatory 1967; Reid 1973, 1982). The win-
tertime northern Gulf of Alaska surface water data and my Polar
Sea data on the eastern Bering Sea shelf also show systematic
undersaturation in winter (SIO Reference 70-5 1970; Chen 1985;
Chen et al. 1985). The oxygen content of the Polar Sea winter
surface layer is higher than that of the deep layer on the ice-
covered shelf, but the degree of saturation is reversed, i.e., most
of the deep shelf water is more highly saturated than that of the
surface water. This phenomenon is not observed in summer
when both the oxygen content and the degree of saturation of
the surface water are higher than those of the deep shelf water
(e.g., Hattori 1977, 1979).

In summer, shelf oxygen data show extreme variability, gov-
erned by biological processes. Winter oxygen, however, seems
to mix conservatively regionally as suggested by segments of
linear temperature vs. oxygen correlations, discussed in detail
in Chen (1985).

Deep water for Polar Sea stations (104 and 105) in the Aleutian
Basin shows a minimum in oxygen (figure Ia). The homoge-
neous, ice-free surface layer is also undersaturated with respect
to oxygen by about 8 percent (figure Ib). The winter surface-
water oxygen concentration is similar to the value found in the
minimum temperature layer in the summer. Summer data from
the same locality (stations KH78-3-8 and KH78-3-9 of the Hakuho
Maru cruise; Hattori 1979) are plotted in figures ic and Id for
comparison. Seemingly, summer warming raises the tem-
perature, but the oxygen content of the surface layer does not
increase by much except in the top 30 meters, where super-
saturation is obviously caused by enhanced photosynthesis. In
winter, enhanced vertical mixing and rapid cooling, unmatched
by slower air-sea oxygen exchange and photosynthesis, pro-
duce undersaturation in the surface layer (Ivanenkov 1964; Reid
1973; Chen 1985). Brujewiez, Bogoyavlensky, and Mokievskaya
(1960) also found an undersaturation as much as 20 percent in
the summer minimum-temperature layer in the Sea of Okhotsk,
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