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A record of solar proton events
in a fir core from

Windless Bight

EDWARD J. ZELLER, GISELA A.M. DRESCHHOFF

and CLAUDE M. LAIRD

Department of Physics and Astronomy
University of Kansas

Lawrence, Kansas 66045

During the 1988-1989 field season, we undertook the high-
resolution nitrate analysis of a snow sequence from Windless
Bight on the Ross Ice Shelf. A firn core was drilled by hand
to a depth of 21.7 meters. All analytical operations were per-
formed in a portable field laboratory at Williams Field located
7 kilometers from the drill site in Windless Bight. Sampling
was accomplished at the drill site. Cores and samples were
handled only with cleaned stainless steel implements. In all
cases, cores were trimmed to remove any possible contami-
nation from sides or ends. After trimming, 1.5-centimeter-thick
samples were cut sequentially from the core, and each sample
was immediately placed in a cleaned, numbered glass vial and
sealed with a polyethelene cap. All samples were transported
from the drill site to the laboratory on the day that they were
collected. They were kept frozen until approximately 1 hour
before analysis for nitrate by ultraviolet spectropho tome try.
Analyses were always completed within 24 hours of sampling
with an analytical precision of less than 2 percent for a mean
concentration of 16.28 ± 0.25 micrograms per liter. The results
of the study are shown in figure 1.

Data obtained show clear evidence that the snow sequence
contains a chemical record that includes a signal of ionization
from charged particles incident upon the upper atmosphere
of the Earth. The antarctic continent acts as a cold trap that

effectively freezes out this signal and retains it in the stratig-
raphy of the ice shelves and the continental ice sheet. The
signal that was measured results from the ionization of nitro-
gen and oxygen, the two primary constituents of the Earth's
atmosphere, which subsequently react to form oxides of ni-
trogen. A large portion of the nitrogen oxides produced are
ultimately oxidized to nitric acid and incorporated in snow
crystals together with nitrates from tropospheric sources that
also contribute to the general background. Based on uninter-
rupted, high-resolution sampling, variations in nitrate con-
centration were found to average about 53 percent (1 standard
deviation) of the mean concentration for the entire core. Short
pulses of high nitrate concentration were found to vary by up
to 11 standard deviations above the mean as shown in figure
7

The time series that resulted from a total of 1,393 individual
analyses, corresponding to 62 years and including more than
5 solar cycles, shows a statistically significant modulation of
the background signal that is clearly traceable to known solar
flares. Several anomalously large concentration peaks were
observed that have been dated and found to correlate with the
major solar proton events of August 1972, July 1946, and the
white-light flare of July 1928 (Feynman personal communica-
tion; Shea personal communication). The energy spectra of
most solar particle events are relatively soft and much of the
ionization that they cause occurs in the high-altitude atmos-
phere. The data we obtained from this investigation and pre-
vious studies (Laird 1983; Zeller et al. 1986) indicate that
significant ionization must also have occurred in the middle
and lower stratosphere in the case of these large solar-proton
events. The events that produced the strong nitrate peaks oc-
curred during months of total darkness when the polar vortex
had built up to produce rapid and efficient downward trans-
port.

For nitrate concentration peaks of intermediate size (peak
heights between 2 and 4 standard deviations above the mean),
only very-high-resolution studies of this type make it possible
to examine the time series in such detail that peaks of different
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Figure 1. Nitrate concentration at Windless Bight on the Ross Ice Shelf, Antarctica, from analyses performed on site. The X axis is proportional
to true depth below the surface and has not been adjusted for compaction. Several major solar flares are visible in the record as large
concentration peaks. The 1946 peak height shown In this figure corresponds to the resampled sequence shown in figure 2. Among the
most prominent are the 1972, 1946, and 1928 flare events. (rig-N I denotes micrograms of nitrogen per liter.)

92	 ANTARCTIC JOURNAL



100

80

L60
Z

0)

40

20

0

1972 PEAK

375	385

1946 PEAK

1055	1065

150

ffere

Z
0)

50

REPEAT SAMPLING

Figure 2. Resampling of the core through the interval of the 1946 and 1972 nitrate concentration peaks shows the level of reproducibility
of the nitrate signals. Solid and broken lines indicate the nitrate concentration values obtained by repeat sampling of the core. The mean
nitrate concentration and one standard deviation for the entire core is indicated on each graph. (1ig-N l denotes micrograms of nitrogen
per liter.)

origin can be separated. The configuration of such peaks can
be analyzed by determining shape parameters, specifically the
derivatives. They may provide useful information to differ-
entiate between peaks produced by smaller solar-proton events
and those derived from meteorological effects (Dreschhoff and
Zeller in press). This will be valuable in analyzing the high-
energy solar-proton event of April 1984 (Zeller et al. 1986),
which was at least one order of magnitude smaller in particle
flux than the events of 1972 and 1946. We have recently cal-
culated the ionization input from solar-flare energetic particles
into the south polar ionosphere for 1982-1985 using satellite
data (Armstrong et al. 1989). The record of charged particle
flux from the 1984 event shows that it not only produced ion-
ization in the lower stratosphere but also that this single event
actually dominated annual ionizaton all the way down to the
lower stratosphere as shown in figure 3.

Although several glaciological studies involving nitrate mea-
surements on cores from Antarctica exist, the data they provide
is inadequate for solar-activity investigations (Laird et al. 1988).

In most cases, the analyses are discontinuous with gaps of
many meters between samples, and the resolution is generally
low (Legrand and Delmas 1986; Kirchner and Delmas 1988).
In addition, some of these studies have been conducted on
old core segments that have been subjected to long-distance
shipment and storage periods of many years (Kirchner and
Delmas 1988) which can introduce significant variations from
the original nitrate concentrations present in freshly cut cores
(Grootes and Stuiver 1987).

This research was supported in part by National Science
Foundation grant DPP 87-15543 and U.S. Air Force Contract
AFOSR-88-0065.
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atmosphere for 1984. (KM denotes kilometer. CM denotes centimeter. HR denotes hour.)
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A 104-meter oxygen-isotope record
at J-9, Ross Ice Shelf,

Antarctica

PIETFN M. GROOTES and MINZE STuIvEl

Qua ternary Isotope Laboratory
University of Washington
Seattle, Washington 98195

A complete oxygen-isotope profile through the Ross Ice Shelf,
Antarctica, at Station J-9 (82°23'S 168°38W, elevation 60 me-
ters) covers at least the last 30,000 years (Grootes and Stuiver
1986, 1987). This profile was obtained from a core drilled in
1978-1979 (Zotikov, Zagorodnov, and Raikovsky 1979). We
here report the oxygen-isotope profile of a 104-meter core drilled
in 1976 about 100 meters (Kuivinen personal communication)
away from the 1978 core. Comparison of the oxygen-isotope
records of the two cores reveals the spatial variability in the
core records. This information is needed for a proper inter-
pretation of the paleoenvironmental information in the long
record of the 1978 core.

The 104 meters of the 5.4-centimeter diameter core recovered
in the 1976 wireline drilling was sampled at the State University
of New York at Buffalo Central Ice Core Storage Facility in
1988. Most of the core was sampled in 50-centimeter incre-
ments. Several 1/4-core sections were taken for detailed sam-
pling to determine the isotopic fine structure. Mass transport
through sublimation and refreezing was evident, especially in
the firn part of the core where several of the 5.4-centimeter
diameter core sections were stuck inside their 7.6-centimeter
diameter butyrate core tubes. The oxygen-isotope composition
of the samples was measured in a Micromass 903 automated
mass spectrometer with on-line water/carbon dioxide equili-
bration system. The results are expressed as 6 180 , the relative
difference between the 180/160 ratio of the sample and that of
Standard Mean Ocean Water (V-SMOW), given in parts per
thousand (per mil, %G). The standard deviation for a single
measurement is less than 0.1 %. The 8 180-depth profile of
the 1976 core is given in figure la. The 1978 6 180 record down
to 105 meters is given in figure lb for comparison.

The average 8 110 in the 1976 core increases from —29 % at
50 meters depth to about —24 %c near the surface. Surface 8
180 values are around —29 %c upstream of J-9 and show no
such change (Clausen et al. 1979). Most likely the firn part of
the core is significantly enriched due to water vapor loss over
12 years of storage. For this reason, we compare only the
results over the depth interval 50-104 meters, below the firn-
ice transition, with those of the 1978 core. A cross-correlation
coefficient R for the records was calculated using standard
procedures (Bevington 1969) for no smoothing (0.5 meter or
about 5 years per sample) and for smoothing with a 3-point
(1.5 meters, about 15 years) and a 10-point (5.0 meters, about
50 years) unweighted moving average. The probabilities P that
this or a higher correlation coefficient is produced by chance
by uncorrelated data sets are 0.0013, 0.0012, and 0.0037 for no-,
3-point, and 10-point smoothing, respectively. Thus, the two
Ross Ice Shelf isotope records at J-9 show a highly significant
correlation over a distance of 100 meters. The correlation coef-
ficients R increase with smoothing from 0.587 to 0.819 indi-
cating that covariance R 2 of the records increased from 34 to
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Figure 1. Oxygen isotope profiles of Ross Ice Shelf cores at station
J-9 (82°23'S 168°38'W). A. Core drilled in 1976. B. Top section of
core drilled through the ice shelf in 1978. 6 180 values are for 0.5-
meter depth intervals.

67 percent. The increasing auto correlation caused by the
smoothing reduced the effective number of independent data
points from 27 out of 106 measured points to 18 and 10 for 3-
and 10-point averaging and thereby slightly reduced the sig-
nificance of the correlation. The results show that the coher-
ence between the records is tied to the century-scale 8 180

fluctuations. The absence of a significant correlation between
the shorter decadal fluctuations reflects spatial variability in 6
180 and in accumulation. The maximum correlation coefficient
was obtained for no lag between the two records (for 0.5-meter
increments). This was expected from the 2-year time interval
between the drilling of the cores which suggested a lag of about
0.2 meter. This offset will affect especially the short-term cor-
relations.

Large 6 180 fluctuations, up to 12.7 %c peak to peak, with a
layer thickness of about 20 centimeters were found in the 1978
core just below 100-meter depth (Grootes and Stuiver 1982,
1986). The bottom part of the 1976 core (95-104 meters) was
analyzed in detail to study these fluctuations (figure 2a). Short-
term fluctuations are most pronounced in the 100- to 105-meter
interval. The peak-to-peak values of 4 %o to 7 %c are, however,
significantly smaller than those found in the 1978 core. Be-
tween 100- and 105-meter depth the average 8 1110 value changes
from —29 %c to a local minimum of about —32 %c, as previously
observed in the 1978 core (figure 2b). No comparable dip in
average 6 180 is found in the Dominion Range core record
(Grootes et al. in press). Comparison of the two J9 a 180

records suggests that local conditions along the J-9 flow line,
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Figure 2. Oxygen isotope fluctuations around 100-meter depth in
the Ross Ice Shelf at station J-9.

prevailing over distances of at least 100 meters, led to accu-
mulation of snow with more negative 8 180 values and to more
and stronger short-term 6 180 variability in the firn. Ice-flow
modeling (e.g., Thomas and MacAyeal 1982) places the origin

of this ice in the lower part of ice stream B. The differences in
180 fine structure between the 1976 and 1978 records indicate

that the large, and as yet unexplained, 8 180 fluctuations in
the 1978 core in this interval are a very local (less than 100
meters) phenomenon.

We thank the staff of the Central Ice Core Storage Facility
at the State University of New York at Buffalo for their assis-
tance in sampling the J-9 1976 core. This work was supported
by National Science Foundation grants DPP 84-00574 and DPP
87-16102.
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Detailed glaciochemical investigations
in southern Victoria Land,
Antarctica, 1988-1989-
A proxy climate record

PAUL A. MAYEWSKI, W. BERRY LYONS,

and MARK S. TWICKLER

Glacier Research Group
institute for the Study of Earth, Oceans and Space

University of New Hampshire
Durham, New Hampshire 03824

Developing environmental change records from ice-core time-
series data is a little-used technique in the Transantarctic

Mountains despite the existence of a well-developed lower
resolution glacial geologic record for this area that forms the
primary basis for understanding the glacial history of East
Antarctica. In addition, records derived from marine and lake-
core studies of glacier margin fluctuation measures of volcanic
activity and meteological data sets from within or close to the
Transantarctic Mountains are available for comparison. This
emerging environmental database provides the tools needed
to define the change characteristics—over a period of thou-
sands of years—of several major dynamic components in this
region, e.g., climate, atmospheric chemistry, sea-ice extent,
volcanic activity and atmospheric turbidity.

During the 1987-1988 austral summer field season, we in-
vestigated several sites in southern Victoria Land as potential
core sites (Mayewski and Twickler 1988). The site chosen for
investigation during the 1988-1989 season was the Newall Gla-
cier (center point: 77°37'S 162°30'E) in the Asgaard Range.

The major goal of the 1988-1989 field program was to collect
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two cores, 150 and 175 meters deep; this was accomplished in
conjunction with the Polar Ice Coring Office (University of
Alaska at Fairbanks). The drill site was located in a relatively
flat portion of the glacier close to the heads of the Lacroix,
Suess, and Canada glaciers of Taylor Valley. One core will be
dedicated to measurements of major anions, major cations,
and radionuclides to be conducted in our laboratory and ox-
ygen isotope measurements to be conducted by P. Grootes
(University of Washington). The other core will be sampled in
a similar fashion for purposes of calibration and for gas studies
(carbon dioxide and methane) by M. Whalen (New York State
Department of Health).

Prior to final site selection a series of studies was undertaken:
• radio echo sounding—to further define the three-dimen-

sional configuration of the glacier;
• surveying—to establish radio echo sounding sites and reoc-

cupy stakes emplaced in 1987;
• mass balancing—to measure stakes set out in 1987;
• snow-pit sampling—a 4-meter snowpit was excavated close

to the core site to allow detailed, high-resolution (1-centi-
meter interval), high-volume sampling for the measurement
of several properties (major anions, major cations, stratig-
raphy, density, hydrogen peroxide, dissolved organic car-
bon, sulfur isotopes, and radionuclides) for examination in
conjunction with and as calibration for the cores;

• shallow-core sampling—to conduct detailed density and ra-
dionuclide investigations; and

• air sampling—for collection of aerosol major anions and
cations to assess air/snow fractionation.
As an addition to our Newall Glacier glaciochemical pro-

gram, we conducted a pilot glaciochemical program at a site
33.6 kilometers east of South Pole. The primary emphasis of
this work was the retrieval of a high-resolution nitrate and

chloride time series since these chemical species play a role as
end products in reactions involved in ozone depletion. As part
of this effort, we collected snow samples for major anions and
cations, oxygen isotopes, and barium-7 at 1.6-kilometer inter-
vals along the traverse from South Pole to our remote site. At
the remote site, we excavated a 6-meter snow pit and collected:
• oxygen isotope and major anion and cation samples every

1 centimeter;
• continuous stratigraphy and density;
• radionuclide samples every 5 centimeters;
• sulfur and nitrogen isotope and dissolved organic carbon

samples at selected levels. Results of this pilot study will be
compared with the South Pole ozone record and with de-
tailed snow-pit records produced by us from Newall Glacier
and the Dominion Range, head of the Beardmore Glacier,
to yield a spatial view of the major chemistry in the Tran-
santarctic Mountains and possibly as a test for a proxy of
ozone depletion.
We would like to thank our colleagues in the field Cameron

Wake and Michael Morrison (Glacier Research Group), Barry
Lopez (Finn Rock, Oregon) and Bruce Koci and Ted Clark
(Polar Ice Coring Office, University of Alaska at Fairbanks) for
their companionship. We also greatly appreciate the efforts of
VXE-6 and ITT Antarctic Support Services. This research was
supported by National Science Foundation grant DPP 86-13786.
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Tephra layers
in the Vostok ice core:

160,000 years of
southern hemisphere volcanism

Table A. Representative major element analyses (weight percent)
of glass shards in visible tephra layers in the Vostok ice core
analyzed by energy-dispersive X-ray analysis and comparative
analyses from other tephra layers and potential source areas.

Column number:

JULIE M. PALAIS

Glacier Research Group
Institute for the Study of Earth, Oceans, and Space

University of New Hampshire
Durham, New Hampshire 03824

and
Lahoratoire de Glaciologie et

Geo physique de l'Environne,nent
St. Martin d'Heres, France

JEAN-ROBERT PETIT and CLAUDE LORIUS

Laboratoire de Glaciologie et
Geophysique de
Environneinent

St Martin d'Heres, France

Y.S. KOROTKEVICH

The Arctic and Antarctic Research Institute
Leningrad, Union of Soviet Socialist Republics

Recent studies of a deep ice core from Vostok Station, Ant-
arctica, have focused on the climatic and carbon-dioxide record
contained in the core, which covers the last glacial/interglacial
climatic cycle (approximately 160,000 years) (Jouzel et al. 1987;
Barnola et al. 1987). Other work has examined the aerosol
record (continental and marine impurities) preserved in the
ice and its relationship to climate (De Angelis, Barkov, and
Petrov 1987; Legrand et al. 1988). This paper reports on pre-
liminary studies of a number of visible dust layers identified
in the core that were found to contain volcanic ash (tephra).

Core sections containing the visible layers were first sketched,
with the core depth, length of the section, position, orienta-
tion, and thickness of any visible layers indicated. Samples
were cut from each of the layers (and in some cases the adjacent
ice) with a band saw and washed to remove external contam-
ination using the same techniques used by Legrand et al.,
(1984). Washed samples were placed in pre-rinsed Millipore
filtration units containing Nuclepore Aerosol filters and al-
lowed to melt.

Results of some of the analyses of tephra layers in the Vostok
core are presented in the table (parts A, B, and C). The figure
shows examples of the types of particles extracted from some
of the Vostok tephra layers.

Kyle, Palais, and Thomas (1984) and Palais et al., (1987),
described a tephra layer found at 100 meters in a core drilled
in 1979 at Vostok Station (column 1, table A) and concluded
that it originated in a major explosive eruption of Candlemas
Island in the South Sandwich Islands about 3,200 years ago.
We believe that the tephra layer identified at 369 meters (col-
umn 2, table A) (figure, block a) in the deep Vostok core (2,083
meters long drilled in 1980) also formed from a major volcanic
eruption in the South Sandwich Islands (probably Thule or
Bellingshausen Island) about 15,500 years ago. This conclusion

Sample:	 V100	 V369	V550
Reference:	Palais et al. 1987	This work	This work
Number of

analyses:	 37	 47	 19
Number of

particles:	 -	 25	 18
Age (in thousands

of years)	 3.2	 15.5	30

Si02	59.73 (1.79)	57.62 (1.85)	62.81 (1.55)
Ti02	0.90 (0.16)	1.02 (0.21)	1.30 (0.24)
Ai 203	14.84 (0.66)	15.38 (2.07)	14.66 (1.08)
FeO b	10.25 (1.23)	11.00 (2.46)	9.07(l.48)
MnO	 0.15 (0.12)	0.24 (0.13)	0.18 (0.09)

MgO	 2.44 (0.48)	2.89(l.38)	1.60 (0.64)
CaO	 6.64 (0.76)	7.44 (0.72)	5.80 (0.84)
Na20	 4.46 (0.57)	3.51 (0.70)	2.88 (0.72)
K20	 0.63 (0.19)	0.40 (0.11)	0.95 (0.17)
P205	n.d.c	0.01 (0.03)	0.08 (0.07)

S03	n.a.d	0.18 (0.13)	0.15 (0.08)
Cl	 na.	0.32 (0.08)	0.30 (0.07)
Minerals	 Andesine/	Andesine/	na.

	

labradorite	labradorite
Subcalcic augite

a One standard deviation.
b FeO total Fe as FeO.
Not detected.

d Not analyzed.

is based on similarities in the composition of the tephra and
the eruption products on these islands (Baker 1978 and per-
sonal communication).

The tephra layer at 550 meters in the Vostok core (column
3, table A) (figure, block b) has a composition which is also
compatible with an origin in the South Sandwich Islands. This
eruption could have originated from the northern part of Can-
dlemas Island (Baker 1978).

The tephra layer at 641 meters (column 4, table B) (figure,
block c) is very different from those discussed above and may
have originated from a similar source as a number of tephra
layers studied by Nishio, Katsushima, and Ohrnae (1984) in
the Allan Hills (column 5, table B) and by Keys, Anderton,
and Kyle (1977) from a site in southern Victoria Land. The
source of these tephra layers is thought to be in an area be-
tween the Koettlitz Glacier and the Royal Society Range; how-
ever, the composition of volcanic rocks in this part of Antarctica
(McMurdo Volcanic Province) shows no consistent areal or
temporal variations which might permit the precise identifi-
cation of the volcanic source of this tephra (Keys et al. 1977;
Kyle personal communication).

A number of other tephra layers at 1,510 meters (column 6,
table C) (figure, block d) 1,575 meters, 1,578 meters, and 1,591
meters in the Vostok core were also studied and are all prob-
ably from a related, but unknown, source. No Cenozoic vol-
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Table B. Representative major element analyses (weight percent)
of glass shards in visible tephra layers in the Vostok ice core
analyzed by energy-dispersive X-ray analysis and comparative
analyses from other tephra layers and potential source areas.

Column number:

Sample:	 V641	 Allan Ash
Reference:	 This work	 Nishio (1985)
Number of

analyses:	 36	 12
Number of

particles:	 31
Age (in thousands

of years)	 36.5	 ?

5i02	46.32 (1.24)a	 44.23 (2.25)
Ti02	3.78 (0.41)	 3.76 (0.47)
Al203	14.54 (0.79)	 16.29 (1.37)
FeO b	13.03 (1.56)	 10.19 (0.78)
MnO	 0.28 (0.10)	 0.22 (0.6)

MgO	 4.46 (0.67)	 4.06(l.02)
CaO	 8.41 (0.79)	 9.91 (2.37)
Na20	 4.34 (0.69)	 4.29 (0.86)
K20	 1.48 (0.25)	 2.95 (0.50)
P205	1 .66 (0.40)	 1.57 (0.24)

S03	1.33 (1.94)
Cl	 0.38 (0.22)
Minerals	 n.a.	 n.a.

a One standard derivation.
b FeO total Fe as FeO.
c Not analyzed.

Table C. Representative major element analyses (weight percent)
of glass shards in visible tephra layers in the Vostok ice core
analyzed by energy-dispersive X-ray analysis and comparative
analyses from other tephra layers and potential source areas.

Column number

Sample:	 V1510	New Zealand	South America
Reference:	This work	Cole (1982) Futa & Stern (1988)
Number of

analyses:	 19	10	 -
Number of

particles:	 6	-	 -
Age (in thousands

of years)	109.5	-	 -

5i02	66.26 (1.12)a	66.08	66.78
Ti02	0.95 (0.22)	0.5	 0.59
Al 203	15.87 (0.83)	15.27	16.61
FeO b	4.29 (0.93)	4.09	 3.53
MnO	 0.07 (0.08)	0.08	n.a.c

MgO	 1.44 (0.25)	2.04	 2.05
CaO	 3.72 (0.53)	4.29	 4.32
Na20	 3.17(l.28)	3.6	 3.76
K20	 3.55 (0.54)	2.34	 2.2
P205	0.04 (0.07)	0.13	 0.11

S03	0.31 (0.17)	n.a.	 n.a.
CI	 0.37 (0.18)	n.a.	 n.a.
Minerals	 n.a.

a One standard deviation.
b FeO total Fe as FeO.
Not analyzed.

canic rocks from either the antarctic continent or the subantarctic
islands have been identified in the literature with a composi-
tion compatible with these tephra. New Zealand and South
America seem to be likely candidates for the eruptions which
produced these tephra, but further studies are required to
identify the exact source(s) of these tephra.

These preliminary results demonstrate the possibility of us-
ing the chemical composition of tephra particles in ice cores
as a tool for correlation purposes as well as providing infor-
mation on source regions of fallout to the ice sheet. Grain-size
analyses on some of the tephra layers should provide addi-
tional information to help in the interpretation of the source
region and types of eruptions recorded by these layers. Pre-
liminary trace element analyses of two of the Vostok tephra
layers have also been carried out and provide additional in-
formation on the composition of the tephra and may eventually
allow a more precise identification of the sources to be made.

Samples for this study were kindly provided by the Labor-
atoire de Glaciologie et Geophysique de l'Environnment, Gren-
oble, France, by a special agreement made by Claude Lorius
with the Soviet Antarctic Expeditions, represented by Y.S. Ko-
rotkevich. This work was funded by a 6-month fellowship from
the French government (Chateaubriand Fellowship) to Julie
Palais to initiate prelimianry studies of tephra layers in the
Vostok ice core and other antarctic ice core samples and was
carried out at the Laboratoire de Glaciologie et Geophysique
de l'Environment, Grenoble, France, and at the Centre des

Faibles Radioactivites in Gif-sur-Yvette. Julie Palais wishes to
thank all those at both institutions for their hospitality and
their assistance in carrying out this work.
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of volcanic eruption horizons

in a 1,000-year ice-core
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Recent work on a 130-meter ice core from the South Pole
produced a 1,000-year glaciochemical record from which we
identified a number of horizons that were thought to be due
to volcanic eruptions (Kirchner 1988; Kirchner and Delmas
1988). Several of these layers, identified because of their ele-
vated sulfuric acid concentrations, were recently studied to try
to identify glass shards from the volcanic eruptions thought
to have produced the acid fallout. Bulk meltwater samples from
nine of these horizons (table 1) were filtered, and the insoluble
microparticles on the filters were examined and analyzed by
scanning electron microscope and energy-dispersive X-ray
analysis. The accuracy and precision of the analyses were de-
termined by repeated measurements of synthetic and natural
glass standards of known composition.

The major element composition of volcanic glass shards found
in each of the layers was determined and compared with anal-
yses of volcanic ash from known eruptions or from volcanic
sources suspected of having produced the fallout. Table 2 lists
the major element composition of glass shards that were ana-
lyzed in some of the South Pole samples and corresponding
analyses of possible sources or correlative tephra layers in other
ice cores.

Table 2A. Major element analyses (weight percent) of glass
shards in South Pole samples and corresponding analyses of

possible sources or correlative tephra layers in other ice cores.

Sample:	 1	 2	 3

Age (A.D.):	1816-1821	1815	1816-1821
Number of

analyses:	16	 93	 8
Number of

particles:	 5	 5
Reference:	This work	See below	This work

S102	57.83 (1.42)a	57.63 (0.97)	54.14 (1.59)
Ti02	0.72 (0.15)	0.53 (0.07)	2.12 (0.49)
Al203	18.53 (0.74)	19.62 (0.36)	17.04 (2.30)
FeO b	5.53 (0.84)	4.47 (0.32)	9.09 (2.35)
MnO	 0.28 (0.21)	0.16 (0.11)	0.21 (0.10)

MgO	 1.48 (0.36)	1.29 (0.13)	3.37 (1.58)
CaO	 3.19 (0.67)	3.12 (0.30)	7.93 (0.94)

Na20	 5.61 (0.47)	6.49(l.05)	4.99 (0.68)
K20	 6.02 (0.54)	6.36 (0.33)	0.58 (0.37)
P205	0.09 (0.11)	0.10 (0.14)	0.18 (0.20)

S03	0.34 (0.13)	n.a.c	0.19 (0.20)
Cl	 0.47 (0.12)	na.	0.21 (0.06)

a One standard deviation.
b FeO total Fe as FeO.

Not analyzed.

1. Tambora (?) glass, 1-3-micrometer particles in sample PS 1816.
Compare with 2.
2. Microprobe analyses of matrix glass in plinian fall deposit from 1815
Tambora eruption, Sigurdsson and Carey (in press).
3. Glass 2, 15-30-micrometer particles in sample PS 1816. May be
from 1819-1821 eruptions of Deception Island (Orheim 1972). Compare
with 6, 7, and 8 (table 2C).

Glass shards believed to be from the 1815 eruption of Tam-
bora volcano were identified in an interval (1816-1821 A.D.)
of elevated sulfuric acid in the South Pole core (table 2A, col-
umn 1). Microprobe analyses of matrix glass (Sigurdsson and
Carey, in press), from the plinian fall deposit of the 1815 Tam-

Table 1. South Pole and James Ross Island samples.

Depth
(in meters)

26.4-27.1
27.50-27.99
28.96-29.78
48.4-49.14
50.675-51.725

52.71-53.51
53.51-54.36
68.27-69.21
87.50-88.04

Age
(A. D.)
	

Source/Notes

	

1816-1821	 Tambora?

	

1809-1813	 Unknown

	

1795-1801	 Unknown

	

1632-1638	 Deception Island? JRI tephra equivalent?

	

1609-1618	 Unknown

	

1593-1600	 Huaynaputina 1600 AD.?

	

1589-1593	 Ruiz 1595 AD.?

	

1447-1456	 Unknown

	

1258-1264	 Indonesia?/Central America?

Sample

SP1816
SP1809
SP1 795
SP1 635
SP1 614

SP1 593
SP1 589
SP1450
SP1259

JR1146	 146	 1640±	 Deception? South Pole equivalent?

a Probable error ± 5 years in upper layers and ± 10 years in deeper layers.
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Table 2C. Major element analyses (weight percent) of glass
shards in South Pole samples and corresponding analyses of

possible sources or correlative tephra layers in other ice cores.

Table 2B. Major element analyses (weight percent) of glass
shards in South Pole samples and corresponding analyses of

possible sources or correlative tephra layers in other ice cores.

Sample:	 4	 5 Sample:	 6	 7	 8

Age (A.D.):	 1809-1813	 1809-1813
Number of

analyses:	 8	 13
Number of

particles:	 6
Reference:	 This work	 See below

Si02	59.74 (1.40)	 59.45 (1.63)
Ti02	0.83 (0.16)	 0.67 (0.24)
Al203	15.66 (1.75)	 16.43 (0.51)
FeO b	7.84(l.84)	 9.00 (0.72)
MnO	 0.16 (0.07)	 n.a.c

MgO	 2.33 (0.92)	 2.83 (0.73)
CaO	 5.40 (0.91)	 5.44 (0.82)
Na20	 4.22 (0.74)	 4.14 (0.52)
K20	 3.08 (1 .37)	 2.05 (0.40)
P205	0.06 (0.11)	 n.a.

S03	0.28 (0.13)	 n.a.
Cl	 0.47 (0.21)	 n.a.

a One standard deviation.
b FeO , total Fe as FeO.

Not analyzed.

4. Dominant glass in sample PS 1809. Compare with 5.
5. Dominant glass from layer in the Dome C core originally dated 1815
but later interpreted to be from 1809 analyzed on same scanning electron
microscope/energy-dispersive X-ray analysis as this work (Fehrenbach
1984). Unknown source, probably local. Compare with 4.

bora eruption compare very well and are also shown in table
2A (column 2). Another population of slightly larger glass shards
was also found in this layer (table 2A, column 3). These par-
ticles may have originated in eruptions of Deception Island
(see column 8, table 2C) dated by Orheim (1972) as having
occurred about 1819-1821.

Glass shards from an interval of elevated sulfuric acid in the
South Pole core, tentatively dated at about 1809-1813 were
analyzed and are shown in column 4 (table 2B). It is interesting
to note that our analyses of shards in the 1809 layer are similar
to those of Fehrenbach (1984) and De Angelis et al. (1985)
which were from a layer in the Dome C ice core, provisionally
dated at 1815, but now believed (because of a dating error) to
be from an eruption in 1809 (column 5, table 2B).

Column 6 (table 2C) lists the mean composition of 30 par-
ticles extracted and analyzed from a visible tephra layer iden-
tified in a core from James Ross Island (Aristarain, Jouzel, and
Lorius in preparation) at 146 meters and provisionally dated
at about 1654 ± 50 A.D. (figure, block a). This layer is believed
to be from a previously undocumented eruption of Deception
Island (compare with column 8, table 2C). Analyses of particles
in a layer in the South Pole core associated with a sulfuric acid
peak, dated at about 1632-1638 A.D. (column 7, table 2C)
(figure, block b) compare well with those in the James Ross
Island tephra layer. We believe that these particles are from
the same eruption. If so, because the South Pole core is more
precisely dated than the James Ross Island core, we can pro-

Age (A.D.):	1654 ± 50	1632-1638	1912 ± 10
Number of

analyses:	30	 11	 26
Number of

particles:	30	 7	 26
Reference:	This work	This work	This work

Si02	54.92 (2.02)a	55.65 (3.32)	55.73 (3.05)
Ti02	2.42 (0.73)	2.28 (0.89)	2.40 (0.49)
Al203	15.79 (2.60)	13.93 (0.97)	15.89 (1.79)
FeO b	9.76 (2.53)	12.12 (1.29)	10.04 (2.43)
MnO	 0.18 (0.12)	0.25 (0.15)	0.16 (0.10)

MgO	 3.42(l.27)	3.45(l.35)	3.37 (0.91)
CaO	 7.54(l.42)	8.19 (0.58)	6.45(l.45)
Na20	 4.66(l.12)	3.01 (1.15)	4.55(l.18)
K20	 0.70 (0.30)	0.63 (0.14)	0.85 (0.29)
P205	0.15 (0.16)	0.14 (0.15)	0.13 (0.10)

S03	0.21 (0.10)	0.16 (0.11)	0.17 (0.09)
Cl	 0.25 (0.10)	0.36 (0.09)	0.14 (0.09)

a One standard deviation.
b FeO , total Fe as FeO.

6. Tephra layer from 146-meter depth in core from James Ross Island.
Approximate age 1654 ± 50 A.D. Compare with 3 (table 2A) and 7.
Probably from Deception Island. Sample courtesy of A. Aristarain.
7. Dominant glass in samples PS 1635. Compare with 3 (table 2A), 6,
and 8. Probably correlates with tephra layer in James Ross Island core.
See 6.
8. Tephra known to be from Deception Island, sampled in firn corn
collected by 0. Orheim. Approximate age 1912 A.D. (Orheim 1972).
Compare with 3 (table 2A), 6 and 7.

pose a revision in the dating of the James Ross Island core
using the correlation between the tephra layers in the two
cores, and the date assigned to the South Pole layer (approx-
imately 1635 A.D.).

Analyses of glass shards in a layer with sulfuric acid peak,
dated at about 1593-1600 A.D., are given in column 9 (table
2D). The sulfuric acid peak in this interval was dated by Kir-
chner (1988) at about 1595 A.D. If this age is too old by 5 to 7
years, this event could be associated with the eruption of
Huaynaputina (1600 AD., volcanic explosivity index = 4).
Glass shards from the 1600 A.D. eruption were previously
found in an ice core from the Quelcaaya ice cap, Peru (Thomp-
son et al. 1984). Two different tephra samples (columns 10 and
11, table 2D) were obtained from the 1600 A.D. Huaynaputina
eruption and were analyzed at the same time as the particles
in the South Pole core.

Another sulfuric acid peak in the South Pole core, dated at
about 1589 A.D. was found to have glass shards in it with a
composition listed in table 2E, column 12 (figure, block c).
Comparison with the analyses of Ruiz glass in column 13 (table
2E) suggests that this layer might correspond to the 1595 A.D.
eruption of Ruiz Volcano, Colombia (volcanic explosivity index
= 4). In that case, the dating of this layer would also be in
error by about 7 years.
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Table 20. Major element analyses (weight percent) of glass
shards in South Pole samples and corresponding analyses of

possible sources or correlative tephra layers in other ice cores.

Table 2E. Major element analyses (weight percent) of glass
shards in South Pole samples and corresponding analyses of

possible sources or correlative tephra layers in other ice cores.

Sample:	 9	 10	 11 Sample:	 12	 13	 14

Age (A.D.):	1593-1600	1600	 1600
Number of

analyses:	18	 7	 20
Number of

particles:	16	 7	 20
Reference:	This work	This work	This work

Si02	72.92 (2.04)a	75.76 (0.53)	77.15 (0.31)
h02	0.34 (0.20)	0.27 (0.06)	0.19 (0.09)
Al 203	13.98 (0.91)	13.85 (0.15)	12.97 (0.17)
FeO b	1.37 (0.28)	1.10 (0.14)	0.71 (0.09)
MnO	 0.11 (0.18)	0.05 (0.06)	0.02 (0.05)

MgO	 0.44 (0.20)	0.27 (0.14)	0.19 (0.08)
CaO	 1.41 (0.35)	1 .22 (0.07)	0.89 (0.07)
Na20	 4.12 (0.73)	3.43 (0.24)	3.55 (0.17)
K20	 3.76 (0.28)	3.89 (0.15)	4.03 (0.14)
P205	0.02 (0.05)	 0	 0

S0 3	0.99 (0.52)	0.15 (0.06)	0.17 (0.06)
Cl	 0.55 (0.18)	0.12 (0.05)	0.13 (0.03)

a One standard deviation.
b FeO total Fe as FeO.

9. Dominant glass in sample PS 1593. Compare with 10 and 11. Prob-
able fallout from Huaynaputina 1600 A.D. eruption (volcanic explosivity
index = 4).
10. Analysis of polished section of pumices from 10-centimeter-thick
ash layer 28 kilometers from crater of Huaynaputina at altitude of 3,070
meters. Sample provided by N. Vatin-Perrignon. Compare with 11 and
13 (table 2E).
11. Analyses of polished section of glass shards from tephra layer at
archaeological site Cerro Trapiche, near Moquegua about 45 kilometers
southeast of Huaynaputina. Sample provided by Ellen Mosley-Thomp-
son. Compare with 12 (table 2E).

Finally, a strong sulfuric acid signal, thought to correspond
to the 1259 A.D. volcanic-acid signal described by Langway,
Clausen, and Hammer (1988) in other antarctic and Greenland
cores, was identified in the South Pole core at about 87.5 meters
(Kirchner 1988). Insoluble particles were extracted from a sam-
ple covering the period from about 1258-1264 A.D., and the
analyses are given in table 2E, column 14 (figure, block d).
Although the exact volcano responsible for this eruption is
unknown, it is thought to be located somewhere in the equa-
torial region. Two possibilities include volcanoes of the In-
donesian arc and volcanoes of Central America and northern
South America (e.g., Colombia, Ecuador).

We believe that the extraction and analysis of volcanic par-
ticles from layers of elevated acidity as well as visible tephra
layers in ice cores can provide important information for dating
and correlation purposes. In shallow ice cores where the time
period covered corresponds to volcanic events recorded his-
torically, the identification of the volcanic source is generally
much easier than in the case of deeper cores which record
older, sometimes unknown events.

This work was funded by a 6-month fellowship from the
French government (Chateaubriand Fellowship) to Julie Palais

Age (AD.):	1589-1593	1595	 1259
Number of

analyses:	12	 10	 24
Number of

particles:	 7	 10	 8
Reference:	This work	This work	This work

Si02	66.70 (0.87)a	66.87 (0.90)	67.28 (0.91)
Ti02	0.93 (0.12)	0.92 (0.07)	0.55 (0.13)
Al 203	15.72 (0.76)	16.07 (0.29)	15.64 (0.22)
FeO b	3.73 (0.56)	3.86 (0.31)	3.32 (0.34)
MnO	 0.08 (0.08)	0.12	 0.14 (0.10)

MgO	 1.51 (0.35)	1.45 (0.20)	0.82 (0.18)
CaO	 3.36 (0.58)	3.59 (0.41)	2.31 (0.21)
Na20	 3.35(l.31)	3.00 (0.53)	5.01 (0.62)
K20	 3.37 (0.35)	3.52 (0.26)	4.19 (0.22)
P20 5	0.13 (0.25)	0.12 (0.07)	0.03 (0.05)

S03	0.87(l.94)	0.39 (0.09)	0.28 (0.12)
Cl	 0.34 (0.05)	0.10 (0.06)	0.49 (0.10)

a One standard deviation.
b FeO, total Fe as FeO.

12. Dominant glass in sample PS 1589. Compare with 3. Probable
fallout from Ruiz 1595 A.D. (volcanic explosivity index = 4).
13. Analysis of glass shards from 1985 eruptions collected in firn core
from Nevado del Ruiz ice cap. Sample obtained from P. Laj (LGGE).
14. Dominant glass in sample from PS 1259, probable source in In-
donesia. Layer associated with strong sulfuric acid signal. Also seen in
other parts of Antarctica and Greenland (Langway et al. 1988).

to initiate preliminary studies of tephra layers in the Vostok
ice core and other antarctic ice cores samples. This work was
carried out at the Laboratoire de Glaciologie et Geophysique
de l'Environnement, Grenoble, France, and at the Centre des
Faibles Radioactivites in Gif-sur-Yvette. Julie Palais wishes to
thank all those at both institutions for their hospitality and
their assistance in carrying out this work.
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Velocities of antarctic
outlet glaciers

determined from
sequential Landsat images

Average velocity of the 14 outlet glaciers measured. (Ten of the
outlet glaciers have official names; four of the glaciers are

unnamed.)

Average
velocity

(in kilometers
Glacier	per year)	Region	Longitude/latitude

Pine Island	2.20	Marie Byrd Land	75°10'S 10000'W
Land	 2.00	Marie Byrd Land	7540'S 141045'W
Denman	1.50	Wilkes Land	66045'S 9915'E
Stancomb-Wills	1.10	Queen Maud Land 75 0 15'S 19°00'W
Holmes	 0.96	Wilkes Land	66046'S 12654'E

THOMAS R. MACDONALD, JANE C. FEIIGNo,
and RICHARD S. WILLIAMS, JR.

U. S. Geological Sn rz'ci/
Rcstoi, Vir'inia 22092

BAERBEL K. LUCCIIITTA	 David-Drygalski	0.84	N. Victoria Land	7519'S 16200'E
Byrd	 0.65	Ross Ice Shelf	8020'S 15900'E

U.S. Geological Survcif	 Smith	 0.55	Marie Byrd Land	74°45'S 11000'W
Flagstaff, Arizona 86001	 Unnamed	0.55	Marie Byrd Land	75°15'S 14000'W

Reeves	 0.52	N. Victoria Land	7445'S 162015'E

Approximately 91.0 percent of the volume of present-day
glacier ice on Earth is in Antarctica; Greenland contains about
another 8.3 percent of the volume. Thus, together, these two
great ice sheets account for an estimated 99.3 percent of the
total. Long-term changes in the volume of glacier ice on our
planet are the result of global climate change. Because of the
relationship of global ice volume to sea level (± 330 cubic
kilometers of glacier ice equals ± 1 millimeter sea level), changes
in the mass balance of the antarctic ice sheet are of particular
importance.

Whether the mass balance of the east and west antarctic ice
sheets is positive or negative is not known. Estimates of mass
input by total annual precipitation for the continent have been
made from scattered meteorological observations (Swithin-
bank 1985). The magnitude of annual ablation of the ice sheet
from calving of outlet glaciers and ice shelves is also not well
known. Although the velocities of outlet glaciers can be de-
termined from field measurements during the austral summer,
the technique is costly, does not cover a complete annual cycle,
and has been applied to just a few glaciers. To increase the
number of outlet glaciers in Antarctica for which velocities have
been determined and to provide additional data for under-
standing the dynamics of the antarctic ice sheets and their
response to global climate change, sequential Landsat images
of several outlet glaciers were measured.

By use of a modified measurement technique and a computer
program developed at the U.S. Geological Survey in Flagstaff,
Arizona, the average velocity of 14 outlet glaciers distributed
around the coast of Antarctica was successfully measured on
sequential (time-lapse) Landsat multispectral scanner images.
Six outlet glaciers were measured in West Antarctica, three
outlet glaciers that discharge through the Transantarctic Moun-
tains, and five outlet glaciers in East Antarctica. Average ve-
locities ranged from a low of 0.1 kilometer per year for an
unnamed outlet glacier in Marie Byrd Land, West Antarctica,
to a high of 2.2 kilometers per year for the Pine Island Glacier
in Marie Byrd Land, which confirms measurements made ear-
lier (Williams et al. 1982). (See table.)

The basic measurement technique used is described in a
companion paper by B.K. Lucchitta et al. (Antarctic Journal, this
issue). Two sequential Landsat images of the glacier to be
measured were located and inspected to see if the time interval
(varies from a year to several years depending on the velocity
of the glacier) between image acquisitions was adequate to

Unnamed	0.42	Queen Maud Land 69 000'S 36000'E
Rennick	0.22	Wilkes Land	7030'S 161045'E
Unnamed	0.20	Marie Byrd Land	77000'S 15100'W
Unnamed	0.10	Marie Byrd Land	770 15'S 151030'W

make accurate measurements. Enlargements (approximately 4
times) of both images were made to facilitate subsequent mea-
surements made by a micro-rule. A baseline was established
between two fixed points, such as nunataks, that were com-
mon to both images and measured by the micro-rule. The
original Landsat image was assumed to have a scale of 1:1,000,000
to which the enlargement was referenced to determine its scale.
Wherever possible, the distance of the baseline on the primary
image was also determined by reference to a printed map.

From the baselines on the primary and secondary Landsat
images, distances were measured with the micro-rule between
each end of the baselines to identifiable features on the glacier.
Using methods of triangulation, a computer program con-
verted the measured distances into the relative displacement
in kilometers. When divided by the time interval between the
sequential images, the average velocity was calculated. Mul-
tiple measurements were made on each of the 15 outlet gla-
ciers, and an average of all velocity measurements for a particular
glacier determined. On the David Glacier/Drygaiski Ice Tongue,
14 individual measurements were made from the apparent
grounding line to the floating terminus. Although the average
velocity is given as 0.84 kilometers per year, the computed
velocity increased from 0.67 kilometers per year near the
grounding line to 1.07 kilometer per year near the terminus.

Although we endeavored to measure the Dibble, Totten,
Philippi, and Rayner glaciers in East Antarctica, we could find
only one usable Landsat image for each glacier at the time.
The Frost Glacier in East Antarctica and the Hull Glacier in
West Antarctica were so fragmented that we were not able to
establish reliable measurement points. Although the Aviator
Glacier (northern Victoria Land) had two sequential Landsat
images available, the time span that existed between them was
too short for reliable measurements to be obtained. For the
Lithe Glacier (Wilkes Land) and the Shirase Glacier (East Ant-
arctica), too much time had elapsed between sequential Land-
sat images for selection of features suitable for measurement.
It is clear from our work, however, that if more paired se-
quential Landsat or other medium-to high-resolution satellite
images or photographs of outlet glaciers in Antarctica could
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be located or acquired, the average velocities of many more
glaciers could be calculated. The measured average glacier ve-
locities compare closely, in most instances, with field mea-
surements made of the same glaciers.

In addition to support from the Satellite Glaciology Project
of the U.S. Geological Survey (USGS), partial funding for the
glacier-velocity measurements was provided by the National
Aeronautics and Space Administration (NASA), for which we
are most grateful. NASA is also providing supplementary funds,
in addition to funds from the USGS and several members of
the Committee on Glaciology of the Scientific Committee on
Antarctic Research (SCAR), for new Landsat coverage of the

coastal areas of Antarctica. The new data will permit velocity
computations to be made on many more coastal outlet glaciers.
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Antarctica is now on the frontier of the global ecological
crisis, because changes in area and volume of its polar ice sheet
are intricately linked to changes in global climate. Yet, in spite
of its importance, the mass balance of the east and west ant-
arctic ice sheets is poorly known. Major questions remain. Are
the individual ice sheets stable, growing, or shrinking? Is the
ice discharge a long-term, steady-state process, or do surges
occur, and if so, when and where?

To address some of these questions, we undertook a study
to determine ice velocities on outlet glaciers around the pe-
riphery of Antarctica; ice velocities are a fundamental param-
eter of ice sheets and are needed to calculate discharge rates.
Furthermore, without a comprehensive baseline inventory it
will be impossible to assess future changes. To accomplish the
velocity inventory, we used pairs of existing sequential Land-
sat images (each pair covers the same area of the antarctic
coastline). Details of the location of measured glaciers and of
velocities obtained so far are given in a companion paper by
MacDonald et al. (Antarctic Journal, this issue). Here we will
address the results for an example of two outlet glaciers located
on the Banzare Coast, the DeHaven and Holmes Glaciers.

Most glacier velocities are measured by expensive, labor-
intensive, ground-based or aerial photogrammetric surveys.
Obtaining velocities from sequential satellite images is an al-
ternative method that gives results to a first order of accuracy
both quickly and economically. Undoubtedly, optimum results
would be achieved by use of state-of-the-art techniques in-
volving analysis of digital data. Computer compatible tapes of

satellite images are prohibitively expensive, however, so we
use the more cost-effective method of making measurements
on positive transparencies and paper prints.

We devised two separate techniques for the measurements,
one using positive transparencies at 1:1,000,000 scale, the other
using paper prints at 1:250,000 scale. On sequential images,
we locate at least two fixed points along the coastline and
identify cracks, crevasses, or other features in the floating part
of outlet glaciers; those features move with the ice and retain
their shape for many years. For positive transparencies, the
features are punch registered in a point-transfer device com-
monly used for the registration of points on stereoimages. A
coordinate system is established whose X-axis coincides with
two fixed points; the coordinates of the moving points are then
measured on an X-Y measuring device having a ± 5-micro-
meter precision, and the translational movement of the points
is calculated from the coordinates. For the paper prints, we
triangulate between fixed and moving points: we measure the
distances between these points, and a computer program cal-
culates the translations.

Errors inherent in the methods limit their accuracy. For pos-
itive transparencies, errors relate to the precision of punch
registering the points, the accuracy of the scale of the image,
and scale distortions within early Landsat images. For the pos-
itive transparencies used, the punch registering was very pre-
cise, the scale accuracy was within 0.5 percent, and the internal
scale distortions were within 1 percent in the area investigated;
however the punch-spot size, 40 micrometers on the 1:1,000,000-
scale images, resulted in potential errors that range from 40
percent (±20 meters) for translational distances of 100 meters
to 4 percent (± 2 meters) for translational distances of 1 kilo-
meter. For the paper prints, we found that the registration by
inspection of the moving points on sequential images intro-
duced the largest errors. These errors are difficult to quantify,
because they depend entirely on the crispness of the measured
features.

We tested our methods on the DeHaven and Holmes gla-
ciers, which empty into Porpoise Bay along the Banzare Coast
of East Antarctica. Both glaciers have numerous transverse
crevasses that move with the ice and are covered by sequential
Landsat images acquired on 15 December 1972 and 3 Novem-
ber 1973, approximately 1 year (323 days) apart. Similar cre-
vasses are found on most outlet glaciers and on many other
ice-discharge areas around the periphery of Antarctica, so that
similar measurements can be made in many places.
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Table 1. DeHaven Glacier

Flow-line	 Distance from
trajectory	Point	Velocitya	grounding lineb

A	 1	 620	 2
2	 540	 3
3	 670	 4

B	 1	 620	 3
2	 870	 8

a In meters per year.
b In kilometers.

Our measurement on positive transparencies shows that ve-
locities of the DeHaven Glacier ranged from 540 meters per
year near the grounding line to 870 meters per year near the
breakup of the glacier 8 kilometers from the grounding line
(table 1). On the Holmes Glacier, the velocities ranged from
890 meters per year at 9 kilometers from the grounding line
to 1,520 meters per year near the breakup of the glacier 35
kilometers from the grounding line (table 2). Furthermore,
velocities on the DeHaven Glacier, which lacks a well-defined
intake area, are lower than those on the Holmes Glacier, which
emerges from an ice stream. A flow-line trajectory on the
DeHaven Glacier, aiming toward open water only 15 kilo-
meters from the grounding line, has a very steep (increasing)
velocity gradient. A trajectory on the Holmes Glacier, whose
floating part extends about 40 kilometers from the grounding
line, has a lower gradient.

Our results are consistent with velocities of outlet glaciers
that are not confined by ice shelves in other areas of Antarctica,
and the velocity gradients agree with expected behavior of
outlet glaciers. Thus, our results show that satellite images
may indeed serve to measure glacier velocities and that our
methods lend themselves to the comprehensive data acquisi-

Table 2. Holmes Glacier

Flow-line	 Distance from
trajectory	Point	Velocitya	grounding lineb

A	 1	 890	 9
2	 950	 14

B	 1	 900	 18
2	 1140	 23

C	 1	 1130	 10
2	 1220	 14
3	 1250	 16
4	 1260	 21
5	 1430	 20
6	 1520	 35

a In meters per year.
b In kilometers.

tions needed around the coastline of Antarctica. These glacier
velocities are an important database that not only helps to
establish the mass balance of the antarctic ice sheet but also
furnishes an important baseline to assess future ice-sheet changes
that are linked to climatic warming and the greenhouse effect.
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Reevaluation of the Eocene
ice-rafting record

from subantarctic cores
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Calcareous nanofossils are documented for the subantarctic
Eltanin cores 13-4, 24-8, 24-9, and 24-10, from which Margolis
and Kennett (1971) reported Eocene ice-rafted quartz. These
cores are confirmed as lower-to-middle Eocene age and are
more precisely dated by calcareous nanofossils. The nanoflora
in these cores are typical subantarctic assemblages. This study
concludes that the ice-rafted quartz in the Eocene sediment
are unlikely to be down-core contaminants from the overlying
Neogene sediment and suggests that the grains are most likely
the results of Eocene ice-rafting from West Antarctica, when
the Drake Passage was closed and water circulation patterns
were different from those of today.

The history of antarctic glaciation is important because it is
directly related to the history of paleoclimatic and sea-level
changes among other things. Recent drilling in the Ross Sea,
the Weddell Sea, and Prydz Bay on the continental margin of
East Antarctica (Barker et al., 1988; Leg 119 Scientific Party
1988; Barrett 1989) has provided direct physical evidence for
antarctic continental glaciation during the earliest Oligocene,
pushing the age back some 20 million years earlier than the
often-stated hypothesis that the formation of the east antarctic
ice sheet was in the middle Miocene (Savin, Douglas, and
Stehli 1975; Shackleton and Kennett 1975; Kennett 1986).

The Eocene ice-rafted quartz reported by Margolis and Ken-
nett (1971) from several Eltanin piston cores taken in the su-
bantarctic region of the Pacific Ocean remains, however, the
oldest ever reported for the Cenozoic. These quartz grains were
identified as ice rafted by their surface textures and were dated
as Eocene using planktonic foraminifera at a time when no
biozonation scheme had been established for the early and
middle Cenozoic subantarctic/antarctic regions (Margolis and
Kennett 1971). It is thus important to redate these cores using
calcareous nanofossils and to reevaluate the ice-rafting record.

This study was undertaken to examine and document the
calcareous nanofossils in subantarctic Eltanin cores 13-4, 24-8,
24-9, and 24-10 (figure 1), which Margolis and Kennett (1971)
dated as Eocene and from which they reported ice-rafted quartz.
Full results and detailed discussion are given elsewhere (Wei
in press). Distributions of calcareous nanofossils and age as-
signments for cores 13-4 and 24-9 are presented in figures 2
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Figure 1. Locations of Eltanin piston cores 13-4, 24-8, 24-9, and 24-
10.

and 3, respectively, (due to space limitation data for cores 24-
8 and 24-10 are not presented in figures here). The lower part
of core 13-4 is assigned to the upper-lower Eocene to lower-
middle Eocene. The lower parts of cores 24-8 and 24-9 fall in
the lower-middle Eocene. The whole core of 24-10 is upper-
middle Eocene age. Special eforts were made during this study
to determine whether there had been extensive core mixing
by examining the cores and by investigating the samples using
the light microscope. The Neogene sections of the cores all
have darker color (gray brown) than the Eocene sections, which
are nearly white. No patches of darker sediment (Neogene
diatom ooze) within the white Eocene calcareous ooze are ap-
parent. In the case of core 24-10, the whole core is Eocene
calcareous ooze, and there is no Neogene sediment with which
to mix. Geitzenauer, Margolis, and Edwards (1968) noted that
in core 13-4, quartz grains from the Neogene section show
fresher surfaces with less evidence of solution than those grains
in the Eocene section. This would also indicate that the quartz
grains in the Eocene sediment were not brought down from
the Neogene section by core mixing. The percentage of quartz
grains, moreover, is rather high at many levels in the Eocene
sequences and even higher than at some levels in the Neogene
sequences. It is inconceivable that mixing can create this kind
of grain distribution patterns and that the Neogene and Pa-
leogene sediment mixing occurs in all the cores and at all levels
that Margolis and Kennett (1971) sampled for quartz-grain
analysis, whereas such an extensive core mixing could not be
detected by the studies of Geitzenauer et al. (1968), Margolis
and Kennett (1971), and this one.

It seems that these Eocene quartz grains are most likel y to

108	 ANI \R. I IL 101



11)
C
ci)

	

0)	 1200
0
ci)
Z

1300

13)
C	ci)	 140000

CP12
ci)

15000

E

1600

	

13)13)	CPu

	

0_a	 CPI0
Lu

•--------- E
K	0
II	.0

0

CZ

;

I
(f)

112101470
Z;- —	1666
----_	11698

U)
:3
U)

cci

ci)
(n
:3

0
E
U)
cci

-0
0

U)

15
0

0)
U)
:3

U)
:3

0
U)

U)
:3

CZ

U)
:3
U)
0
EL

U)
:3

0
I.)
C-)
0
0

U)
:3
C-)
0)
cci
ci)
0.
U)
:3

0
C-)
C-)
0
0

U)
U)
C

•)3)
15
cci
-e
cci
-0
L
(3)
to
CU
0
C-)

.U)
C)

U)

U).0
CL Z3 -r3
U) U)

LU)
CciQ) ci)

cci-
-CU)O

U)
0(ci0

13) Cci (3)

U)	U)

C CZ 0
0 •o t

U)
:3 cci:3

:

C —

 0. 0 0
(I) F—

•U)
U)
C
ci)

CL

.0

:3U,
L. L
0.313)
U) (n
cci Cci
00
00
U) U)

0

I

Eltanin 13-4
	 CALCAREOUS NANNOFOSSIL DISTRIBUTION

C
13)0

C 
(ci>0Cc')
0<0
B
V 
V 
V 
AG

Siliceous ooze

Calcareous ooze

Age	Zone I Length I %Quartz Lithology
(cm)	10 20

(I)
15

cciL.
0)
0
(3)
U)
:3

0
E
U)

0

R R F F

R	CF

F 

R C

•U)

Q)U)0

0
:3 (ci

- U)

(33(3)13)
U) U) (n
cci cci cci
000
000
U) U) U)

CA R C F C R	F C R R
CA AC C 	F	C
F A F C C	F	R F F	R C
F A F C C	F	F	RC

Figure 2. Lithology and percentage of quartz and calcareous nanofossil biostratigraphy of Eltanin piston core 13-4. Data of lithology and
percentage of quartz are taken from Margolis and Kennett (1971). For abundance of calcareous nanofossils: A denotes abundant; B, barren;
C, common; F, few; R, rare; V, very abundant. For preservation of the assemblages: G indicates good; M, moderate. (cm denotes centimeter.)

be ice rafted. This would suggest that significant ice, or pos-
sibly ice sheets, existed on Antarctica during the early and
middle Eocene. This would agree with the results of Birken-
majer et al. (1986), who found evidence of middle Eocene (or
earlier) glaciation on West Antarctica. The finding of Eocene
ice-rafted quartz in these subantarctic Eltanin cores, but not in
cores from other sectors of the southern ocean, probably sug-
gests that the Eltanin core locations were on iceberg tracks
during the Eocene. With Drake Passage closed in the Eocene,
water circulation patterns might be different enough to allow
icebergs to move into the area. Unfortunately, there are cur-
rently no other Eocene cores from the southeast Pacific Ocean
to test this hypothesis.

Special thanks go to J. Barron (U.S. Geological Survey) and
S. Margolis (University of California) for reviewing an early
draft of this manuscript. I am grateful to D. Cassidy, Curator
of the Antarctic Research Facility, for making the samples avail-
able and providing helpful suggestions. This research was sup-
ported in part by National Science Foundation grants DPP 84-
14268 and DPP 89-17976 to S.W. Wise.
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Latitudinal thermal gradient of the
middle Eocene/Oligocene South

Atlantic Ocean:
Calcareous nanoplankton evidence

WUCHANG WEI
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Quantitative analyses of calcareous nanoplankton from eight
Deep-Sea Drilling Project/Ocean Drilling Project sites ranging
from the equatorial zone to 65°S latitude in the south Atlantic
Ocean indicate that relatively steep latitudinal biogeographic
gradients had been established at least by the middle Eocene.
This contradicts the widely accepted inference from oxygen
isotopic data that thermal gradients between middle and high
latitudes are low or nearly flat for the Paleogene oceans. Lower
surface water salinities in the high latitudes may have lowered
the istopic oxygen-18 values of the planktonic microfossils but
apparently did not affect the distribution of the calcareous

nanoplankton, which offers an independent means for esti-
mating latitudinal thermal gradients.

Reconstruction of the thermal structure of the surface waters
in the paleo-oceans is one of the major objectives in paleo-
ceanography. The most common approach to this objective
uses oxygen isotopic data of the calcareous microfossils. There
are, however, problems with this stable isotope approach, e.g.,
preservational and biological problems, and the problem con-
cerning the uncertainty of the oxygen isotopic composition of
the water in which the microfossil tests were precipitated. The
isotopic composition of the water is affected by the continental
ice volume and by the local salinity of the water; both are
difficult to estimate. Different schools of thought give signif-
icantly different temperature estimates using the same isotopic
data (e.g., Shackleton and Kennett 1975 vs. Matthews and
Poore 1980). The often inferred near-flat thermal gradient be-
tween middle latitude and high latitude surface waters and
the widely cited lower tropical surface water temperature of
the Paleogene oceans are primarily based on the interpretation
of the oxygen isotopic data, and they appear to be in conflict
with climate modeling and paleontologic data (Barron and
Washington 1982; Barron 1987; Poore and Matthews 1984).
Therefore, biogeographic gradient studies are necessary for a
better understanding of paleotemperature changes in the oceans.

The new southern ocean drill cores recovered by the Ocean
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Locations of the sites from which samples have been analyzed
in this study, and water depths of the sites.

Water depth
Site	Latitude	Longitude	(in meters)

360
	

35°50.75'S
	

18° 5.79'E
	

2,949
366
	

5°40.7'N
	

19°51.1'W
	

2,853
511
	51° 0.28'S
	

46°58.30'W
	

2,589
513
	

47°34.99'S
	

24°38.40'W
	

4,373
516
	

30°1 6.59'S
	

350 17.1 O'W
	

1,313
522
	

260 6.843'S
	

5° 7.784'W
	

4,441
523
	

28033.131'S
	

2015.078'W
	

4,562
689
	

64031.009'S
	

3° 5.996'E
	

2,080

Drilling Program leg 113 in the Weddell Sea plus those ob-
tained by the Deep Sea Drilling Project in the mid-latitude
South Atlantic during the early 1980s offer unprecedented op-
portunity to study the Paleogene nanofossil biogeography of
the South Atlantic basin using quantitative techniques. Middle
Eocene/Oligocene calcareous nanoplankton have been ana-
lyzed quantitatively for eight Deep-Sea Drilling Project and
Ocean Drilling Project sites ranging from the equatorial zone
to 65°S latitude in the south Atlantic Ocean (table). Detailed
procedures and results are presented in Wei and Wise (in
press), and a synopsis of the results is given here.

There is a general decrease in species diversity of the cal-
careous nanoplankton through time for the middle Eocene
through the Oligocene, and species diversity also decreases
toward the higher latitudes. Similar to findings of other stud-
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Figure 1. Clusters of calcareous nanofossil taxa as determined by A-mode cluster analysis using weighted pair-group method with arithmetic
averaging.
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biogeographic gradients had been established at least by the
middle Eocene. The gradient greatly increases near the Eocene/
Oligocene boundary, indicating more severe and permanent
cooling at the high latitudes. The biogeographic gradient data
of this study conflict with the widely accepted inference from
the oxygen isotopic data that the thermal gradients between
middle latitudes and high latitudes are low or nearly flat for
the Paleogene oceans. Lower surface-water salinities in the
high latitudes may have lowered the isotopic oxygen-18 values
of the planktonic microfossils but apparently did not affect the
distribution of the calcareous nanoplankton, which offers an
independent means for estimating latitudinal thermal gra-
dients.

This study was supported by National Science Foundation
grant DPP 84-14268 and grants from the U.S. Science Advisory
Committee and the Amoco Foundation to S.W. Wise, and by
a Florida State University Dissertation Fellowship to W. Wei.
Samples were provided by the Ocean Drilling Program.

30	32	34	36	38	40	42

Age (Ma)

Figure 2. Polar ordination values of site 366, 522, 516, 360, 513,
511, and 689 (in order of latitudinal position from north to south).
The greater the value the cooler water characteristics the nanoflora
are inferred, and vice versa. (Ma denotes millions of years before
present.)

ies, the drop of the species diversity of calcareous nanoplank-
ton across the Eocene/Oligocene boundary is not drastic.
Delineation of latitudinal distribution patterns of individual
species or groups and R-mode cluster analysis, however, per-
mit the classification of warm-water taxa (Coccolithus formosus,
discoasters, helicosphaerids, and sphenoliths), temperate-water
taxa (Coccolithus pelagicus, Cyclicargolithus floridanus group, Re-
ticulofenestra bisecta, Reticulofenestra sarnodurovii/ Reticulofenestra
umbilica), and cool-water taxa (chiasmoliths, Ist/nnolithus recur-
vus, and Reticulofenestra daviesii (figure 1). The abundance of
warm-water taxa plummets, whereas the abundance of cool-
water taxa sharply increases across the Eocene/Oligocene
boundary at the middle- and high-latitude sites, reflecting a
profound cooling event in these areas. Polar ordination anal-
ysis (figure 2) and similarity analysis reveal that high latitudinal
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Character of modern
glacial marine sediments:

Antarctic Peninsula and South
Shetland Islands
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Surface sediments were collected from bays and fjords along
the Antarctic Peninsula during USAP-88 cruise III of the RIV
Polar Duke (Domack 1988). Compositional and textural analyses
of these sediments have been undertaken to define modern
processes and the controls upon deposition. The exceptional
sampling density allows for quantitative analyses of variables

Data from "usap88 surface seds."

100

which include water depth, distance from source (for example
the glacier terminus), ice drainage area, and bay geometry.
Water-column studies are also being conducted to understand
better the mechanisms of sediment transport (Domack and
Williams in press; Williams 1989; Williams, Boies, and Domack,
Antarctic Journal, this issue).

Textural analyses include the determination of gravel, sand,
and mud ratios using standard wet-sieving techniques. Total
organic carbon contents were determined using a LECO in-
duction furnace and were corrected for calcium carbonate. The
textural and total organic carbon measures provide a means
to determine the relative contribution of biogenic (opaline sil-
ica) and terrigenous constituents, in that biogenic-rich sedi-
ments are less arenaceous and have higher total organic carbon
(generally greater than 1 percent in modern antarctic sedi-
ments) (Domack et al. 1989; Dunbar et al. 1985; DeMaster et
al. 1987). These parameters can be compared to water depths
and distances from the ice front within individual bays to es-
tablish primary controls upon the terrigenous to biogenic facies
transition (figure la, b). Sand contents show some degree of
scatter for both distance and water depth, but the scatter is

Data from "usap88 surface seds."
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Figure 1. A. Scatter plot of sand content of ocean floor surface sediments vs. water depth and distance from the glacier terminus. Data are
for bays and fjords along the Antarctic Peninsula and South Shetland Islands. Sample locations can be found in Domack (1988). B. Scatter
plot of total organic carbon (TOC) (as weight percent in ocean floor surface sediments vs. water depth and distance from the glacier
terminus. (km denotes kilometers.)
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Figure 2. A. Down fjord decrease in sand content and increase in total organic carbon for surface sediments in Cierva Cove. (For sample
locations see Domack 1988.) B. Organic richness of mud fraction (percent total organic carbon/percent mud) vs. distance from the ice front
in Cierva Cove and Brialmont Cove. (For sample locations see Domack 1988.) C. Down fjord decrease in sand contents vs. distance from
the ice front in Lapeyere Bay and Andvord Bay. (m denotes meters. km denotes kilometers.)
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noticeably less for the distance plot. This indicates that prox-
imity to the ice front (primary sediment source) is more im-
portant in controlling sediment texture than the water depth
is. A similar comparison can be observed for the total organic
carbon, except that the scatter for the distance plot is even less
pronounced. All plots show the general trend of decreasing
sand content and increasing total organic carbon with increas-
ing distance from the ice front and increasing water depths.

The scatter plots in figure 1 are actually composed of a series
of well-ordered linear and exponential relationships as defined
by samples within individual bays and fjords. Several such
plots are shown in figure 2a-c. For example, figure 2a shows
samples obtained along the central axis of Cierva Cove, a fjord
located along the northern end of the Danco Coast (64°05'S
61°W). The data clearly show that distance from the ice front
controls the composition and texture of fjord basin sediments;
water depth is secondary in its influence. The situation is some-
what more complex if samples are included from the fjord side-
walls and outer sills (Williams 1989). The utility of the data set
shown in figure 2a is that temporal variations in ice-front po-
sitions or transport mechanisms can be determined from anal-
yses of core samples. This work is currently being undertaken
at Hamilton College for over 25 sediment cores which were
collected from various basins along the Peninsula (Domack
1988).

Additional data shown in figure 2b demonstrate the influ-
ence of ice drainage basin size on terrigenous sediment supply
to fjord systems. One way of measuring the terrigenous sed-
iment supply to the system is to determine the organic richness
of the mud fraction; as given by the ratio of total organic carbon
and mud percentages. Those systems receiving significant
amounts of "meltwater" will have lower ratios since glacial
derived silt will dilute the organic carbon fraction. The plot in
figure 2b shows data from Cierva and Brialmont Cove. The
two trends of similar slope with differing "Y intercepts" in-
dicate that the samples from Brialmont Cove contain more
terrigenous fines, at a given distance from the sediment source,
than the samples from Cierva Cove. Though this difference
could be due to a number of factors, the most obvious seems
to be the size of the ice drainage basin, which is some 382
square kilometers for Cierva Cove and some 820 square kilo-
meters (minimum estimate) for Brialmont Cove (Williams et

al., Antarctic Journal, this issue). Both coves have identical cli-
matic regimes, similar ice-surface slopes, aspect, and geome-
try.

Bay geometry is another important variable; it influences the
facies transitions quite dramatically. For instance, linear fjord
systems like Lapeyrere Bay are marked by well-defined facies
transitions with distance from the fjord head glacier (figure
2c). In contrast, large, open embayments such as Andvord Bay
have more complex lateral and longitudinal facies changes (fig-
ures 2c). This is because multiple sediment sources begin to
play a role in these bay systems and Coriolis forces also begin
to influence the transport path of suspended material in the
water column (Domack and Williams in press).

This work was funded by National Science Foundation DPP
grant 86-13565 to Hamilton College. We would also like to
thank the American Chemical Society, Petroleum Research Fund
for their support.
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Glacial drainage systems
along the Antarctic Peninsula

and Palmer Archipelago
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As part of a program to investigate glacial marine processes
within antarctic fjords (Domack 1988), it was decided that bet-
ter information was needed concerning the ice-drainage pat-
terns along the Antarctic Peninsula. The size of glacial drainage
systems is an important characteristic in terms of the delivery
of terrigenous sediment to the fjord head. It would be expected
that, under equal conditions, larger systems would deliver a
greater amount of debris to the fjord than smaller ice-drainage
systems; similar to fluvial drainage basins. The longitudinal
profile of a glacial system also determines how the system will
respond to climatic changes of varying magnitude and fre-
quency, because for a given increase in equilibrium line alti -
tude, a greater proportion of surface area could lie within the
ablation zone for gently sloping glacier systems. Because gla-
cier termini along the Danco and Davis coasts of the Antarctic
Peninsula are just at the late summer snow-line elevation, such
systems could very well be susceptible to changes in mass
balance under slightly different climatic conditions. Longitu-
dinal profiles are therefore important in assessing the suscep-
tibility of glacier systems to such changes along the Peninsula.

To provide background data that help to address these con-
cerns, base maps were constructed which delineate glacial
drainage areas and flow-line character (figures 1 and 2). Base
maps were drawn on U.S. Defense Mapping Agency coastal
charts using Landsat images taken over a number of years.

Figure 1. Glacial drainage map for the Davis Coast and northern
Danco Coast of the western Antarctic Peninsula. Flow lines are
indicated by arrows and drainage divides by dashed lines.
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Figure 2. Glacial drainage map for the Danco Coast, western Ant-
arctic Peninsula. Flow lines are indicated by arrows and drainage
divides by dashed lines.

Surface drainage areas were calculated using the method of
weights and have methodologic errors of less than 0.1 percent.
However, this does not account for distortion of the surface
area as inherited from the Defense Mapping Agency charts.

The results are tabulated in the table and demonstrate that
the glaciers along the Davis Coast are several times larger than
glaciers which drain into fjords of the Danco Coast and Palmer
Archipelago. The Cayley Glacier is the largest system, com-
prising some 820 square kilometers and drains the southern
portion of the Detroit Plateau. The glaciers along the Davis
Coast also have relatively gentle longitudinal profiles. The ro-
bust character of these glaciers results in the fact that most of
the bays are rather open systems, because most of their actual
extent (sub-sea level elevation) is covered by glacier ice. In
contrast, glaciers along the Danco Coast are somewhat smaller
and are restricted to distinct tributary valleys along the trend,
or at the head, of the fjords. These systems drain the northern
end of the Bruce Plateau and have steep longitudinal gradients.

It is apparent from these data that the glacier systems of the
Davis Coast may be more susceptible to short-term changes
of the equilibrium line altitude since they have relatively larger
surface areas at lower elevations. Studies are continuing on
the characteristics of bottom sediments (Domack, Burkley, and
Williams, Antarctic Journal, this issue) and water-column cir-
culation (Domack and Williams in press) in the fjords associ-
ated with the glacial systems discussed above.

This study was funded by National Science Foundation grant
DPP 86-13565 to Hamilton College under the Research in Un-
dergraduate Institution program. We would like to thank R.S.
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Drainage area of selected glacial systems Graham Land,	Williams and J.G. Ferrigno of the U.S. Geological Survey (Res-
Antarctic Peninsula. (Refer to figures 1 and 2 for location of

	
ton, Virginia) for their assistance in obtaining Landsat imagery

individual systems.)	 of the Peninsula region.

Drainage area
Fjord or bay system	Glacial system	(square kilometers)

Lanchester Bay	Temple Glacier	 521.163
Wright Ice Piedmont	748.800

Cierva Cove	 Gregory & Breguet	381.770

Brialmont Cove	Cayley Glacier	 820.327

Lapeyrere Bay	Illion Glacier	 193.656

Borgen Bay	 Williams Glacier	 126.241
unnamed glacier	 33.059

Andvord Bay	 Moser, Rudolph	 173.94
Lester Cove	Grubb & Bagshawe	271.604

Flandres Bay
Etienne Fjord	unnamed glacier	 351.822

Penola Strait
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Deloncle & Girard Bay
	Hotine Glacier	 145.363

Leay Glacier	 23.012
Edge Hill
	

Wiggins Glacier	 107.767
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During May, 1988, WV Polar Duke collected a total of 2,480
nautical miles of digitally recorded single-channel seismic data
in the vicinity of the northern Antarctic Peninsula. In addition,
17 cores were taken, primarily for thermal conductivity mea-
surements. We had planned to investigate both the Powell
Basin (figure 1) immediately to the east of the tip of the pen-
insula, and the King George Basin of Bransfield Strait. Unfor-
tunately, multi-year ice coverage of both locations precluded
our working in the Powell Basin at all and allowed only coring
and a very limited seismic survey in the King George Basin.

Instead of our planned work, we took the opportunity to in-
vestigate the North Bransfield Basin and to complete a survey
of the Hero Fracture Zone that had been begun on a cruise
aboard RIV Polar Duke in April 1987.

Extension between the Antarctic and Drake plates ceased at
anomaly 3 time (4.5 million years ago). Prior to 4.5 million
years ago, the North Bransfield Basin was the site of a fairly
complicated triple or quadruple junction involving the Ant-
arctic, Scotia, Drake and possibly South Shetland plates. If
back-arc spreading had occurred in Bransfield Strait, then there
would have been a South Shetland plate between the South
Shetland Trench and the spreading axis in Bransfield Strait.
If, on the other hand, Bransfield Strait is only 1.3 million years
old as some investigators propose (Barker 1982), then the Sco-
tia, Antarctic, and Drake plates would have met at a fairly
standard triple junction prior to 4.5 million years. If subduction
stopped or slowed dramatically as it would be expected to
when the Drake-Antarctic Ridge ceased spreading 4.5 million
years ago, it is difficult to explain the Bransfield Strait as a
standard back-arc basin, since seafloor spreading would have
started 3 million years after subduction had presumably stopped.

The North Bransfield Basin has an axial deep that appears
linear to the southwest but becomes confused as it nears the
southwest face of Clarence Island. There is also a lineated
magnetic high but does not coincide with the axial deep. The
axial deep seems to step northward until it terminates abruptly
at the very steep southwestern face of Clarence Island (61°15'S
54°W). We investigated the North Bransfield Basin by running
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Figure 1. Generalized bathymetric map of the Antarctic Peninsula and western Scotia Sea region [taken from British Antarctic Survey Sheet
(Mis.) 3 1985]. Contours are in meters. (Al denotes Anvers Island, CBB denotes Central Bransfield Basin, El denotes Elephant Island, KGB
denotes King George Basin, and NBB denotes North Bransfield Basin.) Active plate boundaries indicated by heavy dashed line. Former
Drake Plate boundaries indicated by lighter weight dashed line. Line of active volcanism in Bransfield Strait indicated by single dashed
line. Arrows indicate directions of plate motions along active plate boundaries.

10 single-channel digitally recorded seismic lines orthogonal
to the trend of the basin (figure 2). We noticed the dramatic
change in dip of the beds as we crossed the minor V-shaped
depression on line C-H at 0220 (figure 3). The seismic lines
have been arranged so that the axial deep is aligned on each
of them and corresponds to the line on the location figure
(figure 2). On line P-O, the V-shaped dip apparent on C-H is
hardly noticeable, but tilted beds can be detected to the north-
west. A different V-shaped dip can be observed about 5 kil-
ometers to the northwest, which again contrasts prominent
tilted beds to the northwest of the dip with less prominently
tilted beds across the V-shaped dip. We think that the tilted
beds are produced by normal faults caused by a general ex-
tensional regime in the North Bransfield Basin. The same two
sets of tilted blocks seen on C-H and P-O are apparent on M-
N. To the northwest of the axial deep as many as three and
possibly four southeasterly tilted blocks can be seen on 1-I.
Since the blocks all seem to be faulted in the same manner
whether they are to the northwest or southeast of the axial
deep, a cross-section of the North Bransfield Basin is remi-
nescent of Wernicke's model for continental crustal extension.
It is not similar to the accepted model for slow seafloor spread-
ing that would have outwardly dipping blocks symmetrical
about the axial valley. In the case of the North Bransfield Basin,

the axial deep may not be a locus of seafloor spreading but
may simply be the normal fault with the greatest amount of
throw on it. The bathymetric map (figure 2) of the North Brans-
field Basin shows that some of the normal faults are quite linear
and can be traced for 20 to 30 kilometers while the tilted blocks
may be only 5 to 8 kilometers wide.

Clarence Island is bounded on the southeast by a linear deep
known as the South Scotia Ridge which marks the active plate
boundary between the Antarctic and Scotia plates. The Shack-
leton Fracture Zone to the northwest is also an active plate
boundary between the Antarctic and Scotia plates and crosses
Elephant Island. When the Drake Plate ceased to exist, the
Antarctic-Scotia Plate boundary had to adjust to an approxi-
mate 1100 bend near the southern point of Clarence Island.
Both the eastern half of Elephant Island and Clarence Island
are composed of blue-schists, indicating a high-pressure, low-
temperature environment (Daiziel 1984). We propose that El-
ephant and Clarence islands being on the inside of the bend
in the plate boundary are being squeezed up while the North
Bransfield Basin is undergoing extension because it is on the
outside of the bend in the plate boundary.

We wish to thank Captain Flight, the officers and the crew
of RN Polar Duke. Karen Schmitt, the project coordinator, and
Peter Jorgensen of ITT were of great help to the science pro-
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Figure 2. Detailed bathymetric map of North Bransfield Basin. Contour interval is 100 meters. Locations of single-channel seismic lines
shown in figure 3 are indicated by dashed line. Axis of North Bransfied Basin used to align seismic profiles shown in figure 3 indicated
by a heavy dashed line.

gram. This work was supported by National Science Foun-
dation grant DPP 86-15307.
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Modern benthic foraminiferal
distribution from the

Bellingshausen/Pacific sector
of the Antarctic Peninsula
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Benthic foraminifera serve as useful proxies to paleocean-
ography, paleoclimatology, and paleogeography. Their use in
polar regions has been restricted, however, due to the limited
number of polar ecologic studies. Therefore, to provide more
comprehensive interpretations of past oceanographic, climatic,
and geographic conditions based on benthic foraminifera, a
more thorough understanding of their ecologic constraints must
be attained. The purpose of this ongoing study has been to
develop the ground-truth for Antarctic Peninsula benthic for-
aminifera to use them effectively as paleoclimatic indicators in
downcore studies.

During the austral summers of 1985-1986 and 1987-1988,
surface sediment samples and bottom-water measurements
were collected from the margin of the Bellingshausen/Pacific
sector of the Antarctic Peninsula (figure 1), from the USCGC
Glacier [Deep Freeze (DF) 86] and R/V Polar Duke [U.S. Antarctic
Program (USAP) 88], respectively. These data were collected
across distinct climatic gradients (precipitation and tempera-
ture) north to south along the west coast of the Antarctic Pen-
insula. Surface sediment distributions indicate dominance of
diatomaceous muds and oozes with occasional compound gla-
ciomarine sediments (see Anderson et al. 1980; Griffith and
Anderson 1989; Kennedy and Anderson 1989). Sedimentation
rates in the antarctic bays and fjords differ from typical arctic
fjords by being close to an order of magnitude or more lower
(on the order of millimeters per year as opposed to close to
meters per year). These conditions increase the potential of
acquiring relatively longer antarctic than arctic continuous rec-
ords from piston coring (up to 5,000 years). Only until recently
has the oceanography of antarctic bays and fjords been studied
(Domack and Williams in press). Domack and Williams (in
press) and Williams (1989) show that a complex interplay of
processes control the oceanographic circulation, and hence fine
sediment distribution in the glacially influenced bays and fjords
of the Antarctic Peninsula.

The data used in this study include 61 sediment samples
collected from Admiralty Bay, King George Island, south to
Marguerite Bay (figure 1). Surface sediment samples were pre-
served upon collection for identification of living (protoplasm-
containing) and dead benthic foraminiferal assemblages. The
samples were further processed, using standard techniques,
and the greater than 63 micron size fraction was analyzed for
benthic foraminifera at Ohio State University.

A total of 102 benthic foraminiferal species were identified
in this study. This included calcareous benthic and agglutin-
ated taxa. Canonical discriminant analysis of the assemblages
defined four faunas that were geographically distinct: Archi-

pelago Bays fauna, Peninsula Coast Bays fauna, Marguerite
Bay fauna, and Strait (Gerlache and Bransfield) fauna (figure
2). The latter two faunas were dominated by agglutinated taxa
(greater than 65 percent). Percent calcareous benthic forami-
nifera versus depth shows an abrupt decrease in calcareous
taxa at depths greater than 1,000 meters in Marguerite Bay and
the Gerlache and Bransfield straits, suggesting calcium car-
bonate undersaturation of the bottom waters below this depth.
These faunas are distinguished from each other based on the
high abundance of Pseudoboliviva antarctica (Wiesner), Textu-
lana tenuissima Earland, and T. wiesneri Earland from Mar-
guerite Bay, and dominance of Hal lopliraginoides parkerae (Uchio)
from the Gerlache and Bransfield straits. This distinction of
the faunal compositions between Marguerite Bay and the straits
suggest particular bottom-water masses controlling these faunas,
possibly associated with Bellingshausen Sea and Bransfield
Basin resident bottom-water influences, respectively (Gordon
and Nowlin 1978). This is in keeping with the deep-water
oceanography of the Bransfield Strait observed by Gordon and
Nowlin (1978) where the basin bottom waters are unique (lower
temperature, salinity, and nutrient concentrations, and better
oxygenated than adjacent bottom-water masses) and that the
Bellingshausen Sea influence dissipates to the east-northeast.

The Archipelago and Peninsula bays faunas are closely as-
sociated with each other (overlap illustrated in figure 2b) and
very distinct from the Strait and Marguerite Bay faunas. In-
tercluster correlation of the faunal groups shows that the for-

Figure 1. Map showing the Bellingshausen/Pacific sector of the
Antarctic Peninsula and the areas sampled for this study. Archi-
pelago Includes areas 1 and 4; Danco Coast includes Areas 2, 3,
and 5; and Marguerite Bay Includes area 6.
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Figure 2. Canonical discriminant analysis results defining the major faunal groups with geographic significance along canonical axes 1-3
A and B. Archipelago bays fauna (A), Danco Coast bays fauna (D), Marguerite Bay fauna (M), and Strait fauna (S). C and D. Canonical
discriminant analysis results of the bay faunas defining the Inner-(I), Mid-(M), and Outer-bay (0) biofacies.

mer two groups (Archipelago and Peninsula) have the highest
correlation coefficients (R2 = 0.86). Figure 2a-b illustrates the
discrimination of the faunas along canonical axes 1-2 (that ac-
count for 98 percent of the variance). Axis 1 clearly separates
the Marguerite Bay (M) and Strait (5) faunal groups, as well
as the Archipelago (A) and Peninsula (D) groups from the
Marguerite Bay group. The Archipelago and Peninsula faunas
are discriminated from the Strait fauna along canonical axis 2.
Finally, axis 3 is significant in separating the Archipelago and
Peninsula faunal groups. Figure 2b illustrates, however, the
overlap that exists between these two groups suggested by the
high intercluster correlation described above. This is not an
unexpected result considering that some of the Archipelago
bay sites are only spacially separated from the Peninsula bay
sites (Danco Coast) by the Gerlache Strait (approximately 31
kilometers), and that the geographic configurations of these
bays (depth, relative surface area, etc.) are similar.

Distinct benthic foraminiferal biofacies were recognized for
the Archipelago and Peninsula bays (figure 2c-d). These bio-
facies represent Inner-, Mid-, and Outer-bay facies. Average
species richness (number of species present) values for each
biofacies are 19.94 (Inner-bay), 27.76 (Mid-bay), and 27.00 (Outer-
bay) indicating a significant (39 percent) increase in diversity

from the Inner- to Outer-bay. Average number of living benthic
foraminifera per cubic centimeter of sediment processed ranges
from 48.9 individuals per cubic centimeter (Inner bay) to 168.2
individuals per cubic centimeter (Mid bay). Species dominance
differentiates each biofacies. Species common to these biofacies
are Fursenkoina spp. The Inner-bay biofacies (I) is characterized
by a significant abundance (greater than 10 percent) of Gb-
bocassidulina subgbohosa (Brady) and Cibicides bobatulus (Walker

markedand Jacob). The Mid-bay biofacies is  by the occurrence
of Bolivina pseudopunctata Hoglund, P. antarctica (Parr), T. wies-
neri, T. ten uissiina, Epistoininella exigua (Brady), and Trochain-
ininella bullata Hoglund. The Outer-bay biofacies is distinguished
by the abundance of Reophax subdentabiniforinis (Parr) and Tro-
chaininina cf. intermedia Rhumbler, and the paucity of G. subgl-
ohosa. The biofacies patterns, from Inner- to Outer-hay, have
a positive correlation with increasing distance from ice fronts,
and mud and organic carbon content of the surface sediments.
Bottom-water salinity, temperature, and dissolved oxygen
conditions show very little variation between these regions
and, therefore, are of secondary importance to the distribution
of the bay benthic foraminifera.

Surface productivity plays a significant role in the production
of organic carbon. DeMaster et al. (1987) show that in the
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Bransfield Strait, up to 10 percent of the organic carbon gen-
erated in the surface waters is preserved in the surface sedi-
ments. The association of benthic foraminiferal biofacies with
organic carbon distribution provides a proxy for tracing changes
in productivity patterns. This relationship between surface
productivity and benthic foraminiferal distribution has been
demonstrated in several low-latitude studies (Berger and Dies-
ter-Haass 1988; Gooday 1988; Loubere 1988; Phleger and Soutar
1973, to name a few). Surface productivity (mainly diatom
blooms) in the southern high latitudes is a function of annual
sea-ice and semi-permanent ice-shelf conditions (Smith and
Nelson 1986). Ice conditions, and primary productivity and its
transformation to the substrate (as organic carbon) are depen-
dent on local and regional climatic and oceanographic condi-
tions. It is suggested here that the distributions of the benthic
foraminifera provide a proxy record of surface productivity and
are, therefore, a useful tool for paleoclimatic and paleocean-
ographic reconstruction for the Antarctic Peninsula region;
however, much more study of the various flux rates and phys-
ical oceanographic conditions, in tandem with sediment anal-
yses, needs to be conducted in order to formulate precise models
on the interaction between the atmosphere, hydrosphere, and
biosphere.

This work was supported in part by National Science Foun-
dation grants DPP 85-16908 to John B. Anderson and DPP 85-
17625 to Peter N. Webb as part of my Ph.D. research at the
Ohio State University under Peter N. Webb. Additional fund-
ing was provided through a Shell Doctoral Fellowship to the
author. I would like to gratefully acknowledge the crews of
the USCGC Glacier and RIV Polar Duke and those members of
the scientific parties associated with those cruises. Special thanks
to John B. Anderson for providing me with the opportunity
to participate. Finally, thanks go to Dennis S. Cassidy of the
Antarctic Research Facility at Florida State University for his
helpful advice and cooperation with sample procurement.
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Heat-flow measurements
in the King George Basin,

Bransfield Strait

SEIIcHI NAGIHARA* and LAWRENCE A. LAWyER

Institute for Geophysics
University of Texas at Austin
Austin, Texas 78759-8345

During R'V Polar Duke PD-IV-89 cruise, we conducted a ma-
rine heat-flow survey in the King George Basin (62°20'S 57°45'W)
of Bransfield Strait. Our objective was to investigate the tec-
tonic history of this basin and the presumed occurrence of
hydrothermal activity. We collected thermal gradient data at

* Also at Department of Geological Sciences, University of Texas at
Austin.

54 stations and in situ thermal conductivity data at 22 of those
stations. Piston cores were taken at six sites and were used
for thermal conductivity measurements made on board using
the needle-probe technique (Von Herzen and Maxwell 1959).
In conjunction with the heat-flow survey, seismic surveys were
made with the 3.5-kilohertz echo sounder and the single-chan-
nel seismic reflection system which used a 100-cubic-inch water
gun. Throughout the King George Basin, the sea floor is flat
(1,960-1,990 meters) and well sedimented although no base-
ment structure could be seen.

Our new heat-flow probe (Nagihara et al. in preparation)
which was first used on this cruise, combines precision with
efficiency. It consists of three outrigger-bows, each 1.5 meters
in length and 6.4 millimeters in diameter, spirally mounted on
a 5-meter-long strength member (figure 1). Each outrigger-bow
sensor string contains four equally spaced thermistors and a
heater wire which uses the pulse-heating method (Lister 1979)
to measure in situ thermal conductivity. The thermistors are
spaced at a 30-centimeter interval for the bottom (number 1)
bow and at a 25-centimeter interval for the middle (number 2)
and upper (number 3) bows. The 12 thermistors from the three
sensor strings cover a 3-meter depth interval. The use of mul-
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Figure 1. Schematic diagram of the multi-outrigger-bow probe.

tiple sensor strings allows for more thermistors than previous
probe designs did without requiring a thick sensor tube. The
accuracy of the heat-flow data is statistically improved with
the increased number of individual temperature measure-

ments. The thin sensor string enables a faster thermal response
at penetration and reduces the necessary heat-pulse power for
the thermal conductivity determination. The short, thin out-
rigger-bow also has less thermal contact resistance to the sed-
iments during penetration than the longer (4-7-meter) violin-
bow sensor string (Hyndman, Davis, and Wright 1979). It has
been suggested that the violin-bow instrumentation may de-
velop a thin water layer around the sensor string while in the
sediments and may suffer from significant contact resistance
since the long sensor string is pulled through the same column
of sediment (Hutchison and Owen 1989). Since our relatively
short outrigger-bows are spirally mounted, they minimize the
pull-through length in the sediment and reduce the contact
resistance. The short sensor strings allow for easy assembly of
the equipment.

The electronics package for our instrument (ARGUS II) was
developed at Applied Microsystems Ltd., British Columbia,
Canada. For each data cycle, 16 thermistors, two reference
resistors, a water-temperature thermistor, the pressure (depth),
and the tilt are measured and recorded. The resolution of the
temperature measurement is approximately 0.5 milli-degree
kelvin. All the data are stored on RAMs which are battery
backed-up. The temperature data from four selected thermis-
tors and the tilt are transmitted in real time to the ship by an
acoustic link.

The detailed data reduction procedure is described in Na-
gihara et al. (1989). For the stations without in situ thermal
conductivity measurements, we used the average thermal con-
ductivity value (0.77 watt per meter-kelvin) for the King George
Basin sediments measured on the piston core samples. The
means of the standard errors of the heat-flow values were 1.2
percent for the stations with in situ thermal conductivity mea-
surements and 2.0 percent for the stations without in situ ther-
mal conductivity measurements, both at 90 percent confidence
level.

The heat-flow data in the King George Basin are plotted in
figure 2. The stations covered most of the basin with a 1- to
2-kilometer spacing. The heat-flow values are generally high
and show a large variation. A quarter of the data show values
greater than 150 milliwatts per square meter. The high values
are apparent in the central part of the basin and along the
southwest and northeast edges of the basin. In contrast, most
data in the northwestern part of the basin are less than 100
milliwatts per square meter. The highest value (421 milliwatts
per square meter) was measured in the central part (62°19'S
57°44'W). In our attempt to duplicate the highest value, we
took five measurements within several hundred meters. The
data from these measurements showed large variation (101-
174 milliwatts per square meter) in the small area which is
typical of hydrothermal fields.

A second high heat-flow value (251 milliwatts per square
meter) was measured on the northeast edge of the basin (62°14'S
57°40'W). The 3.5-kilohertz echo-sounding data in that area
showed the existence of mounds of up to a kilometer in width.
It is highly probably that these mounds are of hydrothermal
origin. We also found a convex sediment temperature profile
in a near-by station (62°16'S 57°48'W). Such a profile is a typical
indicator of upward pore fluid migration (e.g., Anderson, Hob-
art, and Langseth 1979). The fault system on the basin edge
may also act as a discharge region for the fluid circulation.

In addition to the survey in the King George Basin, we had
planned to take heat-flow measurements in the Central Brans-
field Basin, southwest of the King George Basin, but four pis-
ton cores revealed that the bottom sediments in this basin are
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Figure 2. Heat-flow and piston core stations and cruise track for PD-IV-89 in the King George Basin. The heat-flow values are shown in
milliwatts per square meter. Big dots are the piston core stations. Stippled areas are the mounds observed from the 3.5-kilohertz record.
The thick track lines represent single-channel reflection surveys. The dotted line represents the edge of the flat-lying basin floor. (Scale is
1:200,000 at an latitude of approximately 600W.)

mostly fresh volcanic rocks and ash. Three of the cores pen-
etrated less than 0.5-meter depth. The sediments probably
originate from the recent eruption of Deception Island. Since
the sediments were undoubtedly thermally disturbed by the
the accumulation of warm volcanic rocks, we did not attempt
any heat-flow measurements there.

This study was supported by National Science Foundation
grant DPP 86-15307 to the Institute for Geophysics, University
of Texas at Austin.
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The morphology
and tectonic structure

of the Shackleton Fracture Zone

KEITH A. KLEPEIS, LAWRENCE A. LAWyER,
DAVID SANDWELL, and CHRISTOPHER SMALL

Institute for Geophysics
University of Texas at Austin
Austin, Texas 78759-8345

During January through May 1989, we undertook several
detailed geophysical surveys of the Shackleton Fracture Zone.
The Shackleton Fracture Zone is an active, transpressional
boundary between the antarctic and Scotia plates that stretches
800 kilometers across the Drake Passage to join the southern
end of South America with the tip of the Antarctic Peninsula
(British Antarctic Survey 1985; figure 1 inset). From January to
early March, high-resolution, multibeam, sonar data were col-
lected with the National Oceanic and Atmospheric Adminis-
tration's Seabeam-equipped vessel RN Surveyor along the length
of the Shackleton Fracture Zone and near its intersection with
Elephant Island. This cruise was part of the Antarctic Living

Figure 1. Bathymetric map of the Shackleton Fracture Zone's intersection with Elephant Island. Solid, black bathymetric lines represent
depths measured with the Seabeam system and dotted lines represent interpolated depths or depths measured with a 3.5 kilohertz echo-
sounder. The map is a Mercator projection at approximately 1:150,000 scale. The bathymetric interval is 500 meters. The heavy black lines
are the R/V Polar Duke's cruise track along which we collected single channel seismic data. The portion of the track labeled A, A' is the
line shown in figure 2. The large, black box corresponds to figure 3. The inset map in the upper right corner is an oblique aspect, azimuthal,
equidistant projection showing the location of the bathymetric map. (AP denotes the Antarctic Peninsula, El denotes Elephant Island, SA
denotes South America, SAM denotes the South American Plate, SCO denotes the Scotia Plate, and ANT denotes the Antarctic Plate.)
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Marine Resources program of the National Oceanic and At-
mospheric Administration and enabled us to collect Seabeam
data on an opportunistic basis with little impact on their pri-
mary program. In April and May, an R/V Polar Duke cruise to
the Bransfield Straits allowed us to supplement the Seabeam
bathymetric mapping with several single-channel seismic lines.

Almost 300 kilometers of single-channel seismic data were
collected in a 200-kilometer-long zone northwest of Elephant
Island. No other seismic surveys covering this region have
been documented. The 360-cubic-inch Bolt air gun proved to
be an excellent seismic source despite rough sea conditions,
and we were able to obtain very good data on both sides of
the Shackleton Fracture Zone. As much as 1.3 seconds (two-
way travel) of penetration was achieved to the east of the
Shackleton Fracture Zone, and we are confident that basement
returns were found both to the east and west of the ridge. The
data were recorded digitally on magnetic tape using a record-
ing system that included two Ithaco amplifiers with high/low
pass filter capability.

The survey pattern was designed to obtain seismic data re-
lated to structural changes along-strike and perpendicular to
the Shackleton Fracture Zone where it intersects the continen-
tal shelf near Elephant Island. Three complete crossings that
extended to the flat abyssal plains on either side of the Shack-
leton Fracture Zone enabled us to determine the symmetry of
the Shackleton ridge and to identify the continuity of certain
structural features indicated by the Seabeam data. Two addi-
tional profiles extended from the Shackleton ridge east into
the Scotia Sea. As the survey progressed, we found a deep
trough to the east of the Shackleton Fracture Zone ridge, and
we traced the trough onto the continental shelf.

Our seismic data greatly enhance the multibeam bathymetric
data by constraining the position of Seabeam tracks and by
filling in gaps in the data. The lines reveal a steep, symmetrical
ridge and appear to indicate the position of one or more con-
tinuous transform faults on the northeast side of the plate
boundary within the Shackleton trough (figure 2). Here de-
formation of sediments associated with recent fault movement
is apparent; and if the 1.3-second reflector is basement, then
there should be more than a kilometer of sediments on the 28-
million-year old crust in the southwest Scotia Sea. The lines
reveal no strong evidence of deformed sediments on the south-
west side of the ridge.

We have produced a preliminary bathymetric map of the
Shackleton Fracture Zone/Elephant Island intersection that re-
veals several interesting tectonic features (figure 3). The map
includes a prominent bathymetric low that lies 20 kilometers
to the northeast of the Shackleton Fracture Zone. As the trough
nears Elephant Island, it is paralleled on either side by two
linear ridges. These features can be traced with the Seabeam
data onto the continental shelf north of Elephant Island. The
southern ridge is an extension of the Shackleton ridge and is
several hundred meters higher than its northern counterpart.
An extrapolation of the lineament defined by the trough in-
tersects the island in the vicinity of a structural and meta-
morphic transition zone described by Dalziel (1984). We believe
that these features may be related to the fracture zone.

We believe that the presence of the Shackleton trough and
the apparent deformation on the northeast side of the Shack-
leton ridge may be the result of a combination of strike-slip
faulting and underthrusting of the Scotia Plate beneath the
Antarctic Plate. Furthermore, differential movement along

cf°w	 55.5°W

Figure 2. An interpretation of an unprocessed single-channel seismic line showing the northeast-southwest section labeled A, A' in figure
1. Note the deformed nature of the sediments within the Shackleton trough, the transform fault(s) and the basement reflector on the northeast
side of the Shackleton ridge. Sediments on the southwest side of the ridge are relatively undeformed.
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Figure 3. Bathymetric map of the Shackleton Fracture Zone/Elephant Island intersection. The map's location correponds to the large box
in figure 1. The thick, black line is the R/V Polar Duke cruise track and the gray-shaded segments are track lines along which the R/V
Surveyor collected Seabeam data. Note that the thickness of the shaded tracks varies with depth to the ocean floor. The bathymetric interval
is 200 meters. See text for an explanation of the tectonic features.

transpressional faults associated with the Shackleton Fracture
Zone may have played a direct role in the uplift of the forearc
terrane exposed on Elephant Island. The study of the inter-
section of a major active plate boundary with the Antarctic
Peninsula is part of an ongoing effort to understand the tec-
tonic structure of plate boundaries and the processes involved
in the uplift of subduction complexes within the Scotia Arc.

Work aboard RIV Surveyor was supported by Antarctic Liv-
ing Marine Resources, the National Science Foundation's Di-
vision of Polar Programs, National Aeronautics and Space
Administration Geodynamics Program, Texas Advanced Tech-
nology Research Program, and the University of Texas De-
partment of Geological Sciences. The R'V Polar Duke cruise was
supported by National Science Foundation grant DPP 86-15307.

We thank the National Oceanic and Atmospheric Admin-
istration officers and staff, especially Captain Christian An-
dreasen (National Ocean Service, Charting and Geodetic
Services, Rockville, Maryland) for their help with the Seabeam

data, Rodger Hewitt and Rennie Holt for allowing us to par-
ticipate in their program, and the captains and crews of RIV
Surveyor and RIV Polar Duke for their invaluable assistance in
the implementation of our surveys in often difficult conditions.
Special thanks go to Craig Berg, Gary Nelson, and Dennis
Dixon for their excellent work in Seabeam data aquisition and
trackline preparations.
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Quaternary marine geology of the
northwestern Ross Sea

DAVID E. REID

Department of Geology and Geophysics
Rice University

Houston, Texas 77251

On the final scientific expedition of the USCGC Glacier dur-
ing during Deep Freeze 87, 29 piston and gravity cores and

approximately 700 kilometers of sparker seismic data were col-
lected from the outer continental shelf and slope of the north-
western Ross Sea (figure 1). The cores were subjected to a
detailed sedimentological study resulting in the identification
of basal tills, glacial-marine sediments, a wide range of sedi-
ment gravity flow units, and carbonate deposits (Reid 1989).

A primary objective of the study was to resolve the stratig-
raphy and lithiofacies relationships generated by the advance
and retreat of the late Wisconsin ice sheet. This is important
because the identification of basal tills succeeded seaward by
glacial-marine deposits would establish the northernmost limit
of grounded ice in this region during the last glacial maximum.
A second objective was to characterize carbonate deposition
in a polar glacial-marine setting. In the past, the presence of
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Figure 1. Bathymetry and Deep Freeze 87 data location map of the northwestern Ross Sea. Note the proposed late Wisconsin grounding
limit. Basal tills were identified south of this limit while glacial-marine deposits were identified north of the proposed limit.

carbonates has been considered by some to directly exclude a
glacial origin for any associated diamictites (Schermerhorn 1974).
A better understanding of this polar carbonate-glacigenic dep-
ositional system may aid in recognizing analogous depositional
systems in the ancient record.

Myers (1982) identified basal tills and petrological provinces
supporting deposition by grounded ice as far north as Coulman
Island (figure 1). The cores examined in this study extend the
transect of cores previously examined, northward to the shelf
break. Basal tills were identified in Deep Freeze cores located
about 40 kilometers north of Coulman Island extending the
known limits of deposition by grounded ice to approximately
73°11'S latitude (figure 1). Petrologic, seismic, and bathymetric
data suggest that these basal tills were deposited from grounded
ice which had advanced eastward from northern Victoria Land.

Cores recovered seaward of the basal tills were determined
to contain glacial-marine sediments. The glacial-marine sedi-
ments were distinguished from basal tills on the basis of tex-
tural, petrological, and clast shape differences, as well as the
presence of abundant, well preserved, calcareous microfossils
including planktonic foraminifera. Both the basal tills and gla-
cial-marine deposits have a gradational upper contact with
coarsening upward glacial-marine sediments. These deposits
are, in turn, sharply overlain by gravelly sands which are in-
terpreted as Holocene sediments.

Textural, petrological, and paleontological data suggest that
the glacial-marine sediments were deposited by intense ice
rafting in close proximity to a grounded ice sheet in an (at least
seasonally) open marine environment. The coarsening upward
glacial-marine sequence is interpreted as representing an in-
crease in current intensity coincident with the retreat of the
expanded ice sheet following the late Wisconsin glacial max-
imum. A radiocarbon date from this interval (DF 87 number
6 25-40 centimeters) yielded an uncorrected date of 18,590 ±
500 ago, supporting the interpretation that the coarsening up-
ward sequence is post glacial maximum in age.

The proposed grounding limit for the late Wisconsin ice
sheet derived from the core data is supported by a change in
seismic character from data collected south of the limit to data
collected to the north. Seismic data from south of the proposed
limit are characterized by relatively high relief on individual
reflectors, cross-cutting relationships, and wedge-shaped zones
of acoustically chaotic reflectors which are interpreted as till
tongues (figure 2a). In contrast, seismic data collected north
of the proposed grounding limit are characterized by generally
flat, coherent "normal marine" type reflectors separated by
acoustically transparent zones. Relief on individual reflectors
is relatively broad and gentle (figure 2b).

Piston cores containing carbonate deposits were recovered
from the outer shelf and upper slope and from the seaward
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flanks of Mawson and Pennell-Iselin Banks (figure 1). These
sediments are composed primarily of varying amounts of bry-
ozoans, barnacles, and foraminifera with echinoids, pelyce-
phods, ostracods, gastropods, and corals as accessory
components. Four distinct carbonate facies, which trend east-
west along the shelf margin of the northwestern Ross Sea were
identified (Reid 1989). The faunal assemblages and textural
data imply a general west-to-east decrease in current intensity
during deposition of the carbonates. Radiocarbon dates indi-
cate that widespread carbonate sedimentation was occurring
on the outer shelf margin of the northwestern Ross Sea during
much of the late Wisconsin glacial episode (uncorrected dates
range from 22,730 ± 900 old to more than 35,750 ago) and are,
therefore, contemporaneous with widespread glaciation and
glacigenic sedimentation on the Ross Sea continental shelf. In
fact, the widespread distribution and relatively diverse calcar-
eous fossil content implies open marine (ice-free) conditions
for the outer shelf of the northwestern Ross Sea during this
time. Further support for this interpretation is provided by the
presence of planktonic foraminifera in all the glacial-marine
and carbonate sediments examined, as well as the widespread
occurrence of barnacle detritus (since barnacles have a plank-
tonic larval stage). Current research is focused on obtaining
isotopic and detailed faunal assemblage data from these car-
bonate sediments to understand more fully the implications
for the late Wisconsin paleogeology and paleoceanography for
the northwestern Ross Sea.

This research was supported by National Science Founda-
tion grant DPP 85-16908 awarded to John Anderson and is part
of a Master's thesis study conducted at Rice University by
David Reid. Sigma Xi, the research society, provided some
funds for radiocarbon dating and their contribution is grate-
fully acknowledged.
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Figure 2. A. Deep Freeze 87 sparker data collected between coring
stations 31 and 32, located south of the proposed late Wisconsin
grounding limit. Seismic characteristics of cross cutting relation-
ships, high relief on individual reflectors, and wedge-shaped
acoustically chaotic zones suggest glacial erosion and deposition.
Numbers indicate two-way travel time in seconds. (Contrast with
B.) B. Deep Freeze 87 sparker data collected between coring station
6 and 7, located north of the proposed late Wisconsin grounding
limit. Reflectors in this area are relatively continuous and flat-lying
suggesting marine deposition with only a limited glacial influence.
Numbers indicate two-way travel time in seconds. (km denotes
kilometer.)
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Stable isotopic data of modern benthic taxa from Terra Nova Bay
expressed as per mil difference from PDB (Peedee Belemnitella)

standard.
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benthic fauna from the Ross Sea,
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While a wealth of information is available for Recent warm-
to-temperate biogenic carbonates, only a small portion of this
information constitute the stable isotopic data (oxygen and
carbon) on cold-to-frigid carbonates (e.g., Dorman 1968).

Curiously enough, more information is available on ancient
polar carbonates (e.g., Rao and Green 1982) than on their mod-
ern counterparts.

A project has been undertaken to evaluate the stable isotopic
composition of calcareous skeletons of modern benthic organ-
isms inhabiting the antarctic waters. Shallow-water benthic
organisms belonging to many different phyla have been col-
lected in Terra Nova Bay (Ross Sea) during the Third Italian
National Expedition (austral summer 1987-1988).

Calcareous parts of co-occurring, primarily live-collected for-
aminifera, bivalves, gastropods, polichaetes, bryozoa, octo-
corals, echinids, calcareous algae (Rodophyta) have been
analyzed for their stable oxygen and carbon isotope compo-
sition.

The organisms chosen are common components of the Ross
Sea shallow benthos (Bullivant 1967) and are representative of
groups likely to substantially contribute to the carbonate frac-
tion of antarctic continental shelf sediments.

The table reports some salient results. Many taxa (Cibicides
sp., Ada,nussiurn colbecki, Neobuccinum eatoni, Serpula narconen-
sis, Spirorbis sp., Sertella sp. 1, Sertella sp. 2) show oxygen
isotope values consistent with calcification near or at equilib-
rium with the measured water temperature of Terra Nova Bay
(close to - 1.87°C with little departure from this value). Salinity
in Terra Nova Bay is known to be close to normal, and mixing
with isotopically very depleted antarctic meltwater from calv-
ing of continental glaciers (Shackleton and Kennett 1975) is
not apparent from our results. Therefore, it appears that these
species can be used as reliable paleoenvironmental indicators;
under such circumstances, it is important to point out that
these, or strictly allied, species are recurrent fossils within the
late Tertiary-Quaternary raised deposits and cored ancient sed-
iments along the antarctic continent (e.g., Speden 1962; Dell
and Fleming 1975; Qingsong, Youyu, and Yuanfang 1983;
Yoshida 1983), including the Quaternary marine terraces of
Terra Nova Bay (Orombelli 1986).

Carbon-isotope results show that some organisms affect the
fractionation of their carbonate out of equilibrium conditions.
This vital effect is evident in Sterechinus neumayeri and in Ro-

Benthic forams
Cibicidessp.	 + 1.1	 + 3.9

Mollusks
A. colbecki	 + 1.8	 + 4.5
A. colbecki	 + 1.6	 + 4.0
A. colbecki	 + 1.8	 + 4.3
Al. eatoni	 + 1.9	 + 3.8

Polichaetes
Spirorbis sp.	 + 0.5	 + 3.6
S. narconensis	 + 0.4	 + 4.0
S. narconensis	 + 0.6	 + 4.0

Bryozoans
Sertella sp. 1	 + 1.2	 + 3.3
Serte//a sp. 2	 + 1.0	 + 3.2

Echinids
S. neumayeri spine	 - 1.3	 + 3.0
(same mdiv.) theca	 - 2.7	 + 3.0

Coelenterates
Primnoisis sp.	 2.3	 + 2.4

Calcareous algae
Rodophyta sp.	 - 4.3	 + 2.7

dophyta sp., confirming previous information on echinids and
calcareous algae obtained at temperate-warm latitudes. A vital
effect is apparent also in Priinnoisis sp., which belongs to a
group which is not a negligible component of antarctic ske-
letonized benthos. All these taxa show some depletion in ox-
ygen-isotope composition as well.

Future steps of our project are aimed at expanding our stable
isotope research to more taxa in order to be able to assess
better the fractionation patterns of calcium carbonate skele-
tonized benthic, planktic and demersal antarctic organisms.
Final goals are to select those taxa which calcified close to the
thermodynamic equilibrium with ambient environments (suit-
able for paleoenvironmental studies) and to contribute to the
definition of the geochemical characteristics of modern polar
carbonates which are, in Antarctica, mostly biogenic.

Thanks are due to the many colleagues which helped with
sampling during the Third Italian Antarctic Expedition, i.e.,
M. Vacchi, U. Simeoni, G.M. Carchini, S. Focardi, E. Amato,
I. Di Geronimo, F. Derriu, A. Landi, and E. Tarulli. J . Lawrence
kindly gave access to his mass spectrometer facility to Marco
Taviani. F. Bayer kindly identified the octocoral. This is I.
contribution number 767.

This work was supported in part by the Italian National
Antarctic Program, by the Italian National Research Council,
through a grant to Marco Taviani and by the Louisiana State
University, through a grant to Paul Aharon.
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The origin and facies distribution
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within McMurdo Sound, Antarctica
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McMurdo Sound is a small marginal basin located in the
southwestern portion of the Ross Sea. A detailed study of cores
and high-resolution seismic data collected in McMurdo Sound
was conducted to improve our understanding of the facies
architecture resulting from sedimentation within a high-lati-
tude marginal basin under polar interglacial conditions (a dep-
ositional regime where very little meltwater is produced, and
the basin is relatively sediment starved and not filled with
grounded ice). The significant aspect of this study is that
McMurdo Sound shares characteristics with both rift basins
and back-arc basins (Bartek 1989). Thus, the results from this
work are applicable to a wide range of ancient analogs and
may provide additional insight into the paleoenvironments of
ancient stratigraphic successions.

Examination of the 67 undamaged cores (figure 1), collected
in McMurdo Sound during Deep Freeze 80 and 87, revealed
129 different types of sedimentary units within these cores.
These units were distinguished using composition, texture,
fossil content, color, and sedimentary structures. The sedi-
mentary units were grouped into 13 facies based upon char-
acteristics that give some insight into either sedimentary process
or source (figure 2). Facies relationships are so complex in the
Sound that statistical methods were required to determine the
nature of the significant vertical and lateral associations. These
analyses indicate that alkaline volcanic debris originating from
the steep, rugged slopes of seismically and volcanically active
Ross Island (Kyle and Cole 1974; Dibble et al. 1984; Takanami
et al. 1984; and Kaminuma and Shibuya 1987) is being depos-
ited on the eastern side of the Sound. Thick-bedded turbidites
(Bouma A facies) and cohesionless debris flow and/or density-
modified grain-flow deposits originating from Ross Island have
been deposited on and at the base of the eastern slope of the

Sound while two distal turbidite facies, which also originated
from Ross Island, can be found in the Erebus Basin. The pri-
mary mode of deposition within Erebus Basin, however, is
sedimentation of diatomaceous ooze and mud along with coarse-
grained ice-rafted debris [compound glacial marine facies of
Anderson, Brake, and Myers (1984)]. The diatomaceous ma-
terial is generated within McMurdo Sound, and it is also ad-
vected into the Sound from the north (Leventer and Dunbar
1987, 1988). The compound glacial marine deposits of the basin
also show an intertonguing relationship with the facies of the
eastern slope and the western slope.

Sedimentation on the western portion of McMurdo Sound
is also influenced by the climate. The region is characterized
as polar, with an average temperature of -5'C during the
summer and —30°C during the winter (Keys 1981), and wind
is an important sediment transporting agent in the region (Bar-
rett et al. 1984). The dominant wind direction over the Sound
is from the south-southeast, and velocities in excess of 50 kil-
ometers per hour are common during katabatic wind storms
(Keys 1981). Bentley (1979) notes that the winds along the
western coast (in the Taylor Valley region) of McMurdo Sound
have a strong westerly component during the winter and are
responsible for transport of sediment out of the McMurdo Dry
Valleys onto the sea ice. Due to the cold climate, production
of meltwater is minimal, so there are no major rivers trans-
porting sediment into McMurdo Sound or the Ross Sea. There-
fore, sedimentation on the western slope of McMurdo Sound
is dominated by deposition of ice-rated eolian debris that orig-
inates from the south, primary eolian deposition, turbidites
sourced from the western shelf and slope, and a minor amount
of ice-rafted eolian debris originating from the west. Deposi-
tion of ice-rafted debris originating from the west and coarse
ice-rafted debris originating from the Ross Ice Shelf are the
primary modes of sedimentation on the upper portion of the
western slope and the western shelf. Although deposition of
debris from the Ross Ice Shelf is primarily associated with the
western shelf, it can also be found in any of the other envi-
ronments mentioned above.

In summary, lateral and vertical facies relationships within
a high-latitude marginal basin (in this case McMurdo Sound,
Antarctica) during polar interglacial conditions can be quite
complex and variable, but there are discernable trends within
the stratigraphic record that provide insights into both paleo-
geography and paleoclimatic variability. Sediment infill of
McMurdo Sound is asymmetrically distributed. Volcaniclastic
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Figure 1. Map of the Deep Freeze 80 and 87 cores that were analyzed in this study. The bathymetric base map (from Pyne et al. 1985) is
provided for geographic orientation.

debris is deposited on the eastern side of the Sound, while
deposition of biogenic, ice-rafted, and eolian transported de-
bris are the predominant processes active on the western shelf
and slope and the central basin.

This research was supported by National Science Founda-
tion grant DPP 85-16908. We thank Dennis Cassidy and his
colleagues at the Antarctic Research Facility at Florida State
University and the captains and crews of the USCGS Glacier
for their logistical support and assistance in completing this
investigation.
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Figure 2. McMurdo Sound tacies, their characteristics, and origins. (m denotes meters.)
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Satellite microwave sea-ice
observations

and oceanic processes
on the antarctic continental shelf
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We have been investigating the spatial and temporal vari-
ability of antarctic sea-ice distributions, based upon the Nim-

bus-7 satellite scanning multichannel microwave radiometer
(SMMR) brightness temperatures (Comiso and Zwally 1989).
In the Ross Sea, ice concentrations derived from the 1979-1986
SMMR data show a persistently lower ice cover over the con-
tinental shelf than above the adjacent deep ocean (Jacobs and
Comiso 1989). Sea ice remained through the austral summer
northeast of that continental shelf except during 1979 and 1980,
years characterized by other sector and antarctic-wide anom-
alies. Early autumn ice growth around this residual ice field
advanced southward across the eastern continental slope and
shelf to join sea ice moving northward away from the ice-shelf
front. This insulated the shelf water column well before all
sensible heat could be extracted by vertical mixing. Persistent
southwest winds and greater heat storage in the ocean surface
layer lead to later ice formation in autumn and lower ice con-
centrations during winter on the west-central shelf. Migratory
cyclones increased open water areas for brief periods, but had
relatively little impact on the large-scale ice cover.

Two newly identified polynyas near the continental shelf
break are associated with a shoal area at the northeast end of
Pennell Bank and with the slope front northeast of Victoria
Land. The latter occurs in a region historically preferred by

J	F	M	A	M	J	J	A	S	0	N	D
MONTH

Monthly average air temperature (upper left scale), ocean temperature (upper right scale), ice concentration (lower left scale), and ice extent
(lower right scale) in the Ross Sea, 1984 and 1985. Air temperatures are from automatic weather station records (e.g., Savage et al. 1985)
with vertical bars showing ± 1 standard deviation for the 1984 Franklin Island records. Ocean temperatures are the averages of hourly
recordings from the shallowest instrument (125-425 meters) at each of nine moorings set along the Ross Ice Shelf by Oregon State
University personnel. (m denotes meter. km 2 denotes square kilometers.)
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ships attempting passage to and from the southern Ross Sea.
The Pennell and Ross Passage polynyas are best developed in
spring and autumn, but also display intermittently lower ice
concentrations during winter. They appear to be topographi-
cally controlled and maintained in part by upwelling of warmer
water from the continental slope region. Slope water transports
heat onto the shelf as it replaces denser shelf water outflows.
The warm inflows to the continental shelf are evident from
year-long temperature records near the Ross Ice Shelf and from
the rapid spring enlargement of several shelf polynyas. These
polynyas near the continental slope are well positioned to in-
tercept and melt sea ice as it is exported from the shelf.

There is an impressive stability in the 86 percent average
winter sea-ice concentration on the shelf, which shows little
monthly or interannual sensitivity to present-day atmospheric
variability. Sea-ice extent in the full Ross sector and subsurface
ocean temperature along the ice shelf front both lag air tem-
peratures in the southern Ross Sea by several weeks (figure).
Warmer subsurface water entrained in the strong winter ver-
tical circulation on the shelf retards ice growth and enhances
heat flux to the atmosphere. The cycle of monthly average
ocean temperatures near the Ross Ice Shelf during 1984 in-
cludes a feature resembling the early winter air temperature
reversal that characterizes the coreless winter. This suggests
a shelf-water sensitivity to some climatic measure such as ac-
cumulated degree-days, which may be expressed in an ice-
thickness variability that is not observable with SMMR data.

Precautions are required in using SMMR brightness tem-
peratures and the derived ice-concentration data near conti-
nental margins, especially along dynamic coastlines where maps
are not regularly updated. Because of relatively large footprint
sizes and sidelobe effects on the antenna signal, observed val-
ues associated with data elements (pixels) near the continental
boundary may be significantly contaminated by adjacent areas,
particularly during summer. Interpretation of SMMR data in
coastal regions should evaluate probable errors associated with
this problem.

This work has been supported by grants to Columbia Uni-
versity from the National Aeronautics and Space Administra-
tion (NAGW 1344) and the National Science Foundation (DPP
85-12540), and by the Oceanic Processes Program at the Na-
tional Aeronautics and Space Administration.
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Current velocities and sedimentation
patterns in Granite Harbor fjord,

northern Victoria Land, Antarctica
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Granite Harbor is one of approximately 10 large fjords along
the coast of northern Victoria Land. These fjords constitute
the outlet zones of extensive glacial systems which traverse
the Transantarctic Mountains and drain the ice sheet of the
Polar Plateau. Most of these fjords contain deep basins (up to
1,000 meters) which are often silled to the east. Deep, protected
basins on the antarctic continental shelf act as sediment traps,
collecting fine-grained and low-density materials winnowed
from shallower areas. The combination of high rates of sedi-
ment accumulation and location near major glacial outlet zones

makes the fjord basin sediment packages uniquely suited for
high-resolution studies of Holocene ice sheet advance and re-
treat.

As part of a cooperative U.S.-New Zealand investigation of
sedimentation within Victoria Land fjords, we studied water
circulation within the inner deep basin of Granite Harbor (fig-
ure 1) between early November, 1988, and early January, 1989.
Our specific objectives were to assess the efficacy of marine
currents in winnowing and transporting fjord sediments and
to examine the influence of a large ice tongue on deep circu-
lation. Our overall goal is to combine results from sediment
trapping, current measurements, and surface sediment anal-
ysis to construct a comprehensive view of sedimentary dy-
namics in a very high latitude polar fjord. Here we report on
the results of short-term and long-term current measurements
during the 1988-1989 field season.

Field operations. All sites were reached by tracked vehicles.
Water column and seafloor samples were collected through
holes drilled in annual fast ice. Current measurements were
collected using two InterOcean S-4 electromagnetic current
meters. The Rice University group collected short-term mea-
surements ranging in length from 1.1 to 24.4 hours at 11 sites
between 9 and 22 November 1988. The Victoria University field
party installed an S-4 current meter 3 meters above the seafloor
adjacent to the MacKay Ice Tongue from 15 November 1988,
through 7 January 1989. In addition, 19 surface sediment sam-
ples and 11 large diameter gravity cores were collected in the
Granite Harbor area (see table). These samples are curated at
Rice University and are available to other investigators upon
request.
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Current meter and sediment coring sites, 1988-1989

Duration
hh:mm

12:07
12:46
23:36
13:00

7:31

1:08
9:36

ND
14.38

ND

ND
24:22

ND
ND
ND

13:05
ND
ND
ND
ND

5:37
ND
ND

13:06
1272:00

Water	Meter
Depth	Depth

Site	Latitude	Longitude	(m)	(m)

A	76058'6.8'	162044'36.3'	566	104
B	76059'2.6'	16250'29.5"	829	820
C	76°59'3.8'	162050'29.4'	829	80
D	76057'44.9"	16228'44.4'	598	593
E	76057'25.7"	16224'41.9'	475	450
F	76°59'0.1"	1622611.4'	132	131
G	76057'43.0'	1623527.9'	727	717
H	76057'58.7"	162038'13.3'	802	ND
I	76059'20.6"	162041'32.5"	704	703
J	76058'41.9"	16204579'	644	ND
K	76058'52.6	162047'39.7"	684	ND
L	76058'58.9"	162048'45.9"	793	84
M	7659'26.0"	162050'8.0'	793	ND
N	765921.8"	162052'11.2"	840	ND
o	76059'33.1"	1625350.4'	605	ND
P	7605970'	16252'49.8	840	823
o	76058'44.6'	162053'10.6'	772	ND
R	76058'13.7"	16205426.6"	739	ND
S	7605943.5'	162050'48.8'	656	ND
I	7658'30.1"	162049'30.2'	761	ND
U	77000.3	162425'	235	220
V	76056'49.4"	1625651.7"	877	ND
W	7605677'	162055'49.5"	856	ND
X	7706'47.9"	163010'6.0"	186	185
MGT88	7605719.3'	162030'23.2"	?	?

Velocity	Direction

	

Mean	Max	Mean	Grab	Gravity
(cm/sec)	 (1	Sample	Core
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3.19	6.0	316	X

	

5.09	15.0	260

Results and discussion. Short-term current velocity records are
shown in figure 2; the long-term record is shown in figure 3.
Mean and maximum current velocities and mean directions
are listed in the table. Mean current velocities at 12 sites within
Granite Harbor range from 1.5 to 14.8 centimeters per second;
maximum velocities range from 3.5 to 18 centimeters per sec-
ond. The lowest current speeds (0 to 3.5 centimeters per sec-
ond) were recorded at depths greater than 800 meters at two
sites (B and P) at the eastern end of the inner basin. Surface
currents at this location (sites L and C) are somewhat greater
(1 to 4.5 centimeters per second). In general, maximum near-
bottom current velocities increase toward the tip of the MacKay
Ice Tongue, with speeds of up to 6 centimeters per second at
site I, 12 centimeters per second at site G, 15 centimeters per
second at site MGT88 and 16.5 centimeters per second at site
D. The two short-term sites immediately adjacent to the ice
tongue show numerous high-flow events of very short dura-
tion. The source of these transient current pulses is not yet
clear but may be related to downslope turbid flows derived
from fluid expulsion at the grounding line, vertical circulation
related to salinity changes induced by glacial or sea-ice freez-
ing/melting, or turbulence induced when fjord currents en-
counter the complex relief of the ice tongue.

The long-term record shows current speeds varying at a
diurnal tidal period. Mean current velocity (over 10-day inter-
vals) steadily decreases through the deployment from 6.9 cen-
timeters per second in late November to 4.3 centimeters per
second in late December/early January.

Our results are the first which demonstrate significant cur-

rent flow within a Victoria Land fjord. Previous studies in New
Harbor (Barry and Dayton 1988) and Granite Harbor (Mac-
pherson 1987), albeit based on limited sampling programs,
have led to suggestions that current velocities are negligible
within these fjords. Within the deep inner basin of Granite
Harbor, we have recorded current velocities as high as 16.5
centimeters per second, sufficient to winnow terrigenous grains
finer than 125 micrometer in diamater from the seafloor (Dun-
bar et al. 1985, figure 1). Most flow events greater than 5 to
10 centimeters per second are episodic and relatively short-
lived; such events will not be resolved during long-term cur-
rent meter deployments (when instruments average velocities
over long periods) and may be missed completely during short-
duration current profiling. Even though such high velocity
events are relatively rare and not easily sampled, it is likely
that these events control the texture of seafloor deposits and
dispersal of food to the benthos to a much greater degree than
does the long-term mean flow.

Our results support previous conclusions based on sediment
trapping and surface sediment analysis (Macpherson 1987;
Dunbar, Leventer, and Stockton 1989) that much of the sedi-
ment deposited in the deep basins of Granite Harbor must be
derived from winnowing of fines from adjacent shallow areas.
Based on the results of our current-meter study, we must now
modify our views to include winnowing from some high-en-
ergy deep water (i.e., more than 500 meters) areas as well.

This work was supported by National Science Foundation
grant DPP 85-16911 and the New Zealand University Grants
Committee. A. Leventer, T. Perrot, and G. Wellington assisted
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Figure 1. Location of current-meter and sediment-sampling stations occupied during 1988-1989 field season. Bathymetry is from Macpherson
(1987) modified by our own observations during 1987 and 1988. At this time, we are uncertain about the existence of a deep-water connection
between the inner and outer basins of Granite Harbor. (km denotes kilometer.)

with the field work; Pat Sole and Garth Falloon (New Zealand
Department of Surveys and Land Information) assisted with
surveying.
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Figure 2. Short-term current velocity measurements (averaged over
intervals ranging from 10 seconds to 2 minutes) at 10 sites in
Granite Harbor. Details of deployments are given in the table. (cm/
sec denotes centimeters per second. m denotes meter.)
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Figure 3. Long-term current velocity record from 3 meters above the seafloor at the site MGT88 adjacent to the tip of the Mackay Ice
Tongue. The record represents averages 17.5 seconds in length every 12 minutes for 53 days. (cm/sec denotes centimeters per second.)
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Ocean sciences

Winter sea-ice cover
and ocean processes

ARNOLD L. GORDON and BRUCE A. HUBER

Lamont-Doherty Geological Observatory
Columbia University

Palisades, New York 10964

The report presents a summary of the conceptual view re-
garding the relationship of the southern ocean sea-ice cover
to oceanic processes that we have developed since the winter
and spring field programs of the Somov (Gordon and Saru-
khanyan 1982) and Polarstern (Schnack-Schiel 1987). A more
detailed account is given by Gordon and Huber (1984, in press);
also see Martinson (in press). Discussion with colleagues in-
terested in mixed-layer modeling (e.g., D. Martinson and P.
Lemke) have benefited this development.

Within the Weddell Gyre, there is a delicate balance between
the thin veneer of sea ice and entrainment of deep water, with
its relative warmth and saltiness, into the winter mixed layer
(figure 1). By mid-winter the entrained heat curbs ice thickness
and concentration so permitting a nearly equal amount of heat
to pass into the atmosphere. This mid-winter balance is achieved
with a sea-ice thickness near 50 centimeters and a concentra-
tion near 95 percent, agreeing with observations (Wadhams,
Lange, and Ackley 1987). While heat is of direct importance
to the sea-ice budget, it is really the salt that controls it. The
upward flux of salt from deep water to the winter mixed layer
tends to destabilize the water column. Deep-water heat that
melts ice counters this effect and inhibits the mixed layer from
becoming dense enough to initiate a complete breakdown of
the weak stratification that separates the thin ice cover from
the nearly limitless heat reservoir of the deep water. An equi-
librium is achieved in the mass balance of the mixed layer as
winter entrainment, which tends to deepen the mixed layer,
is compensated by the year-round wind-induced Ekman up-
welling. As deep water enters the surface layer, surface-layer
water must be removed elsewhere. This is accomplished at the
boundaries of the Weddell Gyre. The average residence time
of the surface water south of the Antarctic Circumpolar Current
is only 2 to 3 years.

The ice-covered winter mixed layer is significantly under-
saturated in dissolved oxygen. The oxygen deficit results from
incorporation of low oxygen deep water into the mixed layer.
Measurement of this deficit can be used to estimate the amount
of deep-water entrainment during the winter (Gordon and
Huber 1984, in press). The associated heat flux is calculated
from the temperature differential of the deep water to the sea
water freezing point (figure 2). Using the sea ice thickness and

concentration information of Wadhams et al. (1987) it appears
that the winter air temperatures, on average, are just sufficient
to remove the deep water heat flux, preventing significant
increase in ice thickness for the rest of winter. New ice growth
would be confined for the most part to formation within the
leads. In the spring, when air temperatures increase above the
critical "break-even" value, the sea ice quickly melts as the

Salinity
34.1	34.2	34.3	34.4	34.5	34.6	34.7	34.8	34.9
I-"',,',,,I,,,,	'"I'''''	''I''''	'	I'''	I'''	'I''	'I"'''-'-'-'-'l

Potential Temperature
6 1215	-1	-050	05	1	, 15 ,	2

250

27.4	27.45	27.5	27.55	27.8	27.65	27.7	27.75	27.8	27.85	27.9

I	 I	 Si9rna-0	 I
4	 5	 6	 7	 8	 9

Oxygen (mVl)

Figure 1. Representative profiles of potential temperature, salinity,
sigma-O, and oxygen for the upper 250 meters within the Weddell
cold and warm regimes and over Maud Rise. (mi/l denotes milliliters
per liter. CTD denotes conductivity-temperature-depth.)
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Figure 2. Average heat flux from the Weddell deep water into sur-
face mixed layer as function of latitude along the Greenwich Me-
ridian, from the initiation of winter period entrainment (estimated
to be about 40 days prior to ice formation by Gordon and Huber
in press) to the time of measurement of mixed-layer stratification.
The heat flux values are determined from the observed deficit of
mixed layer oxygen relative to full saturation. Measurements were
made during the cruise Ant V/2 of the Winter Weddell Sea Expe-
dition, 1986 of the Polarstern (from Gordon and Huber in press).
(w/m2 denotes watts per square meter.)

heat input from below cannot be removed rapidly enough by
the cold atmosphere.

The sea ice cover and ocean static stability are maintained
by salinity; this is referred to as the salinity mode. It represents
the normal condition (for today's ocean); however, the stable
salinity mode configuration can be upset. Such a breakdown
occurred in the Greenwich Meridian region near Maud Rise
in the mid-1970s when a large polynya formed for three con-
secutive winters (Carsey 1980). It is a dramatic example of
another stable mode (Martinson et al. 1981). In this mode, the
ocean stratification is destroyed and vigorous convection per-
sists, eliminating the sea-ice cover. This configuration is driven
by temperature and is referred to as the thermal mode. The
convection continues as the upwelled water is cooled by con-
tact with the atmosphere. The thermal mode can be shut down
only if enough fresh water is added to the surface layer. Tran-
sient polynyas, frequently observed over the deep ocean, are
examples of a thermal mode being shut down by an influx of
sea ice from the surrounding ocean. If the convective region
becomes large enough it essentially protects itself from inflow
of sea ice from the edges (Comiso and Gordon 1987).

The primary issue that must be addressed is this: What con-
ditions allow the salinity mode to be upset? The conversion of
the more common salinity mode to the anomalous thermal
mode requires the salinity of the winter mixed layer to become
sufficiently high to force free convection within the ocean. Sea
ice alone may not force the mode change because as the ice
forms, it drives more entrainment of deep-water heat into the
surface layer which limits further sea ice development. A lengthy
period of wind-induced strong sea-ice divergence might trigger
a change-over. The tendency for the transient polynyas, with
scales of 100 kilometers, to recur in the same area (Comiso and
Gordon 1987) points, however, to an oceanic control. It is likely
that circulation-bottom topography interaction acts to pre-con-
dition an area for polynya formation. As the horizontal flow
encounters a ridge or a seamount, upwelling is induced, forc-

ing a decrease in the pycnocline depth (an effective pre-con-
ditioner for polynya generation, Martinson et al. 1981) and a
greater input of salt into the mixed layer.

This is our hypothesis. During periods when the large scale
wind field spins up the barotropic circulation, upwelling over
topographic features increases and the vulnerability for a switch-
over to the thermal mode is enhanced. If the topographic in-
duced upwelling is extensive as would be the case for a vig-
orous spin-up of the ocean circulation, the convective region
may be sufficient to form a self-protective barrier to fresh water
influx from the sides. This apparently occurred in the Weddell
Gyre in the mid-1970s over Maud Rise. An eventual shutdown
occurred as the general circulation advected the convective
region into the western Weddell where strong sea-ice conver-
gence was able to overwhelm the thermal mode, returning to
the salinity mode (Martinson et al. 1981). Should the wind
field increase for an extended period, then the baroclinic field
would also become more energetic and the pycnocline would
shallow, which would have to be balanced by more vigorous
entrainment and vertical heat/salt fluxes. In this situation, the
entire region is sensitized to polynya generation.

The two modes of stratification and sea-ice cover may have
an impact on the flux of carbon dioxide between ocean and
atmosphere. Deep water is exposed to the atmosphere would
vent excess carbon dioxide. In the salinity mode, the sea-ice
cover prevents free access of the deep-water-contaminated
winter mixed layer to the atmosphere. In the spring, when it
becomes exposed to the atmosphere, rapid primary production
uses the excess carbon dioxide, preventing it from entering
the atmosphere. For the thermal "polynya" mode, the deep
water is exposed to the winter atmosphere without active pri-
mary productivity, and the excess carbon dioxide can be vented
directly to the atmosphere. Presumably during periods of more
vigorous wind-stress curl, the thermal mode would be more
common and there would be more venting of deep-ocean car-
bon dioxide to the atmosphere. Might the glacial/interglacial
variations of atmospheric carbon dioxide be due to changing
of the predominant stratification mode in the southern ocean?

This work is supported by National Science Foundation grant
DPP 85-02386.
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Dissolved chiorofluorocarbon
studies in the Weddell Sea

JOHN L. BULLISTER

Department of Chemistry
Woods Hole Oceanographic Institution

Woods Hole, Massachusetts 02543

Measurements of atmospheric and dissolved chlorofluoro-
carbons (CFCs) were made in the Weddell Sea as part of the
ANT V/4 expedition on the West German research vessel Po-
larstern. Detailed water column profiles of the concentrations
of two dissolved CFCs, CC13F (F-il) and CC1 2F2 (F-12), were
obtained along a section crossing the Weddell Gyre and at
stations along the southern margin of the Weddell Sea in the
region near the Filchner Ice Shelf. Detectible levels of these
anthropogenic compounds were present in all seawater sam-
ples analyzed during this expedition. The observed distribu-
tions of these dissolved CFCs can be used to study the exchange
of atmospheric gases with the ocean, and the rates and path -
ways by which dense surface waters in this region are mixed
into the interior of the ocean.

During the January to March 1987 expedition in the Weddell
Sea (see figure 1), more than 1,000 seawater samples were

Figure 1. Cold, dense waters are formed along the southern margin
of the Weddell Sea on the continental shelf and slope. These waters
sink to abyssal depths and are transported northward through the
Weddell Sea as bottom currents. The currents carry dissolved CFCs
from near-surface layers to the deep Weddell Sea.

collected for analysis of a number of components including
salinity, dissolved oxygen, nutrients, oxygen isotopes, helium-
3 and helium-4, carbon-14, and CFCs. Continuous vertical pro-
files of salinity, temperature, and depth were obtained during
each hydrocast using a conductivity-temperature-depth in-
strument. Air samples were analyzed at least twice daily for
F-il and F-12 concentration. All CFC samples were analyzed
using electron-capture gas chromatography (Bullister and Weiss
1988).

The concentrations of F-li and F-12 in the atmosphere have
increased monotonically since production of these compounds
began in the 1930s. More than 90 percent of the production
and release of F-il and F-12 occurs in the Northern Hemi-
sphere. Due to the low reactivity of these gases and rapid
mixing processes in the troposphere, the concentrations of F -
ii and F-12 are relatively uniform over the Earth's surface.
Figure 2 shows a model of the increases of F-li and F-12 in
the troposphere over the Weddell Sea for the period 1930-
1987. This model is based on industrial production and release
estimates (CMA 1985) for these compounds during the period
1930-1975, and a time-series of measurements of F-il and F-
12 made at the South Pole during the period 1975-1986 (Ras-
mussen and Khalil 1986). The industrial production and release
estimates are corrected for stratospheric photolysis losses, and
the entire time-series is normalized to the air measurements
made in the Weddell Sea during 1987 using the Scripps Insti-
tution of Oceanography calibration scale (Bullister 1984).

F-il and F-12 can cross the air-sea interface and dissolve in
surface seawater. At equilibrium, the concentrations of these
compounds in the surface layer of the ocean is a function of
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Figure 2. Model of the increases of F-il and F-i 2 in the troposphere
over the Weddell Sea. These compounds dissolve in the surface
ocean, and the transport of CFCs into the interior of the ocean can
be used to study ocean circulation and mixing processes.
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the temperature and salinity of the seawater, and the concen-
trations of these gases in the overlying atmosphere. From the
surface layer, dissolved CFCs are carried into the interior of
the ocean and can serve as tracers of the rates and pathways
of ocean circulation and mixing processes.

Antarctic CFC studies. Intense cooling of surface waters, and
the process of brine rejection during sea-ice formation leads
to the production of very dense waters in the southern ocean
around Antarctica. The Weddell Sea is an especially important
source for deep and bottom-water masses which spread
throughout the world ocean. A central goal of the ANT V/4
expedition was to determine the initial tracer content in dense
waters produced in the Weddell Sea and follow the tracer
signal as the waters move away from the source region.

During the ANT V/4 expedition, measurements of CFCs were
made on the continental shelf and slope region north of the
Filchner Ice Shelf. Due to the presence of sea-ice cover for
much of the year and the isolation of these waters from air-
sea gas exchange as they circulate under the extensive ice
shelves lying along the southern margin of the Weddell Sea,
F-li and F-12 concentrations in shelf waters were found to be
significantly (more than 20 percent) below atmospheric equi-
librium values. The overflow of ice-shelf water formed in this
region was detected as plumes of very cold, high-CFC water
(figure 3) flowing along the continental slope of this region.
These plumes rapidly mix with surrounding warmer, more
saline deep waters (of much lower CFC content) to produce
new Weddell Sea Bottom Water. The input of CFCs into the
deep Weddell Sea via this process can be modeled as a function
of time using these measurements, and the model for CFC
increases in the atmosphere (figure 2).

Newly formed Weddell Sea Bottom Water moves westward
and northward as a deep boundary current along the Antarctic
Peninsula, carrying dissolved CFCs to great depths (more than
4,000 meters) in the Weddell Sea. Along an ANT V14 section
crossing the Weddell Sea, near-bottom maxima in dissolved
CFCs were observed which were strongly correlated with the
presence of a dense bottom layer of cold Weddell Sea Bottom
Water. The high levels of CFCs and near-modern F-11/F-12
ratios observed in the core of the Weddell Sea Bottom Water
boundary current at distances greater than 1,000 kilometers
from the source region show that the renewal rate of this water
mass is rapid relative to the overlying deep waters, and that
these compounds are rapidly carried by deep circulation pro-
cesses to the northern edge of the Weddell Sea.

The measurements of dissolved CFCs (and other anthro-
pogenic substances) made during the ANT V/4 expedition are
being used to estimate the formation rates of deep water masses
in the Weddell Sea, and to trace the pathways by which these

(7440'S)	F— 11 Ant5 Stations /40-764	(7410'S)

:	!	
-

..

2000

Figure 3. Dissolved F-il concentrations (x 10-12 moles per kilo-
gram) along continental slope section north of Filchner Ice Shelf.
The section shown extends from 74 040'S to 74010'S along about
35030'W. Dots indicate locations in water column where samples
were collected. The sea floor is indicated by the solid line. Lowest
F-i 1 concentrations (less than 0.5) are present in waters most iso-
lated from recent atmospheric contact. The near-bottom F-i 1 max-
ima at a depth ofapproximately 1,700 meters are associated with a
plume of cold, very dense water descending along the continental
slope of this region. Mixing of this plume with surrounding waters
leads to the production of new Weddell Sea Bottom Water con-
taining elevated levels of dissolved CFCs.

waters spread northward and enter the deep circulation of the
world ocean.

This work was supported in part by National Science Foun-
dation grant DPP 86-19704.
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Scope. The project known as Antarctic Marine Ecosystem
Research at the Ice-Edge Zone (AMERIEZ) is a multidimen-
sional investigation of the structure and processes of antarctic
pelagic communities and, more specifically, the way in which
structure and function are affected by the temporal dynamics
of pack ice. Depending on season and, on a smaller scale,
weather, pack ice may be forming or melting and the ice edge
may be stationary, advancing, or retreating. The first of four
planned AMERIEZ cruises took place at a seasonally retreating
edge in the Weddell/Scotia seas during spring 1983 (see charts
in Ainley and Sullivan 1984 and Sullivan and Ainley 1987); the
second took place at a stationary edge when the pack was at
its annual minimum in areal extent in fall 1986; and the most
recent cruise occurred during mid- to late winter 1988 when
the edge was at first advancing as the ice pack expanded to
reach its seasonal maximum. The edge then oscillated around
its "stationary" position. In a future cruise, we hope to conduct
investigations during the height of summer when the rate of
ice retreat and production of meltwater should be at its max-
imum.

Two major hypotheses focus the program objectives:

• The pack-ice edge is a major oceanographic feature where
biomass and biological productivity are enhanced in the water
column. These processes are more fully understood now
than they were at the outset of our study.

• The seasonal advance and retreat of the ice margin, which
is an ecological interface between two communities, strongly
affects the natural history of most organisms residing in
antarctic seas. Indeed, we are finding this to be the case.

In addition to these unifying hypotheses, individual inves-
tigators have been testing more specific hypotheses which per-
tain to their particular interests and disciplines. These hypotheses
are described in the other articles in this chapter.

Logistics. On our first two cruises we had the opportunity
to use two ships (one an ice breaker) simultaneously so that
one group of investigators could work within the pack ice,
including deep penetrations (more than 200 kilometers), while
the other was working in the adjacent open ocean. During the
just-finished winter cruise, however, only one ship was avail-
able, WV Polar Duke, and therefore we changed plans so that
within-the-pack activities were emphasized on leg I while off-
the-pack activities dominated leg II; overlap of each region was
maintained on both legs. Leg I included more long-lasting
stations where time-series experimentation was important; leg
II included mostly rapid stations that provided a more synoptic
view of conditions; both legs included complementary ele-
ments. To keep both legs within Weddell Sea Water and Wed-
dell-Scotia Confluence Water as much as possible and because
Polar Duke is a vessel with limited ice capability (relative to an
icebreaker), as it turned out, we worked primarily in open
water and within the outer 100 kilometers of the ice pack (fig-
ures 1 and 2). Because of weather patterns and the end of
seasonal growth, the pack ice extended farther north on leg II
than it generally did on leg I. See Husby, Muench, and Gunn
(1989) for more complete description of physical conditions.

The two legs started and terminated at Punta Arenas, Chile.
Leg I took place 6 June to 8 July (9 June to 5 July in the study
area), and leg II took place 15 July to 16 August (18 July to 13
August in study area). On leg II, we experienced the remark-
able dynamism of the ice edge brought about by storm fronts.
Sea-surface temperatures south of the Scotia-Weddell Conflu -
ence were always near freezing, but depending on wind di-
rection (a function of the location of barometric lows moving
along the Confluence), the sea surface froze or thawed for
distances of as much as 200 kilometers (and to a thickness of
0.5 meter or more) on time scales of days. Southerly winds
brought freezes followed a few days later by warm, northerly
winds that brought complete thaws. The thawing moved the
ice edge southward until the next front, and concommitant
winds moved it northward. Thus, the second leg actually pro-
vided a look at an advancing/retreating edge at the mesoscale
of both time and space, compared to the first leg when the
entire ice pack was growing northward on the large scale. The
highly dynamic "stationary" ice edge of leg II also contrasted
with the little-changing, highly compacted and truly stationary
ice edge of the second AMERIEZ cruise in 1986 (Sullivan and
Ainley 1987).

Science program. The activities accomplished on the two legs
were mostly the same, with an emphasis on longer stations
for the first leg and an emphasis on synoptic coverage for the
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Figure 1. The cruise track and pack ice position during leg I of AMERIEZ 1988 (after Husby et al. 1989, by permission). (km denotes kilometer.)

second. The program consisted of studies treating the follow-
ing areas; many of the activities treating the lower trophic
levels included studies both in the water column and in the
sea ice:
• physical/chemical characteristics of the ice;
• photosynthetically available irradiance and spectral com-

position of light;
• physical/chemical structure of the upper water column;
• nutrient chemistry;
• bacterioplankton biomass and growth rates;
• primary production and chlorophyll a distribution;
• phytoplankton/microheterotroph biomass, species compo-

sition, and activity;
• hydroacoustic-, trawl-, net-, and bottle-sampling of micro-

nekton biomass and species composition;
• metabolic rates of macrozooplankton and micronekton;
• determination by census of biomass and composition of ma-

cronekton;
• food-web structure, including all trophic levels. Participating

principal investigators and their disciplines are listed in the
table.
Significance of observations. The 1988 AMERIEZ cruise was by

far the most complete biological investigation of pelagic com-
munities in the Antarctic ever attempted during winter. The
first wintertime physical oceanographic data were collected for
the Scotia-Weddell Confluence, including deployment of drifter
drogues that provided insight into water and ice movements.

Due to the severe winter conditions, the low abundance of
diatoms and of chlorophyll in the water column was no sur-
prise, yet the ice-edge region contained slightly elevated levels
of biogenic particulate materials. Bacterioplankton biomass and
growth rates were low as might be expected for coupled au-
totrophic and heterotrophic processes. It was interesting,
though, to see how closely the vertical and spatial distribution
of chlorophyll was tied to the physical environment: the phys-
ics clearly drove the biology. The peaks of chlorophyll and
particulate matter in the water were strongly associated with
the marginal ice zone but probably because of release of bio-
genic materials from continually degrading ice—most of the
observed primary and secondary production occurred within
the pack ice itself. Detrital material clearly predominated in
the water column, and this had a strong influence on the
optical properties of the water in the ice-edge zone.

In spite of the low water-column activity at the base of the
food web, the upper food web was by no means dormant.
Antarctic, pelagic apex predators had rarely been observed to
be in such good condition, dominant fishes were full of eggs,
and krill of various species showed signs of growth and im-
minent reproduction. We were able to generate one of the most
complete depth-discrete samples of meso- and epipelagic zoo-
plankton and nekton in the Weddell Sea and the Scotia-Wed-
dell Confluence ever before collected. Intensive sampling of
macronekton in and out of the ice during winter was a unique
accomplishment as well. Becoming obvious were the lags in
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Figure 2. The cruise track and pack ice position during leg It of AMERIEZ 1988 (after Husby, Muench, and Gunn 1989, by permission). (km
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generation times associated with each higher trophic level, and
the differing degrees to which summer and winter production
are coupled upward in the food web and used over differing
time scales. These results clearly point toward the need to
complete seasonal time-series studies in the marginal sea-ice
zone. Because this region is now known to be both physically
and biologically dynamic and productive during the three sea-
sons it was studied, the remaining summer study is recognized
as a keystone necessary for a more complete understanding
of the ecology of the region.

References

Ainley, D.C., and C.W. Sullivan. 1984. AMER1EZ 1983: A summary
of activities on board the RIV Melville and USCCC Westwind. Antarctic
Journal of the U.S., 19(5), 100-103.

Husby, D.M., R.D. Muench, and J.T. Gunn. 1989. Oceanographic ob-
servations in the Scotia Sea marginal ice zone June-August 1988. (De-
partment of Commerce, National Oceanic and Atmospheric
Administration Technical Memorandum NOAA-TM-NMFS-SWFC-
127.)

Sullivan, C.W., and D.C. Ainley. 1987. AMERIEZ 1986: a summary
of activities on board the R'V Melville and USCCC Glacier. Antarctic
Journal of the U.S., 22(5), 167-169.

146	 ANTARCTIC JOURNAL



Principal investigators and their areas of specialty during the 1988 AMERIEZ cruise.

Investigator
	 Institution

	 Specialty

D. Ainley

J. Bengtson

J. Comiso

K. Daly (M. Macaulay)

G. Fryxell

D. Garrison

L. Gordon

M. Gowing

T. Hopkins

D. Husby

A. Muench

D. Nelson

C. Sullivan

W. Smith

J. Torres

Point Reyes Bird Observatory

National Oceanic and Atmospheric
Administration, National Marine Mammal
Laboratory

National Aeronautic and Space
Administration, Goddard Space Flight Center

University of Washington

Texas A & M University

University of California Santa Cruz

Oregon State University

University of California Santa Cruz

University of South Florida

National Oceanic and Atmospheric
Administration, Pacific Fisheries
Environmental Group

Science Applications, Inc.

Oregon State University

University of Southern California

University of Tennessee

University of South Florida

Macronekton ecology/distribution

Pinniped ecology

Satellite remote sensing

Microzooplankton distribution and abundance
using hydroacoustics

Microalgae ecology/distribution

Microheterotroph production/ecology

Nutrient dynamics

Microheterotroph ecology

Micronekton and zooplankton ecology

Physical oceanography

Physical oceanography

Phytoplankton and nutrient dynamics

Microbial growth and metabolism; biogenic
particulate concentrations; spectral irradiance

Phytoplankton dynamics, primary productivity,
and chlorophyll a distribution

Micronekton and zooplankton physiology
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AMERIEZ 1988: Mid-winter physical
oceanographic

observations in the Scotia Sea

ROBIN D. MUENCH and JOHN T. GUNN

Science Applications International Corporation
Bellevue, Washington 98005

DAVID M. HUSBY

Pacific Fisheries Environmental Group
National Oceanic and Atmospheric Administration

National Marine Fisheries Service
Monterey, California 93942

As part of the Antarctic Marine Ecosystem Research at the
Ice-Edge Zone (AMERIEZ) program, we measured water-col-
umn temperature and salinity and obtained surface Lagrangian
water-movement measurements in the Scotia Sea during aus-
tral winter 1988. The purpose was to improve our understand-

ing of mixing and circulation processes in the Scotia Sea during
winter and to provide supporting physical oceanographic data
for other investigators in the AMERIEZ program.

The 1988 AMERIEZ study region occupied the southern cen-
tral Scotia Sea between about 35-48°W and 58-61.5°S and
bracketed the marginal ice zone (figure 1). Observations were
carried out from the RIV Polar Duke during two separate cruise
legs from June through August 1988; leg I took place in early
winter (9 June to 5 July) and leg II in mid-winter (18 July to
13 August). The first leg focussed upon processes within the
multi-year pack, while the second leg focussed upon water-
column processes seaward of the marginal ice zone. Water-
column temperature and salinity observations were obtained
on both legs using a SeaBird model SBE 9/11 CTD (conductiv-
ity/temperature/depth) profiling system. In this way, 144 CTD
casts were obtained during the program, with most casts closely
spaced and situated along transects oriented north-south, nor-
mal to the mean current (figure 1). During leg I, two ice floes
were instrumented with Argos-tracked location buoys to ob-
tain Lagrangian drift tracks for the floes. Early during leg II,
six Argos-tracked, surface-drogued Tristar buoys were de-
ployed at the western end of the study region to obtain La-
grangian observations of surface currents. Of these six drifters,
three survived long enough to provide useful records.
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The study region bracketed most of the Weddell-Scotia fron-
tal system, which includes the Weddell-Scotia Confluence as
described by Patterson and Sievers (1980). The Weddell and
Scotia fronts define the dynamic boundaries between waters
exiting the Weddell Sea, continental margin waters from far-
ther west, and Pacific Ocean water. The Scotia Front was iden-
tifiable in winter 1988 as a region of strong temperature gradients,
at depths of 300-500 meters, between the water of the Weddell-
Scotia Confluence Zone (temperature equals approximately 0°C)
and warmer Pacific Deep Water (1°C) (figure 2). Frontal gra-
dients were strongest at the westernmost (48°W) transect and
decreased toward the east, consistent with a western origin
for the front and decrease of the gradients away from its source
through lateral mixing. Summer observations have suggested
that waters in the confluence were less stratified than the sur-
rounding waters (Patterson and Sievers 1980). This locally de-
creased stratification was hypothesized to be due either to
winter vertical convection (Deacon and Moorey 1975) or to
boundary layer mixing coupled with meltwater addition (Pat-
terson and Sievers 1980). The winter 1988 data showed salinity
(hence, density) stratification within the confluence to be sim-
ilar to that farther north and south, suggesting that deep winter
convection is not a significant regional process.

In addition, to the Weddell-Scotia frontal system, whose
presence and structure is controlled by regional oceanographic

>

705\

Km	 T (°C)I	1	1
100	31 July-2 August 1988

Figure 2. Vertical distribution of temperature (°C) along the north-
south transect at 440W on 31 July to 2 August 1988 (see figure 1).
Contour interval is 0.5°C. Depth scale change at 500 meters is
denoted by horizontal dashed line. Heavy black line at the surface
denotes pack-ice cover. (m denotes meter. km  denotes meter.)

conditions, a small number of localized upper layer fronts and
lenses were associated with the marginal ice zone. Typically,
the mid-winter marginal ice zone is a period of alternate ice
advance and retreat which is controlled by local weather con-
ditions. Periods of ice retreat through melting lead to devel-
opment of low salinity lenses and localized upper layer fronts.
Periods of ice advance lead to brine rejection which may locally
deepen the mixed layer. June to August 1988 was a period of
net ice advance, so that little melting occurred and conse-
quently there were few of the shallow meltwater lenses and
frontal structures. A continuous, undulating, east-west ori-
ented frontal structure in the vertically well-mixed upper layer
marked the northern limit of water which was at or near the
freezing point (about - 1.84°C). This upper layer front gen-
erally, but not always, coincided with the deeper signature of
the Scotia Front (see figure 2).

Net currents in the southern Scotia Sea are eastward, re-
flecting eastward flow in the Antarctic Circumpolar Current
and northeastward flow from the Weddell Sea. The study re-
gion was characterized in winter 1988 by eastward baroclinic
currents and mesoscale eddies imbedded in these currents.
One of the instrumented ice floes, and the three drogued drift-
ers, each moved toward the east-northeast in response to the
regional mean currents. One of the drogued drifters became
entrained in a mesoscale eddy centered on about 47°W at 57.75'S,
circled about the eddy several times and documented eddy
speeds of 35-40 centimeters per second. A second possible
eddy was present, based on temperature and salinity structure,
at the northern end of the transect along 40°W. Both of these
features were anticyclonic (counterclockwise) and had cores
warmer than the surrounding water down to depths exceeding
1,000 meters. Similar mesoscale eddies were reported in the
same region, during summer, by Foster and Middleton (1984).
The meanders and eddies in the flow field are reflected in the
50-meter temperature distribution (figure 3).

Mid-winter 1988 temperature, salinity, and Lagrangian drifter
observations have provided the first winter information on the
Scotia Front and the Weddell-Scotia Confluence. Eastward mean
flow was confirmed, and energetic mesoscale eddies were de-
tected in this flow. Vertical stratification within the Weddell-
Scotia Confluence was significantly greater than had been sup-
posed on the basis of previous summer data, and the region
did not appear to be a site for deep convective mixing.

This work was supported primarily by National Science
Foundation grants DPP 87-15979 and DPP 84-20646 to Science
Applications International Corporation (for Muench and Gunn)
and DPP 85-13098 to National Oceanic and Atmospheric Ad-
ministration/National Marine Fisheries Service (for Husby). Some
support was also provided by the National Marine Fisheries
Service of the National Oceanic and Atmospheric Administra-
tion (for Husby).
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AMERIEZ 1988: Nutrient distributions
and variability

along the Weddell-Scotia
confluence and marginal ice zone

during austral winter

Louis I. GORDON and DAVID M. NELSON

College of Oceanography
Oregon State University

Corvallis, Oregon 97331-5503

During the 1988 Antarctic Marine Ecosystem Research at the
Ice-Edge Zone (AMERIEZ) field program, we measured nu-

trient distributions along several north-south sections through
the ice-edge region. Ainley and Sullivan (Antarctic Journal, this
issue) have presented a general overview of the AMERIEZ
program and the 1988 field work in particular, and we will not
repeat that discussion here. Our focus in this brief presentation
will be upon the nutrient distributions we observed.

We used a Technicon AutoAnalyzer II system to measure
the concentrations of phosphate, silicic acid, nitrate plus ni-
trite, nitrite, and ammonium. For all but ammonium, we used
the methods of Atlas et al. (1972). To analyze for ammonium
on leg I, we followed the method given by Whitledge et al.
(1981) and on leg lithe method given by Head (1971). Within
the precision of the two methods, we are confident that the
results are comparable. We obtained our nutrient samples from
the conductivity/temperature/depth casts (Muench, Gunn, and
Husby, Antarctic Journal, this issue), sampling from almost all
casts, from the surface to the maximum depths. We arranged
the sample depths to emphasize the upper 200 meters on leg
I and the upper 150 meters on leg II.

150	 ANTARCTIC JOURNAL



The figure presents nutrient sections obtained on the tran-
sect along 44°W during the second leg of the cruise (see figure
2, Ainley and Sullivan, Antarctic Journal, this issue, for the
station positions). Our preliminary examination indicates that
hydrographic processes primarily controlled the nutrient dis-
tributions. Biological effects were evident but appeared to con-
trol the distributions to a lesser extent. (See Michel 1984 for a
description of a summertime water column structure in this
region.)

A comparison of the nutrient sections with those of tem-
perature obtained by Muench et al. (Antarctic Journal, this issue)
along the same transect illustrates the strong physical control.
Virtually all the nutrient sections display intense vertical gra-
dients, or "nutriclines," at the same depth as the thermocline
(figure, blocks a-e). Only the ammonium distribution in the
northern half of the section fails to show this correspondence
and that is the result of the very low ammonium concentrations
in both surface and deep waters. Another example of the con-
trol by physical processes occurs in the northern edge of the
Weddell-Scotia Confluence, around 100 kilometers from the
southern end of the section. Here, silicic acid drops from more
than 80 to about 70 micromolar in only about 10 kilometers.
This gradient almost coincides with the horizontal temperature
gradient and the Confluence, closely marked by the —1.5 de-
gree isotherm at the surface.

Biological processes exerted a weaker, yet recognizable, in-
fluence on the nutrient distributions. This is evident by ex-
amination of the nutrient sections themselves and also upon
comparison with biomass distributions (Cota and Smith, Ant-
arctic Journal, this issue). The nutrient sections show minima

in silicic acid, phosphate, and nitrate in the mixed layer at
about 140 kilometers from the southern end of the section
although the nitrate maximum is almost undetectable. Some-
what stronger minima occur in these three nutrients further
north, at about 200 kilometers. All the minima are more intense
than dilution of deeper seawater concentrations by ice/melt-
water would produce and coincide with maxima in chlorophyll
a. We conclude that these weak minima result from nutrient
uptake by phytoplankton. Similar relationships between the
biomass and nutrient fields have been observed during the
spring and fall AMERJEZ cruises, with much more pronounced
biomass maxima and nutrient minima (Nelson et al. 1987; Nel-
son et al. 1989). These effects thus remain detectable, though
considerably weaker, in winter.

We observed modest accumulations of nitrite and ammo-
nium at several locations in the mixed layer (figure, blocks b
and c). Neither is thermodynamically stable in well oxygenated
seawater and their presence is an indication of recent decom-
position of organic material or excretion by living organisms
during the recent history of the water. Thus, the maxima in
both nitrite and ammonium in the mixed layer at the location
of the chlorophyll maximum (at 140 kilometers on the section)
indicate a possible heterotrophic source of the nitrite and am-
monium at these locations. There were, however, even higher
concentrations of both nitrite and ammonium, up to 0.35 and
0.55 micromolar, respectively (see figure), under the ice where
chlorophyll concentrations were very low (Cota and Smith,
Antarctic Journal, this issue). Possible sources of these elevated,
under-ice nitrite and ammonium concentrations include ex-
cretion and microbial decomposition by organisms living within
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or just under the ice and excreta from higher trophic level
animals which occur in higher numbers in the banded ice
region between about zero and 60 kilometers on the section.

One prominent feature in the ammonium section is difficult
to explain. This is the column of very high concentrations at
about 95 kilometers. This feature appears to be real. Its source
appears to be from just below, or deep in the mixed layer, as
shown by the vertical gradient. The maximum concentration
reached nearly 0.8 micromolar at 120 meters and while the 150-
meter concentration was slightly lower at 0.75 micromolar the
difference is not statistically significant. Therefore, it is difficult
to specify that the source depth lay at 120 meters, 150 meters,
somewhere between, or just below 150 meters. At 500 meters,
the ammonium concentration had dropped to undetectable
levels (less than about 0.1 micromolar), and we did not sample
between 150 and 500 meters. The silicic acid section presents
a corresponding feature. This station also exhibited silicic acid
mixed-layer concentrations higher than at the adjacent sta-
tions. In contrast, both nitrate and phosphate concentrations
were lower here. The temperature, salinity, and density sec-
tions (Muench, Gunn, and Husby 1989) indicate a bolus of
relatively homogeneous water lying approximately between
100 and 150 meters at this station so physical processes of some
sort appear to have produced this anomaly in the nutrient
distribution.

In winter, the physical processes of advection and mixing
clearly predominate over biological uptake and regeneration
in controlling the major features of the nutrient distributions.
Thus we see the usual, high-nutrient concentrations through-
out but impressed upon that background the lower nutrient
source waters derived from the Scotia Sea and points west
appear to the north of the Weddell-Scotia Confluence; to the
south of the Confluence, higher concentrations representative
of the Weddell Sea are apparent. Finally, features of mesoscale
and somewhat larger scale, representing effects of eddies and
filaments (or "blobs") of water of locally modified properties,
show up in the section as in the case of the ammonium and
silicic acid feature which appears in the Confluence zone. Al-
though the Confluence does not appear so strongly in many
of the other temperature, salinity, and density sections drawn
from the other transects occupied during the expedition (Husby
et al. 1989), the nutrients demonstrate its presence quite clearly
(Gordon, unpublished data).

In summary, we have mapped nutrient distributions along
six north-south sections occupied in the Scotia Sea during the
austral winter, 1988. These distributions appear to be strongly
controlled by the hydrographic conditions but also display a
discernible connection with biological processes similar to those
observed at other times of the year. This work was supported
by National Science Foundation grant DPP 84-20204.
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during austral winter
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From 9 June to 13 August 1988 (during austral winter), we
studied the distribution of phytoplankton biomass (as chlo-
rophyll a, particulate carbon, and particulate nitrogen) and
primary productivity near the seasonal ice edge of the Weddell
Sea as part of the Antarctic Marine Ecosystem Research at the
Ice-Edge Zone (AMERIEZ) program. Distributions of phyto-
plankton biomass in the upper 150 meters were mapped on
six transects normal to the ice edge during the AMERIEZ 1988
cruise (see Muench, Gunn, and Husby, Antarctic Journal, this
issue, for station locations). A total of 123 stations was sampled
for biomass and 54 for primary productivity (see Smith and
Nelson in press, for complete description of methodology).
The goals of our project, in collaboration with the other com-
ponents of AMERIEZ, were to assess the controls (physical
and biological) on phytoplankton biomass and growth, deter-
mine the relative importance of the ice algal community and
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the water-column microplankton, and improve our under-
standing of the seasonal patterns of ice-edge phytoplankton
blooms in the Weddell-Scotia Sea and their contribution to
annual carbon budgets of the southern ocean.

The results of these six sections suggested that biomass dis-
tributions were closely related to hydrographic structure and
that biomass accumulations were largely controlled by physical
processes in the marginal ice zone in winter. The euphotic
zone (the surface layer above the 0.1 percent optical depth)
and the surface mixed layer (the layer with a homogeneous
density distribution) in the study area averaged approximately
120 meters and 100 meters, respectively. Phytoplankton bio-
mass was usually distributed uniformly throughout the surface
mixed layer. There were, however, slightly elevated levels of
chlorophyll (approximately twice as great) associated with re-
gions of enhanced stability (figure; also see Muench et al.,
Antarctic Journal, this issue); biomass maxima always occurred
within meltwater lenses seaward of the ice edge. In general,
the study area was characterized by deep mixed layers and
low phytoplankton biomass. Chlorophyll levels in surface lay-
ers of open water ranged from 0.10 to 0.33 milligrams of chlo-
rophyll per cubic meter, whereas concentrations below the
mixed layer and under the pack ice were generally less than
0.10 milligrams of chlorophyll per cubic meter. Over the entire
region chlorophyll values in the euphotic zone averaged only
0.11 milligrams of chlorophyll per cubic meter. These chloro-
phyll concentrations are typical of values reported for austral
winter in Bransfield Strait (Brightman and Smith 1989) and
open ocean regions of the southern ocean in summer.

Almost half of the 54 stations, where primary productivity
was measured, had some pack ice present. The potential in-
fluence of snow and pack-ice cover confounds the interpre-
tation of simulated in situ uptake measurements and makes
extrapolated estimates of in situ production problematic. The
mean areal productivity for all stations, however, was 24 mil-
ligrams of carbon per square meter per day, with values rang-
ing from 2 to 86 milligrams of carbon per square meter per
day. This average value is several times higher than mean
estimates of productivity for an area west of the Antarctic
Peninsula during June 1987 (Brightman and Smith 1989) but
represents a very low rate of photosynthesis and growth. Val-
ues of biomass and production seemed to increase slightly
throughout the cruise, which may have been in response to
increasing day length and mean daily irradiance. Marra and
Boardman (1984) reported early spring (20 October to 14 No-
vember) values of approximately 1 milligram of chlorophyll
per cubic meter and 300 milligrams of carbon per square meter
per day for localized maxima within a marginal ice zone in the
eastern Weddell Sea. Previous productivity observations in the
marginal ice zone of the Weddell Sea during austral spring
and fall averaged 490 and 126 milligrams of carbon per square
meter per day, respectively, in open water areas (Smith and
Nelson in press). Measurements of simulated in situ produc-
tion exhibited no evidence of photoinhibition by surface irra-
diance levels. Chlorophyll-specific productivity for all depths
and stations averaged approximately 0.12 milligram of carbon
per milligram of chlorophyll per hour.
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marginal ize zone at 44 0 W. The approximate position of the ice edge
is shown at the top along with the station numbers and the south-
ernmost station is 113. Chlorophyll has units of milligrams per cubic
meter and distance is in kilometers. (m denotes meters. km  denotes
kilometers.)

The presence of slight biomass maxima near the ice edge
suggests that marginal ice zones are loci for primary produc-
tivity even in winter and may, in contrast to biomass accu-
mulated by frazil ice (Garrison, Ackley, and Buck 1983) or
produced within sea ice, provide an energy source for heter-
otrophs throughout the austral winter. The absolute produc-
tivities, however, are very low, and it does not appear that
the large biomass accumulations and productivities observed
in other regions during different seasons are general phenom-
ena (e.g., Marra and Boardman 1984; Smith and Nelson in
press).

This research was supported by National Science Founda-
tion grant DPP 84-20213. We thank M. Culver and M. Steis-
slinger for assistance with the field work, and H. Kelly and J.
Rich with data analyses.
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The specific objective of our group's research was to inves-
tigate the photoadaptive characteristics of microalgae in the
ice-edge zone of the Weddell-Scotia Sea in relationship to the
availability and spectral quality of light in sea-ice and water-
column environments. The winter period is of particular in-
terest because incident irradiance reaches an annual minimum,
while the extent of ice cover reaches an annual maximum. In
combination, these conditions are hypothesized to limit pri-
mary productivity to its seasonal minimum and to create con-
ditions requiring a maximal photoadaptive response among
microalgae to permit net production.

As a result of the irradiance extremum for these latitudes,
we predicted the following sequence of events. Low-incident
irradiance and short days may induce microalgae to attain
extreme physiological adaptations to low light. Primary pro-
duction may be restricted to sea ice and shallow depths. In
addition, winter provides an opportunity to investigate the
development of sea-ice microalgal communities from the ear-
liest stages of ice formation through consolidation of the pack
ice.

These studies were conducted as part of the Antarctic Marine
Ecosystem Research at the Ice-Edge Zone (AMERIEZ) project
during two cruises to the western Weddell-Scotia Sea in June-
August 1988. A project summary and chart with station lo-
cations are provided in the article by Ainley and Sullivan (Ant-
arctic Journal, this issue). These measurements were made on
both cruises: continuous recording of incident photosynthet-
ically available radiation (400-700-nanometer range); vertical
profiles of photosynthetically available radiation and its spec-
tral composition in surface waters; absorption spectra and pig-
ments (by high-performance liquid chromatography) of
particulates from seawater and sea ice; and photosynthesis-
irradiance relationships for ice algae and phytoplankton. In
addition, profiles of upwelled radiance at 683 nanometers
("natural fluorescence") were measured at 11 stations in the
water column during leg 2.

In this paper, we present preliminary results obtained for
particulate pigment composition and photosynthesis-irradi-
ance characteristics to compare ice algae and phytoplankton
with regard to their photoadaptive status during the winter.
We will also discuss our plans for using this data in conjunction
with information on the flux and spectral composition of light,
absorption properties of the phytoplankton, and natural flu-
orescence in the water column, with the objective of improving
our understanding of seasonal aspects of primary production
in the southern ocean.

Pigment composition of particulate material was determined
by reverse-phase, high-performance liquid chromatography

techniques (Lizotte 1989). Photosynthesis-irradiance curves were
derived from the uptake of carbon-14 bicarbonate using the
small volume, short incubation technique of Lewis and Smith
(1983). Incident irradiance was measured with a Biospherical
Instruments model QSR-240 hemispherical irradiance meter.

Chlorophyll a, chlorophyll c, and fucoxanthin were the most
common pigments in all particulate samples from sea ice
(N = 28) and the water column (N = 27). This combination
of photosynthetic pigments probably reflects algal communi-
ties dominated by diatoms. Concentrations of chlorophyll a
were generally higher in sea ice than in underlying waters, as
seen at station 143 (table 1). Ratios of photosynthetic accessory
pigments to chlorophyll a increased with depth in the water
column and through profiles of first-year pack ice, possibly as
an adaptation to lower irradiance or to changes in the spectral
quality of light (SooHoo et al. 1987). Pigment ratios for recently
formed grease ice and a young ice sheet (table 1) suggest that
microalgae in young ice were more similar to phytoplankton
than to microalgae inhabiting thicker, older pack ice.

Particulate absorption spectra showed a large detrital influ-
ence, more so in suspended particulates than sea-ice partic-
ulates. If the origin of this detrital material was diatoms that
had recently died or been grazed, then we might expect to
find high molar ratios of chlorophyll c to chlorophyll a (Jeffrey
1974); however, chlorophyll c to chlorophyll a ratios were sim-
ilar to those reported for cultured "healthy" diatoms (Stauber
and Jeffrey 1988). Other sources of detrital particulates include
microalgae of other taxa, non-living refractory material, non-
pigmented protozoa, or bacteria. Future analyses will include
quantifying chlorophyll degradation products, and analyzing,
by microphotometry, individual particles to compare the rel-
ative contribution of different particle types to total particulate
absorption spectra and the bio-optical properties of sea ice and
seawater.

Ice algae removed from pack ice by melting into seawater
were able to fix carbon-14 bicarbonate, indicating that ice mi-
croalgae were photosynthetically competent. Moreover, mi-
croalgae from various depths in the ice column showed
physiological adaptations to the gradient in irradiance. Spe-
cifically, sea-ice microalgae from increasing depths in the ice

Table 1. Concentration of chlorophyll a (micrograms per liter)
and molar ratios of accessory pigments to chlorophyll a in sea

ice and underlying seawater at station 143, collected on 12
August 1988 during the second leg of the AMERIEZ curises.

Chlorophyll a Chlorophyll c to Fucoxanthin to
Sample	 concentration	chlorophyll a	chlorophyll a

Ice core
0- 29 centimeters	0.86	0.43	1.5

29- 49 centimeters	1.08	0.39	1.7
49- 80 centimeters	0.95	0.47	2.6
80-111 centimeters	0.66	0.50	3.0

111-146 centimeters	0.60	0.55	3.5

New Ice
(20 centimeters)	0.35	0.22	1.2

Grease Ice	 0.99	0.32	2.3

Seawater
12 meters	 0.121	0.30	1.6
80 meters	 0.065	0.30	1.8

120 meters	 0.056	0.27	2.1
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column had photosynthesis-irradiance characteristics that were
increasingly shade adapted (table 2). Photophysiological char-
acteristics of sea-ice microalgae adapted to lower irradiance
through ice profiles showed decreasing photosynthetic capac-
ity (P max) without increasing photosynthetic efficiency (a). 'k'
the quotient of Pma, over a, which is frequently used as an
index of photoadaptation, also showed a steady decrease with
depth profiles. Such a vertical gradient of photosynthetic char-
acteristics is interpreted to indicate that algae are physiologi -
cally active within the microenvironments of pack ice.

There was little evidence of differences in photoadaptative
state with depth by phytoplankton, based on results from 11
stations (see table 2 for one example). These results suggest
that the upper water column was well mixed and that phy-
toplankton were vertically mixed faster than they could adapt
to the changes in irradiance experienced through the mixed
layer. In contrast, microalgae from young ice had higher 'k
values than phytoplankton, presumably an adaptation to higher
and more constant surface irradiances.

In general, microalgae collected from both sea ice and the
water column had photosynthetic characteristics suggesting
adaptation to the low irradiances that prevail during winter.
Integrated daily values for incident photosynthetically avail-
able radiation are presented in the figure. Mean daily irradi-
ance (einsteins per square meter per day) on leg 1 was one
half that of leg 2, although mean day length was not much
longer: 7.1 hours for leg 1 and 8.6 hours for leg 2. The range
for instantaneous photosynthetically available radiation flux
(microeinsteins per square meter per second) was large and
similar on both legs: maximum values for each day ranged
from 75 to 1,290 on leg 1 and from 80 to 1,570 on leg 2. Thus,
on overcast days, incident irradiance was not high enough to
saturate microalgal photosynthesis in sea ice or surface waters.
On clear days, incident irradiance would have saturated (or

DATE IN JULY/AUGUST

Daily incident irradiance (photosynthetically available radiation—
PAR) measured from the RN Polar Duke during the AMERIEZ cruises
of austral winter, 1988. (m 2 denotes square meters.)

Table 2. Photosynthetic characteristics of sea-ice microalgae
and phytoplankton at station 143, collected on 12 August 1988

during the second leg of the AMERIEZ cruises.

Sample	 aa	Pmaxb

Ice Core
0– 29 centimeters	0.0100	1.16	116

29– 49 centimeters	0.0100	0.99	98
49– 80 centimeters	0.0101	0.66	65
80-111 centimeters	0.0082	0.44	53

111-146 centimeters	0.0108	0.38	35

New Ice
(20 centimeters)	 0.0076	0.90	117

Grease Ice	 0.0129	1.27	99

Seawater
12 meters	 0.0103	0.82	79
80 meters	 0.0117	0.87	75

120 meters	 0.0127	0.90	71

a Units are micrograms of carbon per microgram of chlorophyll a per
microeinstein per square meter per second.
b Units are micrograms of carbon per microgram of chlorophyll a per
hour.
c Units are microeinsteins per square meter per second.

possibly photoinhibited) microalgae at or near the sea surface.
In either case, the large day-to-day variation in incident irra-
diance should be considered in attempts to estimate the pri-
mary production of this region.

Future analyses will allow us to compare several approaches
for estimating primary productivity in sea ice and the water
column based on the photosynthetic characteristics of the mi-
cro-algae and the ambient spectral irradiance field. The first
approach is to estimate primary production on the basis of
photosynthesis-irradiance characteristics and absorption spec-
tra of the microalgae (which will be derived from particulate
absorption spectra) relative to the flux and spectrum of light
available in situ. The second approach is to estimate instan-
taneous in situ primary production from the profiles of natural
fluorescence. This new, rapid method (which takes less time
than a hydrocast), could greatly expand our ability to measure
primary production in polar seas, where ice cover makes it
difficult to measure the light environment and conduct in situ
incubations.

We thank David Penny, Katherine Boettcher, and Josefino
Comiso for their assistance in the field. We would also like to
thank R. Booth of Biospherical Instruments, Inc., for arranging
the loan of the natural fluorometry radiometer. This work was
supported by National Science Foundation grant DPP 84-44783
to C.W. Sullivan.
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Field work principally from two cruises allowed valuable
phytoplankton collections. In the austral summer (December
1987 to February 1988) the drill ship JOIDES Resolution and its
service vessel Maersk Master conducted the Ocean Drilling Pro-
gram (ODP) Leg 119 over the Kerguelen Plateau, in the south-
ern Indian Ocean, and over the antarctic continental shelf into
Prydz Bay. During austral winter June to August 1988, the RI
V Polar Duke completed two legs into the northern Weddell
Sea for the AMERIEZ (Antarctic Marine Ecosystem Research
at the Ice-Edge Zone) National Science Foundation program.
Quantitative phytoplankton estimations from the water col-
umn are being made from both cruises with interesting im-
plications for seasonal dynamics and allowing a continuation
of life history interpretations (Fryxell, Reap, and Kang 1988;
Fryxell 1989).

ODP leg 119 into Prydz Bay. Biological collections were made
in Prydz Bay from the Maersk Master (Fryxell and Shipboard
Party 1988). A new quantitative method with water-soluble
resin (HPMA, 2-hydroxypropyl methacrylate) using filtered
samples (Crumpton 1987) was used on board and tested against
the classical UtermOhl method (Kang and Fryxell 1989). Since
the filter itself is used as part of the mount, there is no actual
loss of cells. The recovery of nanoplankton has been particu-
larly interesting because the problem of distinguishing the
trophic mode of nanoplankton is a major concern of biological
oceanography. The filtering technique was found to be su-
perior to the UtermOhl technique for the nanoplanktonic dia-
toms, Nitzschia cylindrus (Grunow) Hasle and N. closterium
(Ehrenberg) William Smith, and all empty cells, which are
assumed to be dead when collected (figure 1).

Over 40 diatom species were found in Prydz bay. Estimated
numbers of total full diatoms (assumed to be alive when col-
lected) integrated under 1 square meter of the water column,
weighted by depth, ranged from 37.6 x 10 to 288 x 10 cells

per square meter, while total empty diatoms (assumed to be
dead when collected) ranged from 71.6 x 10 9 to 122 x 10
cells per square meter. Main components of total full diatoms
were small pennate diatoms N. cylindrus, N. closteriuin, and N.
curta and larger-celled diatoms Chaetoceros dichaeta, Cli. neglec-
tus, and Corethron criopliilum.

AMERIEZ winter cruise. Two legs of the winter cruise on the
Polar Duke, out of Punta Arenas, Chile, (4 June to 6 July; and
14 July to 17 August 1988), allowed study of the living phy-
toplankton winter stages on board ship (figure 2, C/zat'toceros
atlanticus Cleve). Quantitative counts were made using the
Filter-Transfer-Freeze technique (Hewes and Holm-Hansen
1983). Highest integrated counts of phytoplankton in the top
150 meters were found at the open water station near the ice-
edge and the lowest counts were found at ice-covered stations
on the 40°W transect of the second leg of AMERIEZ 88 (figure
3). Although the integrated numbers of phytoplankton in the
open water were intermediate to that of the ice-edge and pack-
ice counts, the most concentrated samples of net plankton were
collected in open water. Diatoms (full) were a dominant corn-

INTEGRATED CELLS PER SQUARE METER
OCEAN DRILLING PROGRAM (ODP)
LEG 119, SITE 740

Figure 1. Comparison of mean integrated diatom abundances (cells
per square meter) between filtered (HPMA) and settled (Utermähl)
techniques for station 8 of Ocean Drilling Program site 740, col-
lected on 27 January 1988 (68 042'S 76039'E) from the Maersk Master
collections. A. Total diatoms (full cells). B. Total diatoms (empty
cells), C. Nitzschia cylindrus. D. N. closterium.
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Figure 2. Light micrograph of small chain of Chaetoceros atlanticus,
winter form with heavily silicified overlapping setae, alive, taken
onboard the Polar Duke, austral winter, 1988. Note rigid winter form
and short chain of five cells. No dividing cells. (pim denotes mi-
crometer.)

ponent of the phytoplankton with 74 percent at the open-water
station, 43 percent at the ice-edge station, and 93.4 percent at
the pack-ice covered station. All empty cells on figure 3 are
diatoms. Dominants for these three stations include Pliaeocystis
sp. and Nitzschia spp. (section Frac,'illarwpsis).

The diatom Eucam pin antarctica: Varieties and life stages. The
transect south in the Indian Ocean from Mauritius over the
Kerguelen Plateau into Prydz Bay allowed observation of the
latitudinal change in oceanic flora. Study of living material
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1 50m of the Water Column
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Figure 3. Comparison of integrated phytoplankton cells (empty/full)
in the top 150 meters. A. Open water (57°59.8'S 40°00.2'W); B. Near
ice edge (58056.6'S 40°00.1'W); C. Within the pack ice (59°46.3'S
40°03.3'W).

from this transect and during the austral winter cruise resulted
in two new insights into the diatom Lucainpia antarctica (Cas-
tracane) Mangin and a renewed interest in its nomenclature
(Fryxell, Prasad, and Fryxell 1989):
• Two varieties have different distributions, with Eucampia

antarctica var. recta close to the ice and the continent and
with E. antarctica var. antarctica farther north, or subpolar.

• Each variety has a heavily silicified form that resembles a
resting spore, but instead it is a winter stage capable of
growth (Fryxell and Prasad, in preparation) until the lightly
silicified summer form with differing morphology is trig-
gered.
Eucam pin antarctica var. antarctica was not found in this ma-

terial south of 60°S (Fryxell, in preparation) although it could
be transported by warm core rings.

Not only does the knowledge of the presence of the two
varieties serve to clarify the past confusion in both biological
and geological literature in regard to conflicting interpretations
of the overlapping distribution patterns, but perhaps the two
varieties provide indications of a case of early speciation. In
this case, the varieties are physiologically isolated by the dy-
namic biological boundaries presented by the ice edge and the
Antarctic Convergence Zone. The geological implication is that
the amount of growth, and indirectly the amount of light and/
or ice cover, can be calculated from an index of the morpho-
types in the sediment from the proportion of intercalary valves
to terminal valves from the original formation of doublets from
a vegetative cell. The biological implication is that winter stages
and resting spores show parallel evolution; evidence is in-
creasing that resting spores may be secondarily derived and
may not be primitive characters. Several clones are in culture,
and triggering mechanisms are being tested.

We appreciate the onboard collections during the second leg
of the AMERIEZ 88 winter cruise by A.K.S.K. Prasad and C.
Venn. M.E. Reap and M. Mann gave excellent logistic and
program assistance. This work was supported in part by Na-
tional Science Foundation grant DPP 84-18850, the Ocean Drill-
ing Program, and JOI!USSAC Grant 20200, which are gratefully
acknowledged.
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During the Antarctic Marine Ecosystem Research in the Ice-
Edge Zone (AMERIEZ) winter cruise (9 June to 5 July 1988),
we sampled planktonic assemblages in the upper 100 meters
of the water column along two transects across an ice-edge
zone in the Weddell and Scotia seas region. (See cruise track
in Ainley and Sullivan, Antarctic Journal, this issue.) Our sam-
ples were collected at four depths using either 10- or 30-liter
Niskin sampling bottles. Whole-water samples were concen-
trated on Nuclepore filters and examined and counted using
fluorescence microscopy (Booth 1987). Aliquots were also pre-
served in Lugol's iodine for counting with an inverted micro-
scope (Reid 1983). Two 30-liter Niskin bottle samples were
combined and these large volume samples were reduced to
500 milliliters by reverse-flow concentration (Garrison and Buck
1989). Cell dimensions were measured to calculate cell volumes
and biomass was estimated from carbon: volume relationships
(see Garrison and Buck 1989 for details).

Plankton biomass ranged from 0.2 to 0.6 grams of carbon
per square meter (figure 1). Heterotrophic biomass (flagellates
plus ciliates) exceeded autotrophic biomass (diatoms plus flag-
ellates) at most open water stations (see figure 1). The phy-
toplankton assemblage was comprised of dinoflagellates (an
average of 57 percent of the autotrophic biomass), autotrophic
nanoflagellates (30 percent) and diatoms (13 percent). The nan-
oplankton (cells less than 20 micrometers in equivalent spher-
ical diameter) dominated in all groups except diatoms and
comprised an average of 63 percent of the total autotrophic
biomass. Autotrophic biomass increased from ice covered to
open water stations (figures 1 and 2).

Dinoflagellates (e.g., Gymnodinium spp. and Amphidinium
spp.) dominated the heterotrophic biomass with other heter-
otrophic flagellates (choanoflagellates and heterotrophic nan-

oplankton) and ciliates (mostly nonloricate oligotrichs) occurring
at similar levels and comprising a smaller fraction of the het-
erotrophic biomass. The biomass contribution of the larger,
rarer protozoans is presented by Gowing et al. (Antarctic Jour-
nal, this issue).

There was no obvious pattern to the vertical distribution of
either heterotrophs or autotrophs in the upper 100 meters (fig-
ure 2). The biomass of protozooplankton during the winter
cruise (see figure 1) was similar to that we measured at ice
covered stations during the spring (AMERIEZ 83) and autumn
(AMERIEZ 86) (Garrison and Buck 1989).

The population structure of planktonic assemblages in ant-
arctic waters is not well known, particularly during the austral
winter. Although Balech and El-Sayed (1965) pointed out that
dinoflagellates are abundant in antarctic waters and have ap-
parently been overlooked by most workers, their predomi-
nance in both the autotrophic and heterotrophic fractions of
the plankton was unexpected. The energy flow in the winter
plankton-based food web has not been measured, but our
population data suggest the importance of both autotrophic
and heterotrophic nanoplankton during this season.

This study was part of the Antarctic Marine Ecosystem Re-
search at the Ice-Edge Zone (AMERIEZ) program and was
supported by a National Science Foundation Grant to D.L.
Garrison (DPP 84-20184). We thank Peter Jorgensen and the
crew of Polar Duke for their whole-hearted support during the
winter cruise.
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Figure 1. Biomass of nano- and microplankton integrated over the upper 100 meters along two transects across the ice-edge zone. See
figure 1 in Ainley and Sullivan (Antarctic Journal, this issue) for station locations. Autotrophic and heterotrophic forms are shown as
separate bars. See legend for composition of each trophic category. (gC .m 2 denotes grams of carbon per square meter.)
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AMERIEZ 1988: Winter
protozooplankton

from the Weddell and Scotia Seas

MARCIA M. GowiNc, DAVID L. GARRISON,
KURT R. BUCK, and SUSAN L. COALE

Institute of Marine Sciences
University of California

Santa Cruz, California 95064

As part of the Antarctic Marine Ecosystem Research at the
Ice-Edge Zone (AMERIEZ) project, we are studying the dis-
tributions, abundances, and trophic ecology of heterotrophic
protozooplankton. Protozooplankton range in size from mi-
croflagellates a few micrometers in length up to colonial ra-
diolarians that can reach meters in size. In this report, we focus
on protozooplankton ranging from 50 to 300 micrometers in
their longest dimension. These include radiolarians, forami-

niferans, heliozoans, and some ciliates. Samples were collected
along several transects perpendicular to the ice edge during
the AMERIEZ 88 cruise (see cruise track in Ainley and Sullivan,
Antarctic Journal, this issue) in the austral winter from 9 June
to 13 August 1988. We took both quantitative plankton tows
and large-volume (60-liter) water samples; this report discusses
preliminary results based on analysis of water samples from
8 of 17 stations. At each station, 30 liters of water were collected
from each of 10 depths: 5 + 10 meters, 30 + 40 meters, 65 +
85 meters, 115 + 135 meters, and 190 + 210 meters. Samples
from each pair of combined depths were concentrated to 200
milliliters by reverse-flow filtration (Garrison and Buck 1989)
immediately after collection and preserved with Karnovsky's
fixative (Garrison and Buck 1989). Upon return to our labo-
ratory, samples were stained with the nuclear fluorochrome
DAPI (Coleman 1980), concentrated in settling chambers, and
examined with an inverted fluorescence microscope. The nu-
clear stain allowed us to distinguish between organisms that
were alive at the time of capture and empty skeletons, and
also indicated organisms that were undergoing reproduction.
The nuclear stain was also useful for distinguishing organisms
in samples with much detritus.
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Figure 1. Mean percentages of larger (50-300 micrometers in longest dimension) protozooplankton made up by the various taxa for four
open-water stations (stations 72, 95, 96, and 123) and four ice-covered stations (stations 6, 7, 114, and 119). See cruise track (Ainley and
Sullivan, Antarctic Journal, this issue). Solid bar = acantharians, cross-hatched bar = Sticholonche zanclea, diagonally hatched bar =
radiolarians, open bar = ciliates. Mean abundances (± standard deviation) of the total of these protozooplankton for each depth are listed
in parentheses.

Among the 50- to 300-micrometer sized protozooplankton,
ciliates were numerically dominant at most stations and at
depths above 190 meters and decreased in importance with
increasing depth (figure 1). (For data on abundances of smaller
ciliates, see Garrison, Buck, and Cowing, Antarctic Journal, this
issue). Aloricate ciliates included several species of Laboea, and
tintinnid ciliates were predominantly species of Laackman ic/la
and Cy;natocylis (figure 2). Radiolarians were second in abun-
dance and often dominated in the deepest samples (figure 1).
Among the radiolarians, phaeodarians were most abundant,
and the most abundant phaeodarians were Protocystis tridens
(figure 2) and Pliaeodina antarctica. The heliozoan Sticiiolonciie
zanclea increased in abundance with increasing depth. Fora-
miniferans and acantharians were present at most depths in
low abundances (from less than 1 to 200 per cubic meter), and
usually made up 1-10 percent of the numbers of larger pro-
tozooplankton. Mean abundances of total large protozoo-
plankton in ice-covered waters were approximately twice those
in open water above 135 meters and were similar at 200 meters
(figure 1).

Maximum abundances of all these larger protozooplankton
from austral winter samples were generally an order of mag-
nitude less than abundances of these organisms in samples
from the austral autumn (AMERIEZ 86: Cowing 1989; Garrison
and Buck 1989). Abundances of organisms during both sea-
sons, however, were highly spatially variable.

Analyses of distributions, abundances, and carbon bio-
masses of species and groups in relation to the ice-edge zone
are currently underway, as are examination of feeding vacuoles
with electron microscopy and detailed studies of phaeodarian
biology. This work was supported by National Science Foun-
dation grants DPP 87-15974 to M. M. Cowing and D. L. Garrison
and DPP 84-20184 to D.L. Garrison. We thank Ann R. Close
for assistance at sea, P. Jorgensen and J. Scott of ITT Antarctic
Services, Inc., and the captains and crews of the R/V Polar
Duke.
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Figure 2. Scanning electron micrographs of common winter protozoo plankton. Specimens were post-fixed with cacodylate-buffered osmium
tetroxide, rinsed with distilled water, and dehydrated in an alcohol series and air-dried from hexamethyldisilazane. A. Lorica of Cymatocylis,
a tintinnid ciliate. Bar = 30 micrometers. B. Lorica of Laackmaniella, a tintinnid ciliate. Bar = 15 micrometers. C. Laboea sp., an aloricate
ciliate. Bar = 15 micrometers. D. Siliceous skeleton of Protocystis tridens, a phaeodarian radiolarian. Bar = 15 micrometers.
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AMERIEZ 1988: Aspects of the
ecology and physiology

of zooplankton and micronekton in the
vicinity of a winter ice edge

THOMAS L. HoPKINs, JOSEPH J . TORRES,
THOMAS M. LANCRAFT, and JOSEPH DONNELLY

Department of Marine Science
Unh yersity of South Florida

St. Petersburg, Florida 33702

The community structure and physiology of zooplankton
and micronekton were examined in the vicinity of the ice edge
in the Scotia-Weddell Sea as part of the AMERIEZ 1988 winter
cruise. Water bottles, vertical plummet nets, and midwater
trawls with nested plankton nets were used to sample the
upper 1,000 meters of the water column.

As is typical for winter in the southern ocean, most of the
zooplankton biomass resided below 200 meters with little dif -
ference noted between open water, ice-edge, and pack-ice hab-
itats (figure). Diel sampling revealed a recurring biomass peak
in the upper 100 meters at night resulting from more successful
nighttime capture of immature krill stages concentrated in this
zone. The dominant species were the small particle-grazing
calanoids Metridia gerlachei, Ca/anus propinqu us and Calanoides
acutus, which together comprised greater than 75 percent of
the zooplankton biomass in the upper 1,000 meters. Salpa
thorn psoni, a characteristic dominant south of the Polar Front
on other AMERIEZ cruises (Hopkins 1985; Hopkins and Torres
1988), was a minor contributor to winter 1988 collections. In-
tegrated biomass (night) over the upper 1,000 meters was only

0.9 grams dry weight per square meter which approximated
that for the western Weddell Sea, 1.2 grams dry weight per
square meter, in fall. Much of the winter collecting was in
Weddell water which accounted for the low zooplankton bio-
mass.

The winter cruise generated some of the first information
on vertical structure of the open ocean micronekton-macro-
plankton community under the pack ice. Our trawl vertical
series revealed that fishes were found at greater depths than
during the spring and fall (table 1). A deeper occurrence during
the winter is nutritionally advantageous; it places them closer
to their zooplankton prey which are predominantly found in
deeper layers during winter. Integrated fish biomass for the
upper 1,000 meters was 4.7 grams wet weight per square meter
which approximates values for spring and fall: 3.2-4.4 grams
wet weight per square meter (Lancraft et al. 1989). Krill bio-
mass was 3.1 grams wet weight per square meter which is also
in the range of other AMERIEZ cruises, (2.0-3.3 grams wet
weight per square meter) (Lancraft et al. 1989). Like the mid-
water fishes, the larger krill size classes were deeper in winter
than in other seasons (table 1).

Examination of gonadal tissue in the dominant midwater
fish, Electrona antarctica, suggests year-round breeding. This is
in agreement with Efrememko's (1987) observation that the
larvae of E. antarctica are present throughout the year.

The metabolic rates of the major zooplankton and micro-
nekton species were obtained using sealed-jar respirometry.
Winter rate depression is evident in those crustacean species
found mainly in surface waters, e.g., the saip-associated hy-
perid Vibilia stebbingi (table 2). Deeper dwelling carnivores such
as Elect rona antarctica which feed opportunistically on krill and
copepods showed no rate depression. Proximate chemical
analysis for all principal zooplankton and micronekton species
is in progress and preliminary findings indicate that phyto-
plankton-dependent species which suffer the crash of their
food supply in winter contain more water and, therefore, less
protein and lipid on a wet-weight basis. Carnivores have more

ZOOPLANKTON BIOMASS (g DW 104m3)

20

100

200

300

400

I 600
0
Lii 600
0

700

600

900

1000

OPEN
(1)	 (1)0	 20 20

P

EDGE	 ICE
o	20 20	 0

P

ICE
20 20	 0

I I)
I I)

(1)1

(1)

(1) [

EDGE

846]

T

20
I( 2 ) --

(2)

I(3)

(3)

(1)

(2)

[1.238]

(1)

Vertical distribution of zooplankton dry weight biomass from open water, ice edge, and pack ice habitats taken by plummet nets (P) and
Tucker trawls (T). Integrated 0 to 1,000 meter nighttime dry weight biomass values in grams dry weight per square meter (g DW m 2) are
given in brackets. Numbers in parentheses indicate number of replicates. For plummet nets, replicates are for the entire discrete depth
series. (m denotes meter.)

1989 REVIEW	 163



Table 1. Depth ranges of peak abundances (m) for krill and the five most abundant mesopelagic fish during all AMERIEZ cruises.

1983/1986 (Spring/Fall)	 1988 (Winter)

Species	 Day	 Night	 Day	 Night

Electrona antarctica
	 650-920

	
0- 300
	

> 1,000
	

100- 400

Bathy/agus antarcticus	 650-920
	

170- 470
	 > 1,000

	
500-1,000

Gymnoscopelus spp.	 500-980
	

160- 370
	

> 1,000
	

200- 400

Notolepis coatsi
	

200-750
	

100- 500
	

> 1,000
	

200- 400

Cyclothone microdon
	 320-920

	
600-1,000
	 > 1,000

	 > 1,000

Euphausia superba
	 0- 50

	
0- 100
	

200-350
	

0- 50

Table 2. Metabolic rates of some antarctic micronektonic species as a function of season. Rates are expressed as
± 95 percent C.I. (N).

Metabolic ratea

Species	 Spring	 Fall	 Winter

Vibilia stebbingi	 .160 ± .032(6)	 ND	 .099 ± .027 (9)
Pasiphaea scotiae	 .037 ± .015(2)	 ND	 .040 ± .011 (4)
Electrona antarctica	 .043 ± .003 (32)	 .040 ± .005 (15)	 .047 ± .007 (8)

a In microliters of oxygen per milligram wet weight per hour.

reliable food stocks available in winter and showed little or no
change in water and protein content.
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AMERIEZ 1988:
Abundance, distribution,

and overwintering strategies of krill
in the ice-edge zone
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MICHAEL C. MACAULAY

Applied Physics Laboratory
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As part of AMERIEZ (Antarctic Marine Ecosystem Research
at the Ice-Edge Zone), acoustic, net, and experimental obser-
vations were made in the Scotia-Weddell Sea during austral
winter to investigate the effect of the marginal ice zone on
micronekton. The results are reported in this article. Previous
AMERIEZ spring and fall cruises indicated that the pack ice
was an important nursery ground and refugium from preda-
tors for young Euphausia superba (Daly and Macaula y 1988).

Acoustic measurements at two frequencies (BioSonics 120
and 200 kilohertz) were obtained at all stations along transects
in and out of the ice (Ainley and Sullivan, Antarctic Journal,
this issue). A downward-fishing, closing-vertical Plummet net
was used to collect micronekton at discrete depths between
0-1,000 meters in open water, ice edge, and consolidated pack
ice habitats. Gut clearance rates (Quetin, Ross, and Amsier
1987) for larvae and adults and molting rates for larvae were
determined at sea.

As during the spring and fall seasons, E. superba was the
dominant acoustic target and micronekton in net tows during
winter. Three additional euphausiids, E. frigida, E. triacantlia,
and Thysanoessa inacrura also occurred in the sampling area.
Although acoustic analyses are still in progress, preliminary
results indicate that E. superba for the most part were dispersed
and in low concentrations. At times, however, swarms of lar-

vae and juvenile and immature adults did occur in the upper
50 meters of the water column near the ice edge during day
(figure 1) and night.

E. superba were collected in net samples in all areas; however,
mean abundances of krill were an order of magnitude higher
near the ice edge than in open water or deep in the pack ice.
Furthermore, large concentrations of larvae were observed on
the undersurfaces of ice floes. T. inacrura were collected at
almost every station. E. frigida were most abundant north of
60°S and E. triacantlia only occurred in the western side of the
study area, north of 60°S. More than 80 percent of E. superba
were collected in the upper 100 meters of the water column
while the other euphausiids primarily were found below 100
meters. Many E. superbn, but none of the other euphausiids,
were infested with the suctorian ciliate Ephelota sp. Infested E.
superba included furcilia larvae as small as 7 millimeters as well
as adults. In some swarms, more than 50 percent of the krill
were found carrying the epibiont.

Development, growth, and changes in sexual maturity sta-
tus of euphausiids were observed from June to August. E.
superba larvae were in furcilia stages F3—F6 in June, predomi-
nately F6 in July, and F6 and juveniles in August (figure 2).
Experimental results determined that molting occurred about
every 20 days. The size range of larvae was 4-12 millimeters
in June and 7-16 millimeters in August. Initial estimates of
larval growth rates indicated they were within the range re-
ported for summer growth rates of furcilia (Huntley and Brin-
ton 1987). Length of juveniles (2 years old) was 19-38 millimeters,
immature females was 29-50 millimeters, and immature males
28-49 millimeters. By early August, ovaries and petasmae were
starting to mature in larger females and males. A few T. macrura
and E. frigida females and males carried mature spermatop-
hores in June, and females were gravid and starting to spawn
by August. The few E. triacantha collected were predominately
juveniles; however, some males with mature spermatophores
were found in August.

Results from feeding experiments are not yet available; how-
ever, visual observations of gut fullness indicate that all species
of euphausiids were feeding during the antarctic winter, in
spite of extremely low chlorophyll a concentrations in the water
column (Smith and Cota, Antarctic Journal, this issue). The light
green colored guts of E. superba, E. frigida, and E. triacantha
were indicative of herbivorous feeding, while those of T. ma-
crura were whitish, indicative of carnivorous feeding. More

Figure 1. Echogram illustrating daytime swarms of Euphausia superba near the ice edge. Depth scale, surface to 80 meters, 1030 local
time. (m denotes meter.)
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Figure 2. Stage composition of larval Euphausia superba in June
and August 1988. F denotes furcilia. Juv denotes juvenile.

than 90 percent of E. superba collected had been feeding. Ex-
amination of gut contents revealed an omnivorous feeding
behavior for adults, and at least some ingestion of furcilia
occurred. Larvae, collected from ice floes where chlorophyll
concentrations were an order of magnitude higher than in the
water column (Lizotte et al., Antarctic Journal, this issue), had
almost black-colored guts.

From three seasonal investigations, it is clear that the mar-
ginal ice zone is an important habitat for E. superba. The pack
ice serves as a nursery ground for larval and juvenile krill and
offers protection from predators during spring, fall, and win-
ter. Adult krill graze on spring and fall ice-edge blooms and
during winter may feed on the undersurfaces of ice floes or
on phytoplankton concentrated and released from frazil ice
during rapid freezing and thawing events.

We thank Kathleen Newell and Karen Light for their assis-
tance at sea. This research was supported by National Science
Foundation grant DPP 84-20215.
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predators in the Weddell-Scotia
Confluence, winter 1988

D.C. AINLEY, W.R. FIAsER, and C.A. RIBIc

Marine Studies Program
Point Reyes Bird Observatory

Stinson Beach, California 94970

During both legs of the AMERIEZ winter cruise, we assessed
the abundance and distribution of apex predators by con-
ducting strip censuses whenever the ship was underway dur-
ing daylight. For each census unit, we also recorded
environmental data including ice conditions. Census data were
then converted to an estimate of numbers per square kilometer
and to biomass (mass/unit area). Behavior was categorized at
the time of counting. The details of censusing can be found in
Ainley, O'Connor, and Boekelheide (1984). When the ship was

on station, we assessed the diet of seabirds by collecting spec-
imens or pumping birds' stomachs.

Diet analysis indicated a similar diet by all species. The most
important prey were lanternfish (Myctophidae), which rise to
the surface during night. Of secondary importance were ant-
arctic krill and pelagic amphipods. Fish eaten by birds had
themselves fed mostly on krill. This indicates that birds were
likely selecting fish over krill (fish have a higher caloric value).

Census results indicated a close correspondence between
both pinnipeds and birds, and in turn the close correspondence
of these organisms with the presence of pack ice (figure). This
attraction of predators to the ice was even more pronounced
than during previous AMERJEZ cruises in spring 1983 and
autumn 1986. The pattern, however, is consistent with infor-
mation from other AMERIEZ investigators, who learned that
the major portion of primary production was occurring in the
ice and not in the water column. Thus, micronektonic organ-
isms were attracted to the surface underneath ice, and this is
where predators sought them as prey.

Again, as on previous AMERIEZ cruises, we observed two
distinctive predator assemblages, one associated with the ice
and the other with open water (see Ainley, Fraser, and Ribic
1988 for a cluster diagram). Species composition was similar
to that of spring and autumn, except that the number of species
in the open-water assemblage was reduced during winter.
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	During the winter cruise, the pack ice edge repeatedly ad-	ence of one or the other assemblage was a function of the

	

vanced and retreated 100 kilometers or more on a time scale	presence or absence of pack ice, and that both groups ate the

	

of just a few days. This offered an opportunity to gauge the	same prey when feeding within the common zone, strongly

	

relative importance of physical versus biological habitat fea-	supports an organization dependent on physical features.

	

tures in organizing species assemblages. The fact that the pres-	We wish to thank R.L. Pitman and L.B. Spear for assistance
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on the cruise. This study was supported by the crew of RIV
Polar Duke, and by grant DPP 84-19894.
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AMERIEZ 1986: Carbon-13 and
nitrogen-15 natural abundances

in southern ocean biota collected
during AMERIEZ 1986

GREG H. RAU

Institute of Marine Sciences
University of California

Santa Cruz, California 95064

This project is investigating stable isotope natural abun-
dances in the context of biogeochemistry and animal trophic
relationships in and near the Weddell Sea. It is an outgrowth
of a collaborative sampling effort during the AMERIEZ 1986
cruise (Sullivan and Ainley 1987). Stable isotope natural abun-
dance measurements have proven useful in elucidating the
sources and cycling of carbon and nitrogen in marine envi-
ronments (e.g., Owens 1987; Fry and Sherr 1989), and I am
applying this technique in a region where little previous work
has been done. Three questions are being addressed by this
research:
• Why are antarctic biota so depleted in carbon-13?
• What are the nitrogen-15 abundances in this region and their

relationship to nitrogen cycling?
• What feeding relationships are indicated by the isotopic dif-

ferences among antarctic marine consumers?
Approximately 300 isotope analyses have thus far been con-

ducted, with most of these measurements made on the par-
ticulate organic material filtered from seawater. There are
currently three complete data sets representing particulate or-
ganic material samples from Drake Passage/Scotia Sea, Wed-
deli Sea surface water, and Weddell Sea subsurface water.
Several interesting observations have thus far emerged from
this data. For example, carbon-13 depletion is again evident
in these samples as had been originally discovered in the
southern ocean more than 25 years ago (Sackett et al. 1965).
The detailed sampling conducted in 1986, however, shows the
transition from "normal" to "depleted" carbon-13 in the Drake
Passage is remarkably gradual despite the abrupt transition in
surface water chemistry and biology associated with the Ant-
arctic Convergence (figure 1). A very significant positive cor-
relation between particulate organic material carbon-13/carbon-
12 and water temperature argues that temperature strongly
influences the particulate organic material isotope abundances
in this region. A recent paper (Rau, Takahashi, and Des Marais
1989) suggests that this temperature effect on carbon isotope

abundance acts indirectly via the influence of temperature on
carbon dioxide solubility that in turn effects the isotope frac-
tionation imparted by phytoplankton during photosynthesis.
Further research to demonstrate such an effect is planned.
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Figure 1. A. Surface water particulate organic matter (POM) isotopic
carbon-13 (6 13C) vs. latitude of sampling in Drake Passage and
Scotia Sea in transit to (north-south) and from (south-north) the
Weddell Sea during AMERIEZ 1986. "6 C-13" (= 6 13C) refers to
the parts per thousand (%) difference between the carbon-13/car-
bon-12 of a sample and that of the PDB carbonate standard. The
analytical precision of these measurements is <0.2 %. Less neg-
ative (increasing) values correspond to increasing carbon-13/car-
bon-1 2. B and C. Temperature and chemistry parameters measured
by Sievers and Nowlin (1984) across the Drake Passage at the
latitudes indicated. (uM denotes micromolar.)
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With regard to particulate organic material nitrogen-15 abun-
dances, it would appear that ammonium is an important ni-
trogen source for particulate nitrogen formation in this region.
This is borne out by the significant logarithmic relationship
between particulate organic material isotopic nitrogen-15 and
ammonium concentration (figure 2a), a relationship expected
if ammonium uptake was important for particulate organic
matter production and if such production occurring under con-
ditions of partially restricted ammonium availability relative to
demand. In contrast, no significant relationship is evident be-
tween particulate organic material isotopic nitrogen-15 and ni-
trate (plus nitrite) concentration (figure 2b). These observations
appear to confirm the importance of ammonium in antarctic
marine primary production as indicated by previous research
(e.g., Glihert, Biggs, and McCarthy 1982; Koike et al. 1986).

In addition to particulate organic material, some 300 addi-
tional samples of zooplankton, Euphausids, fish, birds, and
seals have been analyzed. Isotope abundances in these organ-
isms are being used to identify food sources and trophic re-
lationships. Collection of these samples was made possible
through collaboration with the following AMERIEZ 1986 par-
ticipants: Neal Sullivan, Dave Ainley, Bill Frazer, Tom Hop-
kins, Jose Torres, and John Bengston. I would also like to
acknowledge the helpful laboratory assistance of Anne Tharpe.
The analytical portion of this project commenced in June of
1988 and is being funded by National Science Foundation grant
DPP 86-13981.
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Marine and terrestrial biology

Petroleum degradation
by microorganisms: Initial results

from the Bahia Paraiso
oil spill

DAVID M. KARL

Department of Oceanography
University of Hawaii

Honolulu, Hawaii 96822

Petroleum hydrocarbons are introduced into the marine en-
vironment by a variety of pathways, including marine trans-
portation (normal operations and accidental spillage), urban
and river runoff, municipal and industrial waste discharge,
offshore production and coastal refinery operations, atmos-
pheric dry and wet deposition, and natural submarine see-
page. After entering the marine environment, oil disperses and
eventually is lost by evaporation or is degraded by microor-
ganisms (bacteria, algae, yeasts, and fungi). The rates of dis-
persion and remineralization are complex functions of physical
(e.g., sunlight, wind speed, wave action, temperature), chem-
ical (e.g., composition of the oil, degree of refinement, pres-
ence of additives, nutrient content of the water), and biological
(e.g., number and activities of hydrocarbon-oxidizing mi-
crobes) determinants. Consequently, it is impossible to predict
the fate of petroleum hydrocarbons in any particular marine
environment.

The recent grounding and subsequent discharge of petro-
leum from the Argentine Navy resupply ship, Bahia Paraiso,
along the Antarctic Peninsula near the U.S. Research Base,
Palmer Station, provided a tragic but unique opportunity to
measure the in situ rates of microbial decomposition of oil at
low temperature. In addition to the high-latitude location, the
Bahia Paraiso oil spill was also unique in that the petroleum
hydrocarbon cargo comprised diesel fuel-arctic (DFA), a blend
of diesel and jet fuel, which might be expected to behave
differently from the more well-studied and more recalcitrant
and toxic crude-oil components.

In response to this oil spill, the National Science Foundation
(Division of Polar Programs) assembled an interdisciplinary
team of scientists to evaluate the initial ecological impact. The
emergency response team was deployed to Palmer Station on
9 March 1989, approximately 5 weeks after the Bahia Paraiso
ran aground on DeLaca Island, and remained on site for ap-
proximately 1 month. This report describes the experiments
which constituted the basis for the microbiology component
of the emergency oil spill research program. These investi-
gations were designed to provide estimates of hydrocarbon
biodegradation rates at low in situ temperatures, to establish

the biological and environmental constraints which may be
unique to the antarctic marine and intertidal habitats, and to
add to the oil spill modeling database.

Samples were collected around Arthur Harbor in the vicinity
of the Bahia Paraiso (figure 1) and, for sediment, from "control"
areas (Dream Island) well outside the reported region of oil
exposure. The sample inventory included:
• surface (0-1 meter) seawater,
• surface (0-1 meter) plankton tows,
• deep (>25 meters) subtidal sediments collected from the

RIV Polar Duke using a Smith-McIntyre grab sampler,
• shallow (<20 meters) subtidal sediments hand-collected by

scuba divers, and
• intertidal beach sand from Christine Island.

Portions of each sample were used to measure the rates of
microbial hydrocarbon oxidation. Radiolabeled 14C-hexade-
cane (n-C 16) was added to each sample as a model hydrocarbon
(Caparello and LaRock 1975; Seki 1974, 1976), and the rates of
14C-0O2 evolution were monitored during a 48-86-hour in-
cubation at ambient temperature (0-1°C). Mercuric chloride
poisoned subsamples served as negative controls. Simulta-
neous measurements of ambient dissolved hydrocarbon con-
centrations (to be provided by M. Kennicutt and S. Sweet,
Texas A&M University) will eventually be used to convert our
relative rates (measured as nanocuries 14C-hexadecane oxi-
dized per unit time) to mass fluxes (nanograms hexadecane
oxidized per unit time).

To evaluate the acute and chronic effects of Bahia Paraiso oil
on the resident microbial communities, several different ex-
periments were performed. Subtidal sediment and intertidal
beach sand samples were exposed to DFA-oil concentrations
ranging from 0.001-10 percent (volume/volume) and were in-
cubated at 1°C for either 1-4 days (short term) or 6 months
(long term) before being analyzed for a variety of microbial
community biomass and activity parameters. Samples without
added oil served as controls. Presently, the long-term exposure
experiment is expected to terminate in October 1989.

For each sediment sample analyzed (n = 20), from both
affected and control areas, microbiological hydrocarbon oxi-
dation activity was present at very low (less than 100 micro-
grams hexadecane per cubic centimeter of sediment per year),
but detectable, rates (e.g., figure 2). There was no apparent
difference in the rates measured from "oil-affected" versus
"control" areas. The microbiological turnover time of the added
hexadecane for these experiments was greater than 2 years.
These results suggest that the microbial communities in the
vicinity of Arthur Harbor probably derive a negligible per-
centage of their carbon and energy from hydrocarbon oxida-
tion. If we accept the tenet that the biomass and metabolic
activity of hydrocarbon-oxidizing bacteria reflect the hydro-
carbon burden to a particular habitat, we must conclude that
either the sediments in the vicinity of the Bahia Paraiso were
not substantially affected by the released oil or that the selec-
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Figure 1. Map of Arthur Harbor area showing the location of Palmer Station and the site of the Bahia Paraiso wreck.
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Figure 2. Rates of 14C-carbon dioxide evolution from radiolabeled
hexadecane substrate versus time for selected sediment samples
collected in oil-impacted and control study areas. The abbrevia-
tions are: AH denotes Arthur Harbor. De Is. denotes DeLaca Island.
Dl denotes Dream Island (control). The sample labeled "poison" is
the mean (plus and minus one standard deviation) of the activities
measured for a variety of mercuric chloride treated samples (n =
12).

tion for and enrichment of hydrocarbon-oxidizing bacteria are
slow processes requiring a period longer than 1-2 months.
The results of our long-term (6-month) exposure experiment,
currently in progress, should provide additional data on the
time required for the enrichment process to occur.

We were unable to document any acute toxic effects of Bahia
Paraiso oil on Arthur Harbor microbial communities (figure 3).
Over short-term exposure periods, the addition of oil at con-
centrations up to 10 percent (i.e., water-saturated mixtures)
had either a negligible or a stimulatory effect on total microbial
ecosystem metabolism (figure 3). There was no evidence of
toxicity, at least for the assessment parameter employed (res-
piration of 14C-labeled acetate).

In summary, our initial results indicate that the Bahia Paraiso
oil spill had no detrimental impact on the microbial commu-
nities in Arthur Harbor. This is probably a combined result of
limited exposure of the sediment communities to the released
oil and to the microbiologically benign characteristics of the
Bahia Paraiso DFA. These results should be considered prelim-
inary until the complete database on hydrocarbon concentra-
tions (M. Kennicutt and S. Sweet unpublished data) and the
results of the chronic long-term exposure experiment are avail-
able.

AH

De Is.

De Is.

DI
•DI

, AH

Poison

100

1989 REVIEW	 171



150

0
C
00
o 100

a,
0
X0
0

50
.0
(50
p

0
0	2.5	5	7.5	10

Bahia Paraiso Oil Added (%)

Figure 3. The acute effects of the addition of Bahia Paraiso oil to
sedimentary microbial communities collected from DeLaca and El-
ephant islands. The samples were incubated with oil at the con-
centrations indicated (percent on a volume-to-volume basis) for a
period of approximately 3 days before measuring the total rate of
14C-carbon dioxide evolution from radiolabeled acetate during a 24-
hour incubation. The results are expressed as a percent of the
control sample which received no oil.

This research was part of a coordinated, interdisciplinary oil
response program organized and headed by Polly Penhale
(Division of Polar Programs, National Science Foundation). I
especially thank M.C. Kennicutt and S. Sweet for their collab-
oration and U. Magaard for expert technical assistance. This
research was supported by National Science Foundation grant
DPP 89-12505.

Contribution #2266 of the Hawaii Institute of Geophysics.
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The ultraviolet monitoring program
at Palmer Station, spring 1988

DAN LUBIN and JOHN E. FREDERICK

Department of the Geophysical Sciences
University of Chicago

Chicago, Illinois 60637

The dramatic depletion in stratospheric ozone observed over
Antarctica during austral spring implies an increase in solar
ultraviolet irradiance at the Earth's surface. Motivated by the
appearance of the ozone hole (Farman, Gardiner, and Shanklin
1985), the National Science Foundation in 1988 initiated a pro-
gram to monitor antarctic ultraviolet radiation levels. We pres-
ent here measurements and preliminary analysis of the
springtime ultraviolet surface irradiance at Palmer Station. Al-
though concerns over depletion of atmospheric ozone date
back nearly two decades, these Palmer data are the first to
show an increase in biologically relevant ultraviolet irradiance
whose likely origin is human influence on the ozone layer.

The measurements were made by a scanning spectroradi-
ometer performing hourly scans of the ultraviolet surface ir-
radiance, this measured quantity being the sum of the direct
and diffuse solar components incident on a horizontal surface.
For this work, we use data obtained over the wavelength in-
terval from 295 to 350 nanometers in increments of 0.5 na-
nometers. Wavelength and response calibration procedures
were performed twice daily, and the noise level of the mea-
surements is an order of magnitude below the absolute irra-
diance at 295 nanometers, the weakest signal used.

Palmer ultraviolet time series. The absorption cross section of
ozone decreases by two orders of magnitude as wavelength
increases from 295 to 330 nanometers (Molina and Molina 1986).
At wavelengths longer than 330 nanometers, absorption by
ozone has a negligible influence on the ultraviolet irradiance
reaching the Earth's surface. Clouds also play a major role in
the transfer of ultraviolet radiation. To a first approximation a
specified cloud configuration attenuates all ultraviolet wave-
lengths by the same factor.

Time series of the measured irradiances integrated over the
wavelength bands 295-305 nanometers and 335-345 nano-
meters appear in figures 1 and 2, respectively. For simplicity,
we refer to these as the irradiances for 300 and 340 nanometers.
All data apply to local noon and encompass the period 19
September through 21 December 1988. The large day-to-day
changes in the 340-nanometer irradiance arise from variations
in cloudiness. Underlying these fluctuations is a gradual in-
crease in irradiance over the observing period related to the
decreasing noontime solar zenith angle. Rapid variations in
the 300-nanometer irradiance arise from both changes in cloud-
iness and the ozone abundance. The presence of the ozone
hole is apparent during middle to late October. The irradiance
at 300 nanometers measured on day 293 (19 October), more
than 2 months before the summer solstice, is slightly greater
than that on day 349 (14 December). This should be contrasted
with the behavior at 340 nanometers on these same days as
shown in figure 2. Here the irradiance measured on 14 De-
cember exceeds that for 19 October by a factor of 1.6.

PrelinfinanI analysis of cloud cover. The presence of the ozone
hole results in an enhanced background ultraviolet radiation
level, but on time scales of a few hours, the local cloud cover
may have a sufficient optical thickness T to reduce the ultra-
violet surface irradiance to an unperturbed level. For a given
date and local time, we use theoretical radiative transfer meth-
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ods (Lubin, Frederick, and Krueger 1989) to compute a clear-
sky surface irradiance, Fs(X), which is the rate at which ultra-
violet solar energy would impinge on the Earth's surface in
the absence of cloud cover. For each hourly measurement made
by the spectroradiometer, we then know the cloud transmis-
sion

FA)
F(X)

where Fd(X) is the measured irradiance. These calculations are
performed at wavelength i = 345 nanometers and, to a first
approximation, can be assumed valid over the entire wave-
length range of interest.

Supplementing the spectroradiometer data is a written re-
cord of sky conditions over Palmer Station during the observ-
ing period. This record enables us to match nearly 700
transmissions derived from the above procedure directly with
a weather type. The majority of the weather observations fall
into the broad category of overcast with 100 percent sky cov-
erage. A histogram of all transmissions associated with this
weather type is shown in figure 3. The mean transmission for
this general weather type is 0.53, meaning that on the average,
the ultraviolet surface irradiance at Palmer Station under a
completely overcast sky is essentially half what it would be if
the sky were clear.

Preliminary radiative transfer calculations show that a cloud
transmission of 0.53 implies a cloud optical thickness of 17. If
one calculates a theoretical clear-sky surface irradiance using
a reference summertime ozone abundance of 350 Dobson units
(Stolarski et al. 1986; Schoerberl and Krueger 1986), it can be
shown that for wavelengths longer than 310 nanometers, an
overcast layer having an optical thickness of 17 will negate the
effect of a 30 percent depletion in atmospheric ozone. For
wavelengths shorter than 310 nanometers, the surface irradi-
ance under any noticeable ozone depletion will remain en-
hanced, even with the presence of this cloud cover. Work
currently underway includes similar analyses of all sky con-
ditions prevalent over Palmer Station, including subsets of the
above category.

This work was carried out with the technical support of C.R.
Booth, T. Lucas, and D. Neuschuler at Biospherical Instru-
ments, Inc., of San Diego, California, and was supported by
National Science Foundation grant DPP 88-09294.
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Figure 3. Histogram of cloud transmissions identified with 100 per-
cent overcast skies at Palmer Station during the time period 19
September to 21 December 1988. Sky obscuration due to snow is
included in this general category. The mean transmission is 0.53.
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Report on studies
related to the ecological implications

of ozone depletion
on the antarctic environment

D. KARENTZ

Laboratory of Radiobiology and Environmental Health
University of California

San Francisco, California 94143

Annual springtime ozone depletion over Antarctica has re-
sulted in an increase in the intensity and spectral distribution
of solar ultraviolet-B (UV-B) radiation reaching the Earth's sur-
face (Frederick and Snell 1988). UV-B is known to have many
harmful biological effects (Harm 1980). This range of wave-
lengths (280-320 nanometers) is absorbed by DNA and pro-
teins, causing conformational changes in molecular structure
that interfere with the normal functioning of these molecules
in cell metabolism. The antarctic ozone hole has been in ex-
istence for over a decade, and ecological changes that could
be caused by increased UV-B have already been initiated. Long-
term effects have yet to be identified, but the consequences of
increased UV-B levels in the antarctic marine environment are
a primary concern.

The project described here examined several aspects of ul-
traviolet radiation related to the photobiology of antarctic or-
ganisms. Field studies and collections were made in the vicinity
of Palmer Station (64°46'S 64°03'W) at Arthur Harbor, Anvers
Island, on the Antarctic Peninsula.

Quantification of UV-B in the aquatic environment. Biological
dosimetry, actinometry, and radiometry were used to study
the vertical transmission of UV-B within the water column of
Arthur Harbor from September to December 1988. This period
coincided with the opening and closing of the 1988 ozone hole
(October to November). The biological dosimeter used a DNA
repair-deficient bacterial cell line to measure relative levels of
biologically active UV-B within the water column. Actinometry
is based on the UV photolysis of specific compounds. Paran-
itroanisole was used as an actinometer (Dulin and Mill 1982)
in conjunction with the biological dosimeter. Instantaneous
measurements of UV-B were made with a waterproofed broad-
band UV-B photodetector. An example of results obtained with
these three methods is presented in figure 1.

Atmospheric factors such as the angle of the Sun, ozone
concentration, and cloud cover affect the spectral distribution
and intensity of UV-B that reaches the Earth's surface. Hy-
drographic factors such as dissolved matter, particulates, and
phytoplankton concentration affect the transmission of UV
wavelengths through the water column. Chlorophyll concen-
trations and total DNA content of the waters of Arthur Harbor
were determined during this study. Complete analyses of light
and hydrographic data are under way.

DNA repair in antarctic organisms. Eight species of planktonic
diatoms isolated from Arthur Harbor and maintained in culture
were studied to characterize DNA repair mechanisms and the
effects of UV-B exposure on population development (figure
2). Preserved samples from additional experiments conducted
during the 1988 season are being analyzed to determine specific
molecular characteristics of DNA damage and repair in ant-
arctic phytoplankton species.
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Figure 1. Measurements of in-water ultraviolet-B (UV-B). A. Biolog-
ical dosimetry: Lethal effects of ambient in-water UV radiation ex-
posure to a bioassay organism. Filled circles denote full-light
incubations; open circles denote samples exposed to ambient light
from which UV-B wavelengths were filtered out; and bars denote
mean ± SE. Cells were exposed at the indicated depths for 3 hours
on 6 October 1988. B. Actinometry: Photolysis of paranitroanisole
(PNA) caused by UV-B exposure within the water column. Incu-
bation conditions were the same as for A. C. Radiometry: Instan-
taneous UV-B measurements made with a broad-band photodetector
at local noon. (m denotes meter. tL W/cm2 denotes microwatts per
square centimeter.)
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Figure 3. Example of a spectrophotometric scan of a cell extract
(1:100 dilution) that has UV-absorbing properties. These data are
from a red algal species (Curdiea racovitzae). (nm denotes nano-
meter.)
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Figure 2. Survival of cultured diatom cells after irradiation by 1,000
joules per square meter of UV-13 light (peak emission 313 nano-
meters) and 8 days of growth under light conditions that supported
or prevented photoreactivated repair of DNA.

Identification of Li V-B-absorbing compounds. During the spring
of 1988, eight macroalgal species, 34 lichens, seven mosses,
and 114 invertebrates were screened for the presence of UV-
B absorbing compounds. Eighty-five percent of these samples
showed distinct absorbance peaks in the UV-B wavelength
range (figure 3). These samples are being analyzed by high-
pressure liquid chromatography to identify specific com-
pounds and relate their structure to those of UV-13-absorbing
compounds that have been found in tropical and temperate
species (Dunlap and Chalker 1986). This work is being com-
pleted in collaboration with Walter Dunlap of the Australian
Institute of Marine Science.

Conclusions. Results from this project have demonstrated that
biologically significant fluxes of UV-13 radiation occur down to
10 meters and can reach to 30 meters in antarctic coastal waters
during the ozone hole. Photoreactivation may be the predom-
inant pathway for DNA repair in antarctic diatoms and ob-
served differences in cell division rates support previous
conclusions that the major effect (if any) of increased UV-B in
the antarctic in the antarctic environment may be changes in
the taxonomic structure of plankton communities. It also ap-
pears that many antarctic species are able to synthesize com-
pounds that act as natural "sunscreens," providing protection
from UV-B exposure.

I would like to thank field party members M.C. Land and
F.S. McEuen for their assistance; and the Palmer staff from

ITT/Antarctic Services, Inc., for their excellent support. This
project was sponsored by National Science Foundation grant
DPP 87-12533 to D. Karentz and J. E. Cleaver and by the Office
of Health and Environmental Research, U.S. Department of
Energy, contract DE-ACO3-76-SF01012.
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Ultraviolet radiation
in antarctic waters:
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Reduced ozone concentrations in the stratosphere over Ant-
arctica have been monitored since 1957 by the ozone spectro-
radiometer at Halley Station and recently have received much
worldwide attention because the seasonal "ozone hole" has
been increasing in intensity. This is of much concern ecolog-
ically (El-Sayed 1988; Gribbin 1988; Voytek 1989), because de-
creased ozone concentrations result in increased ultraviolet
radiation incident upon the Earth. The increased fluence of
ultraviolet radiation due to reduced ozone concentrations will,
however, be confined to the ultraviolet-B portion of the spec-
trum (280 to 320 nanometers), with no effects on either the
ultraviolet-A portion (320 to 400 nanometers) or the visible (400
to 700 nanometers).

This component of our ultraviolet studies dealt with deter-
mination of the effect of solar ultraviolet radiation on the rate
of photosynthesis by antarctic marine phytoplankton. Other
components of our study dealt with transmission of ultraviolet
radiation in the upper water column (Mitchell, Vernet, and
Holm-Hansen, Antarctic Journal, this issue) and on the pho-
toadaptational response of phytoplankton to ultraviolet radia-
tion (Vernet, Mitchell, and Holm-Hansen, Antarctic Journal,
this issue). Our experimental approach was to determine rates
of photosynthesis of phytoplankton populations under natural
conditions with and without screening off various regions in
the ultraviolet portion of the spectrum. In situ incubation tech-
niques were used as much as possible, with the water samples
being contained within quartz or pyrex 250-milliliter round
glass vessels, some of which were enclosed within a plexiglass
filter.

Data in figure 1 show the results of in situ incubations, with
the spectral transmission characteristics of the sample con-
tainers shown in the inset. These data have not been corrected
to take into account either the variation in phytoplankton
standing stock (chlorophyll a concentrations ranged from 0.1
to 5.0 milligrams per cubic meter) or the variation in incident
solar irradiance. Some of the scatter in the data presented in
the figure is most likely due to variations in these two factors.
Eliminating the shorter ultraviolet-B wavelengths (the samples
in pyrex vessels) resulted in approximately 30 percent higher
rates of photosynthesis close to the surface, with the effect
diminishing rapidly with depth so that by 10-meter depth,
there was no difference in the samples in quartz or pyrex glass.
Effects of removing all wavelengths below 350 nanometers
(plexiglass filter) resulted in much higher rates of incorporation
of carbon dioxide; as compared to data from quartz vessels,
the rates were approximately doubled in samples close to the
surface, approximately 10 percent higher at 10-meter depth,
and showed no detectable differences at a depth of 20 meters.
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Figure 1. Relative rates of in situ photosynthesis in the upper 20
meters of the water column when natural phytoplankton samples
are exposed to varying proportions of ultraviolet radiation. Samples
were incubated in (a) quartz glass, which transmits nearly all ul-
traviolet radiation (photosynthetic rates for these samples are shown
as "100%" for all depths), (b) pyrex glass (.), with 50 percent trans-
mission at about 305 nanometers, or (c) pyrex glass screened with
a plexiglass filter (x), with 50 percent transmission at about 355
nanometers. The curves were drawn by hand. Data are from close
to Anvers Island during November and December 1988. The inset
shows spectral transmission characterics of the sample contain-
ers. (m denotes meters. nm denotes nanometers.)

These data suggest that the shorter wavelengths (280 to 305
nanometers) of ultraviolet-B radiation depress photosynthetic
rates much less than the suppression caused by longer wave-
lengths. This is consistent with data presented by Mitchell et
al. (Antarctic Journal, this issue) which show that ultraviolet-A
radiation is more important in inhibition of photosynthesis
than ultraviolet-B wavelengths.

It is interesting to compare these data with the spectral flux
of increased ultraviolet radiation resulting from diminished
ozone concentrations in the stratosphere. Data in figure 2 show
that changes in ozone concentrations affect only those wave-
lengths below 320 nanometers and that it is the very short
wavelengths in the ultraviolet-B region which are increased
most dramatically. For instance, the integrated ultraviolet flux
from 294 to 298 nanometers varied by a factor of over 32 times
when comparing days 281 and 294, while the integrated flux
from 307 to 312 nanometers varied by a factor of only 1.95.
The ratio of the total ultraviolet-B integral on days 281 and
294, however, varied by a factor of only 1.27. The reason that
the ratio of these "total" integrals is SO low as compared to
the large ratios of the fluxes below 300 nanometers is due to
the rapid decrease in solar irradiance at the shorter wave-
lengths. This is seen by the data in figure 3, which shows the
spectral distribution (295 to 345 nanometers) of incident ra-
diation as measured at Palmer Station on 21 November 1988.
The energy flux at 295 nanometers is seen to he four orders
of magnitude less than the flux at 315 nanometers. Although
the fluence of the short wavelengths in the ultraviolet-13 region
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Figure 2. Effect of lower ozone concentrations in the stratosphere
on spectral irradiance incident upon the Earth. The curve is based
on comparison of downwelling irradiance at McMurdo Station (1988)
on day 281 (low ozone) and day 294 (normal ozone) when integrated
from 294 to 298 nanometers, 298 to 303 nanometers, 303 to 307
nanometers, and 307 to 312 nanometers; all ratios comparing days
281 and 294 have been normalized to the integrated irradiance from
280 to 625 nanometers. The ozone concentrations on days 281 and
294 were 263 and 386 Dobson units, respectively. (Data obtained
from C.R. Booth.) (nm denotes nanometers.)
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Figure 3. Spectral irradiance (295 to 345 nanometers) measured
with the ultraviolet-spectroradiometer at Palmer Station on 21 No-
vember 1988, showing the very rapid decrease in ultraviolet flux at
wavelengths shorter than 315 nanometers. (Data obtained from
C.R. Booth.) (nm denotes nanometers. 1iW cm 2nm' denotes mi-
crowatts per square centimeter per nanometer.)

is relatively very low, this is the spectral region where DNA
and other cellular macromolecules show significant absorp-
tion, and hence the question arises as to what effect these
short wavelengths might have on other cellular processes such
as growth and cell division.

Our in situ experiments show that incident solar ultraviolet
radiation in the Antarctic significantly depresses photosyn-
thetic rates in the upper 10-15 meters of the water column and
that the spectral region between 305 to 350 nanometers is re-
sponsible for approximately 75 percent of the overall inhibitory
effect. The following aspects of ultraviolet effects should be
addressed:
• better spectral definition of ultraviolet inhibitory effects on

photosynthesis as well as on cell viability,
• documentation of the relationship between absorbed ultra-

violet dose (product of measured ultraviolet flux and spectral
absorption characteristics of the cellular material) and ob-
served effects on cell viability and photosynthetic capacity;
and

• an estimation of how much of the ultraviolet effect is due
to changes in ultraviolet-B fluence resulting from formation
of the "ozone hole" as compared to ultraviolet effects under
"normal" ozone concentrations in the stratosphere.

Until the time that such data are available, it is not possible
to predict the long-term effects of ozone-related ultraviolet
changes on primary production in antarctic waters.

This work was supported by National Science Foundation
grant DPP 88-10462. We thank Brian Schieber and Heidi Good-
win, the crew of RIV Polar Duke, and the personnel at Palmer
Station for assistance during the field work.
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Knowledge of the penetration of ultraviolet radiation flux
into the water column in the Antarctic is essential for assess-
ment of the significance of reduced ozone in the atmosphere
on marine primary production. In the vicinity of Palmer Sta-
tion, we studied variability in the spectral absorption of marine
particulates, penetration of ultraviolet radiation into the water
column, and the spectral aspects of ultraviolet photoinhibition
of phytoplankton. Holm-Hansen, Mitchell, and Vernet (Ant-
arctic Journal, this issue) describe our results for in situ primary
production experiments and Vernet, Mitchell, and Holm-Han-
sen (Antarctic Journal, this issue) describe pigment adaptation
in relation to irradiance in situ.

Methods described by Mitchell and Kiefer (1988) were used
to determine spectra from 300-700 nanometers for absorption
coefficients of marine particulates (a r) and action spectra of
phytoplankton photosynthesis inferred from spectral fluores-
cence excitation of chlorophyll a. Neori et al. (1986) have dem-
onstrated that oxygen evolution action spectra can be estimated
using fluorescence excitation action spectra of phytoplankton
chlorophyll a. We also made detailed studies of in situ optical
properties using a multichannel biological-optical-physical
profiling system deployed from RN Polar Duke. In situ optical
measurements included the diffuse attenuation coefficients (k)
in the visible and at a band centered at 320 nanometers in the
ultraviolet.

We hypothesized that antarctic marine particulates in gen-
eral, and phytoplankton specifically, may contain ultraviolet-
absorbing compounds which attenuate ultraviolet radiation.
Ultraviolet-absorbing compounds have been noted in phyto-
plankton (Vernet et al. 1989) and corals (Dunlap, Chalker, and
Oliver 1986) and, if present in antarctic phytoplankton, may
provide some measure of natural protection from damaging
ultraviolet radiation. We found that intact marine particulates
contain an ultraviolet-absorption peak between 320 and 340
nanometers which can be up to five times higher than the peak
absorption in the visible close to 440 nanometers (figure la).
This absorption band was not always prominent as indicated
in figure la. Fluorescence excitation action spectra for the same
samples are presented in figure lb. We note there is an ap-
parent peak near 320 nanometers in energy transfer to chlo-
rophyll a and, therefore, photosynthesis for sample 25B5 which
had a very high ratio of a (330)/a(440). Although this peak
indicates that absorbed ultraviolet radiation may be used in
photosynthesis, the fluorescence yield due to this ultraviolet
absorption is low when compared to yields due to the ab-
sorption in the visible.

The strong ultraviolet absorption by particulates is expected
to play an important role in the total diffuse attenuation coef-

ficient [(k)(320)] for irradiance measured by the ultraviolet sen-
sor we deployed. The magnitude of k is equal to the sum of
all absorption coefficients divided by the mean cosine of the
radiance distribution (p;):

k = (a + a + ad)/Ii.

where a % , a, and ad are the absorption coefficients for water,
particulates, and dissolved materials, respectively. Using our
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Figure 1. A. The spectral absorption coefficient of marine partic-
ulates (a per meter) from 300-700 nanometers for a station with
a high a(330) and a low a(330) relative to the absorption of pho-
tosynthetic pigments from 400-700 nanometers. Station 25B was
located at 65.90S 64.60W, station 26A located at 64.3 0S 64.9°W. Both
samples were from 5-meter depth in the upper mixed layer. Values
of chlorophyll a for the two samples were similar, in agreement
with the similar magnitude of a(675) in the red absorption maxi-
mum for chlorophyll a. B. Relative fluorescence excitation spectra
of chlorophyll a (FChI ) from 300 to 700 nanometers for 720-nano-
meter emission for the same samples presented in figure la. The
magnitude of a blank filter scanned under the same conditions was
subtracted from the raw data and each spectrum was normalized
to the mean value from 300-700 nanometers.
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techniques, we were able to measure k(320) and a(320) di-
rectly, each of which varied by more than a factor of three
during the cruise. The value for a,,(320) is reasonably well
described (Smith and Baker 1981). Unfortunately, a d and p are
not easily measured, but jI is considered to vary over ,a narrow
range from 0.65 to 0.75 in the upper ocean (Stavn 1988). Thus,
k(320) is expected to be proportional to the sum a(320) +
ad(320). In figure 2a, we present a scatter plot of k(320) versus
a(320). We believe that most of the variance in the observed
relationship is due to variability in ad(320) which we did not
measure.

The ratio ad(320)Ik(320) may be estimated by rearranging the
equation and assuming a, = 0.1 per meter (Smith and Baker
1981), and p = 0.75 (Stavn 1988). When this estimate is plotted
against the value of a(320), one notes that the relative con-
tribution of dissolved material to k(320) varies from 10 to 50
percent and appears to decline as a(320) increases (figure 2b).
This is not surprising considering the strong ultraviolet ab-
sorption by particulates and the fact that our cruise was con-
ducted during the spring bloom period when it was still too
early in the season to expect significant accumulations of det-
ritus and dissolved absorption.

The fate of the energy absorbed in the ultraviolet is important
with respect to assessing the potential consequences of ozone
depletion. Controlled experiments to determine the spectral
sensitivity of ultraviolet photoinhibition were conducted with
an on-deck spectral exposure incubator. Selective screening
with sharp-cut filters allows precise determination of the wave-
bands most effective for inhibiting photosynthesis. Schott long-
wavelength pass filters were used which had nominal 50 per-
cent transmittance values at 375, 335, 320, and 305 nanometers
(figure 3). The maximum increase in photosynthesis due to
ultraviolet screening (375 nanometer filter vs. quartz) was ap-
proximately 100 percent. The largest percentage change in pho-
tosynthesis generally was observed between the 320 and 335
nanometer filter treatments. The table summarizes the results

of an experiment using 1-meter and 10-meter samples from a
15-meter "mixed" layer as determined by continuous profiles
of in situ temperature and salinity. Samples from 1 and 10
meters had essentially the same value for chlorophyll a deter-
mined on extracts (2.85 and 2.9 milligrams of chlorophyll a per
cubic meter for 1 and 10 meters). Although standard criteria
indicated the samples were from the same mixed layer, results
from the spectral exposure incubator indicated a marked dif -
ference in the response of the two samples. Both samples had
similar photosynthetic rates for the quartz treatment. When
wavelengths less than 375 nanometers were screened out, the
rates of primary production, relative to the quartz sample were
120 percent and 190 percent for the 1- and 10-meter sample,
respectively. We hypothesize that the 1-meter sample may
have sustained ultraviolet damage in situ, so its maximal pho-
tosynthetic rate with no ultraviolet was not as great as the 10-
meter sample.

We document strong absorption in the ultraviolet from 320-
330 nanometers for marine particulates (see also Vernet, Neon,
and Haxo in press). Below this region of the solar energy
spectrum, absolute energy levels drop off very dramatically.
Only wavelengths shorter than about 320 nanometers will be
significantly enhanced due to ozone depletion (Caldwell et al.
1986). If the absorption we observed serves a protective role
for phytoplankton photosynthesis, it appears the peak band
is in the region where solar energy increases rapidly and not
in the region where ozone depletion would cause significant
variations in absolute flux. Results on the spectral response of
ultraviolet inhibition of photosynthesis from natural solar en-
ergy indicate that wavelengths from 320-335 provide the great-
est absolute photoinhibitory effect. These results are considered
preliminary since they have not been corrected for quantum
flux. Furthermore, it is not known if there is a relationship
between short-term photosynthetic inhibition and phytoplank-
ton survival or genetic damage.

This work was supported by National Science Foundation

Figure 2. A. The relationship between the diffuse attenuation coefficient at 320 nanometer k(320) and the particulate absorption coefficient
a(320) for all observations during the cruise. B. The relationship between the estimated absorption by dissolved material and a(320) for
the same data presented in 2a. Both relationships are significantly correlated (Spearman rank correlation, r = 0.4; n = 66; p 0.001).
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Figure 3. Transmission curves for Schott long-pass filters used in
the spectral exposure incubations. Each filter is characterized by
its nominal 50 percent transmittance wavelength. The actual 50
percent transmission points for the 305 and 320 filters were shorter
than the nominal values.

grant DPP 88-10462. We gratefully acknowledge Brian Schieber
and Heidi Goodwin, the crew of RIV Polar Duke, and the per-
sonnel of Palmer Station for assistance during the field work.
We thank C.R. Booth of Biospherical Instruments for the use
of a prototype ultraviolet 320 nanometers underwater photom-
eter. Brian Schieber and Eric Brody assisted in the computer
data analysis and graphics preparation.
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Ultraviolet radiation in antarctic waters:
Response of phytoplankton pigments
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Reduced ozone concentrations in the stratosphere over Ant-
arctica have recently received much worldwide attention, be-
cause the seasonal "ozone hole" has been increasing in severity.
This is of much concern ecologically, because decreased ozone
concentrations will result in increased ultraviolet radiation in-
cident upon the Earth. The fluence of ultraviolet-B (280-320
nanometers) incident upon the southern ocean under "nor-
mal" column ozone concentrations is considerably less than
that at lower latitudes. It was hypothesized that antarctic phy-
toplankton are less well adapted to minimizing deleterious
effects of increased ultraviolet radiation as compared to ph y

-toplankton in temperature or tropical environments. If ant-
arctic phytoplankton are less well adapted to coping with
ultraviolet radiation, then the dramatic increase in short-wave-
length ultraviolet-B radiation resulting from decreased ozone

concentrations over Antarctica may have serious effects on
phytoplankton cells.

Phytoplankton synthesize many compounds that absorb light
in the ultraviolet-B (290-320 nanometers) and ultraviolet-A (320-
400 nanometers) regions of the spectrum. For example, a group
of compounds which have maxima of absorption from 320 to
340 nanometers are abundant in certain red-tide dinoflagellates
(Yentsch and Yentsch 1982; Carreto, DeMarco, and Lutz 1988;
Vernet et al. in press). Furthermore, most photosynthetic pig-
ments whose absorption peaks are in the visible range of the
spectrum, also absorb substantially below 400 nanometers. Some
of these pigments may even have secondary peaks of absorp-
tion around 340 and/or 370 nanometers (Goodwin 1980).

The objective of this study was to document the rate and
extent of photoadaptation by antarctic phytoplankton as evi-
denced by the synthesis of "screening" pigments which act to
absorb ultraviolet radiation and may protect sensitive chrom-
ophores from ultraviolet radiation which would otherwise re-
sult in cellular damage. Our experimental approach was to
study natural populations of phytoplankton under ambient
environmental conditions as much as possible. We, therefore,
concentrated on studying the degree of photoadaptation of
phytoplankton throughout the upper water column as a func-
tion of the spectral irradiance to which they were exposed.

Water samples were obtained in 10-liter Niskin bottles at-
tached to the rosette which held our optical profiling instru-
mentation (Mitchell, Vernet, and Holm-Hansen Antarctic Journal,

this issue). Pigments were determined using several methods.
Chlorophyll a and phaeopigments were determined by fluo-
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Figure 1. In vitro absorption spectra of antarctic seston, extracted
in methanol. Spectra were normalized to the absorption at 665
nanometers, the peak of absorption due only to chlorophyll a and
phaeopigments in methanol. The comparison shows strong spec-
tral variation of absorption in the ultraviolet with respect to the
visible for a sample from the mixed layer (0 meter) and another
from below the mixed layer (50 meters) at station 1129C (64003.5'S
69°07.9'W on 29 November 1988) (m denotes meters. nm denotes
nanometers.)

rescence of chlorophyll in total extract following Holm-Hansen
and Riemann (1978) and Holm-Hansen et al. (1965). Individual
chlorophylls, carotenoids, and phaeopigments were estimated
by high-performance liquid chromatography, using the water
chromatography system available at Palmer Station. A gradient
system of pigment elution with a reverse-phase carbon-18 col-
umn was used, following the method of Mantoura and Llew-
ellyn (1983) with minor modifications. In addition, ultraviolet-
absorbing compounds were estimated by absorption of seston
extracted in methanol. More than 150 samples from 24 stations,
from 0 to 100 meters, were analyzed for pigments.

Ultraviolet-absorbing compounds. Antarctic phytoplankton ex-
posed to ambient levels of ultraviolet radiation seem to have
the ability to synthesize ultraviolet-absorbing compounds that
are considered potential blockers of damaging radiation. Com-
pounds that absorb at 320-340 nanometers were observed in
all samples (figure 1). There was a marked decrease in the
absolute concentration of these compounds with depth, fol-
lowing the decrease of phytoplankton biomass. The decrease
in the total concentration of these ultraviolet compounds with
respect to chlorophyll a, as measured by the ratio of absorption
at 335 nanometers to absorption at 665 nanometers, is variable,
with a maximum of 5-fold decrease for samples within the
mixed layer (figure 2a). Ultraviolet-absorbing compounds change
with depth not only relative to chlorophyll a but also with
respect to other pigments, in particular carotenoids. This is
shown in figure 2b, station 1129C, where the ratio of absorp-
tion at 335 nanometers to absorption at 455 nanometers after
correcting for absorption of chlorophyll a, decreases markedly
with depth. Other stations (station 1129A) did not show such
changes.

12345678	0 20 40 60 80 100
Optical Depth	 Depth (m)

(Kz PAR)
Figure 2. In vitro absorption of pigments in antarctic phytoplankton. (a) Ratio of absorption of ultraviolet-absorbing compounds (absorption
at 335 nanometers) with respect to chlorophyll a (absorption at 665 nanometers) as a function of the optical depth at the base of the mixed
layer (Kz PAR), for all stations studied. Optical depth is used as an estimate of photosynthetically active radiation (PAR) in the mixed layer,
and is calculated from PAR1 = PAR, e1. A value of Kz = 4.6 corresponds to the 1 percent light level. (b) Comparison of change of
concentration of ultraviolet-absorbing compounds (absorption at 335 nanometers) with respect to photosynthetic accessory pigments
(absorption at 455 nanometers) as a function of depth for two stations with the same mixed layer depths (13 meters) and high irradiance
(Kz from 1.2 to 1.4) station 11 29C (see figure 1) and station 11 29A, 64 059.3'S 63055.4'W, 29 November 1988). Absorption ratio was estimated
from absorption spectra of total phytoplankton extracts in methanol, after subtracting the absorption due to pure chlorophyll a in methanol.
(m denotes meters.)

182	 ANTARCTIC JOURNAL



The absorption of ultraviolet radiation in methanol extracts,
which peaks from 320 to 340 nanometers, seems to be com-
posed of several compounds. The shift of the ultraviolet-peak
of absorption with depth (for example, from 331 nanometers
at surface to 321 nanometers at 75 meters) in several stations
may be interpreted as a change in composition. Diversity of
ultraviolet-absorbing compounds of samples collected during
this cruise will be analyzed following the methods of Sekikawa
et al. (1986) and Dunlap, Chalker, and Oliver (1986).

Photosynthetic pigments. The pigments in phytoplankton known
to be protective of the photosynthetic apparatus when exposed
to high irradiance in the visible (Krinsky 1979) have maximum
concentration in antarctic phytoplankton in the surface waters.
Because these pigments also absorb in the near ultraviolet,
their function might extend to protection as well as use of
ultraviolet radiation for photosynthesis (Mitchell et al. Antarctic
Journal, this issue). For example, when comparing two stations,
one with (station 1125b) and the other without (station 1126a)
signs of photoinhibition of chlorophyll a fluorescence as mea-
sured by the MER profiler (Vernet unpublished data), the ratio
of protective yellow xanthophylls (diadinoxanthin plus dia-
toxanthin) to photosynthetic fucoxanthin-like pigments is 10
times higher in the phytoplankton not photoinhibited (figure
3). The phytoplankton which did not show photoinhibition
had a high concentration of yellow xanthophylls and equal
amounts of fucoxanthin and 19' hexanoyloxyfucoxanthin. Ph y

-toplankton that was photoinhibited at the surface was rich only
in 19' hexanoyloxyfucoxanthin, probably indicating a domi-
nance of prymnesiophytes. This difference exemplifies the im-
portant role that phytoplankton species composition may play
in the ability to withstand potential harmful radiation.

In conclusion, antarctic phytoplankton show photoadaptive
characteristics which include both the synthesis of potentially
protective "screening" pigments, which may dissipate the en-
ergy of absorbed radiation, and the capability to utilize some
of the ultraviolet radiation in the energy-requiring reactions of
photosynthesis (Mitchell et al., Antarctic Journal, this issue)
through photosynthetic pigments that absorb below 400 na-
nometers.

The sampling was performed on board the R/V Polar Duke
with the assistance of Brian Schieber and Heidi Goodwin. Data
analysis and graphics were performed by Brian Schieber and
Eric Brody. This work was supported by National Science
Foundation grant DPP 88-10462.
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Sediment fluxes of particulate organic carbon and the lipid
component of this particulate organic carbon were determined
for an Arthur Harbor site for the austral summer of 1988-1989.
Collections were made over a 24-day period using stationary
sediment traps containing a 10 percent formalin-sucrose so-
lution as a preservative. Traps were of the design most efficient
in collecting only the vertical downward component of partic-
ulate material (Hargrave and Burns 1979), with a baffled open-
ing and a height-to-diameter ratio of 5. Traps were deployed
by scuba divers at an Elephant Rocks study site in Arthur
Harbor at a depth of 26 meters with the top of each trap 1.5
meters from the sediment surface to prevent collection of any
resuspended benthic sediment material.

Preliminary rates of sediment fluxes for Arthur Harbor in-
dicated substantial fluxes of 4.2 grams of particulate organic
carbon per square meter per day to the sediments. Of the
material collected, lipid made up approximately 1.8 percent
(71 milligrams per square meter per day) of the total particulate
organic carbon. Comparisons with various temperate, tropical,
and two antarctic sites, indicate that rates for Arthur Harbor
are among the highest reported for particulate organic carbon;
however, lipid percentages were lower (table). Only a site
along the coast of Peru in the rich upwelling El Niflo region
approached the amount of particulate organic carbon deter-
mined for Arthur Harbor and contained a substantially greater
lipid percentage. This indicates a considerable amount of abiotic
or lipid-poor material in the sediment flux for this Arthur Har-
bor near-shore environment.

Photosynthetic diatoms are typically lipid poor in temperate
and tropical regions. Conversely, recent investigations (Ni-
chols et al. 1986, 1988) have indicated antarctic sea-ice com-
munities can contain a relatively high lipid content. Similarly,
Smith, Clement, and Head (1989) have determined that the
percentage of lipid in the composition of the particulate organic
carbon fraction from arctic sea-ice algal communities ranges
from 31.1 to 59.2 percent. Therefore, it is believed that our
observations reflect a large influence of sedimenting abiotic
material, and/or a dilution from carbon-rich/lipid-poor, plank-
tonic organisms. Additionally, these planktonic algae may have
become senescent with loss of cellular lipid and, therefore,
devoid of the added benefit of buoyance from the lipid.

Comparison of sediment fluxes of particulate organic
carbon and lipid.

Deptha

	

(meters)	POCb	Lipidb

Antarctic sites:
King George Island'
Antarctic Peninsula

(62°S 57W)	 323	132.0	-

Riiser-Larsen Ice Shelf d
Oceanic Weddell Sea

(72°S 18W)	 80	16.5	-

Arthur Harbore
Antarctic Peninsula

(64S 64W)	 26	4,200.0	71.0

Temperate and tropical sites:
Peru upwelling

(15°S 75 ©W)	 15	700.0	90.0

	

50	280.0	40.5

California current
(35°N 122°W)	 100	70.0	20.0

	

250	40.0	7.0

Central North Pacific
(15°N 150©W)	 400	3.0	0.2

	

1,000	0.5	0.06

Equatorial North Atlantic
(12°N 50E)	 400	6.0	2.0

	

1,000	3.0	1.0

Sargasso Sea
(30°N 52© E)	 5,200	1.0	-

a In meters.
b particulate organic carbon, in milligrams per square meter per day.
c Bodungen (1986).
dBodungen et al. (1988).
e 5mith G.A. et al. Unpublished data (1989) from Palmer study site.
Wakeman, S.G. et al. (1984).

Preliminary indirect indications are that the response of benthic
microbial trophic systems may be coupled, at least seasonally,
to this flux. Time course (72-hour incubation) studies of ra-
diolabeled precursor carbon incorporation into phospholipids
fatty acids of sediment microbial communities did not indicate
any algal-bacterial coupling (i.e., transfer of autotrophically
fixed carbon-14-bicarbonate into bacterial monounsaturated
phospholipid fatty acids) during early stages of the bloom (fig-
ure). This does not provide a definitive uncoupling, but reveals
a close association between the sediment flux and microbial
trophic responses that may be diluting out, or "short circuit-
ing," any sediment algal-bacterial coupling signal during this
seasonal algal bloom.

We intend, with further analysis of the 1988-1989 data and
comparisons with past investigation of sediment microbial
communities (Smith et al. 1989), as well as future field seasons,
to define more thoroughly this trophic-level transfer of carbon,
thereby providing information on the apparently very impor-
tant sedimentation flux to benthic microbial communities. Such
investigations will focus great emphasis upon water-column
organisms (i.e., phytoplankton) and their ecology. For, if its
abundance is affected by future anthropogenic contamination
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or by the depletion of atmospheric ozone with its consequences
of increased ultraviolet radiation, serious aberrations in the
meiofaunal-microbial trophic relationships within benthic sed-
iments may become apparent. These aberrations may surely
lead to serious trophic-level consequences throughout this high-
latitude food chain.

This research was funded by National Science Foundation
grant DPP 86-12348 awarded to David C. White and Anna C.

Palmisano. We wish to express thanks for the excellent help
and cooperation of the Palmer Station staff and employees of
ITT/ANS with field studies.
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Although unicellular cyanobacteria in the marine environ-
ment were described almost 80 years ago (Lohmann 1911),
their widespread distribution and importance as a component
of oceanic food webs has become apparent only during the
last decade. In 1979, Johnson and Sieburth (1979) and Water-

bury et al. (1979) reported the presence of large concentrations
of a chroococcalean cyanobacterium assignable to the genus
Syncchococcus in the open ocean. Li et al. (1983) and Platt, Subba
Rao, and Irwin (1983) presented evidence that in Atlantic oh-
gotrophic areas the picoplanktonic fraction of the phytoplank-
ton, often dominated by Synechococcus, may contribute more
than 40 percent of the total chlorophyll biomass and up to 60
percent of the total primary production.

In Antarctica, elevated concentrations of cyanobacteria have
been found in selected saline lakes (Wright and Burton 1981)
and during the austral winter, in coastal marine habitats (Mar-
chant, Davidson, and Wright 1987). Nevertheless, it appears
that antarctic marine cyanobacteria are present in considerably
lower abundances when compared with values for tropical and
temperate marine ecosystems. For example, the concentration
of cyanobacteria in surface waters between Australia and Ant-
arctica showed a strong decrease in abundance south of the
Antarctic Convergence (Marchant et al. 1987). Here we present
data on the distribution and abundance of phycoerythrin-con-
taming cyanobacteria in the surface waters of the Drake Pas-
sage, based on samples collected during the 1986-1987 austral
summer.

Samples were collected from the RIV Polar Duke along a
transect from the South Shetland Islands (62°S 57°W) to the
Beagle Channel (55°S 70°W), on 4-7 February 1987 (figure 1).
Surface water was sampled continuously by a pumping system
used for the shipboard aquaria. Every 2 hours, duplicate 50-
milliliter samples for the enumeration of cyanobacteria were
withdrawn, filtered onto Nuclepore filters (0.2 micrometer),
mounted on microscope slides with immersion oil and stored
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Figure 1. Temperature (in degrees Celsius) of surface waters at the
sampling stations across the Drake Passage and along the Beagle
Channel.

at —20°C. Simultaneously, a 100-milliliter sample was pre-
served with buffered formalin (1 percent final concentration)
for total bacterial enumeration. The enumeration of both het-
erotrophic bacteria and cyanobacteria on the filters was done
by epifluorescence microscopy (Porter and Feig 1980) at the
University of Hawaii. Thirty random fields for total bacteria
and at least 50 for cyanobacteria were counted per filter. The
orange fluorescence of phycoerythrin was used to detect the
presence of cyanobacteria.

A modified Sipican expandable bathythermograph probe was
mounted in the intake to the ship's aquaria allowing a contin-
uous record of sea surface temperature. Every hour the water
temperature was also measured using a mercury thermometer
as a means of calibration.

The cyanobacteria concentration varied by approximately
three orders of magnitude along the north-south transect with
maximum concentrations of 8.7 x 106 cells per liter at the
eastern entrance of the Beagle Channel and minimum con-
centrations in the southern Drake Passage. In the Beagle Chan-
nel, cyanobacteria concentration varied between 3 x 10 6 and
5 x 106 cells per liter (figure 2). The abundance of cyanobacteria
in our study was positively correlated with temperature not
only for samples collected along the Drake Passage portion of
the transect, where the surface water temperature increased
northward but also for those from the Beagle Channel portion,
when temperature declined (figure 3). This result is in good

agreement with reports by Murphy and Haugen (1985) for the
North Atlantic and Marchant et al. (1987) for the Indian Ocean
sector of the southern ocean. It also supports the suggestion
that temperature is a principal factor controlling cyanobacterial
abundance in the southern ocean (Marchant et al. 1987).

Nevertheless, we remain unconvinced that temperature per
se is the ultimate controlling factor. Other physical, chemical,
and biological variables may also be important. For example,
Joint (1986) found that temperature appears to control only the
upper limit of cyanobacteria abundance when comparing a
wide range of oceanographic provinces. The latitudinal trends
that we observed in the abundance of cyanobacteria (figure 2)
are consistent with this hypothesis. On the other hand, Mar-
chant et al. (1987) reported the presence of "abundant pico-
planktonic coccoid cyanobacteria" in antarctic coastal waters
during the austral winter and in the pack-ice ablation zone.
Although it is not clear whether these cyanobacteria were ben-
thonic, derived from the sea-ice, or truly planktonic, their pres-
ence indicates that marine coccoid cyanobacteria can be abundant
at low temperatures under favorable growth conditions. Other
environmental factors, such as the increase in nutrients in the
southern ocean, may be responsible for the apparent selection
against cyanobacteria, in favor of eukaryotic microalgae, as
environmental temperature declines.

We also observed a significant positive linear correlation
between the abundance of cyanobacteria and total bacteria
along the transect (figure 2, insert). These results suggest that
the two independent prokaryotic assemblages may be closely
coupled in space and, perhaps, controlled by similar environ-
mental variables. It is interesting to point out, however, that
the regression of cyanobacteria and total bacteria yields a X-
intercept of 86 x 106 total bacteria per liter at the hypothetical
point where cyanobacteria are completely absent from the sur-
face water. Consequently, as cyanobacteria become less abun-
dant in the surface waters of antarctic habitats, the ratio of
total bacteria to cyanobacteria becomes increasingly large. Un-
der these circumstances, it is difficult to imagine how the abun-
dance of cyanobacteria might directly influence heterotrophic
bacteria or vice versa. Differential grazing pressures by pro-
tozooplankton in the antarctic marine environment or direct
competition for an essential biomass-limiting factor (e.g., mo-
lybdenum or vitamin B 12) may be occurring, but we have no
direct information on these processes at the present.

We thank A. Amos, B.C. Mitchell, U. Magaard, I. Hecker,
and D. Bird for help in the collection and the analysis of the
samples, the crew of the WV Polar Duke and Antarctic Services
Inc., personnel for field assistance. This research was sup-
ported, in part, by National Science Foundation grant DPP 85-
18748.

Contribution 2265 of the Hawaii Institute of Geophysics.
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Sea-ice microalgae are known to reach high abundances in
congelation and platelet ice layers covering McMurdo Sound.
Concentrations as high as 10 to 1010 cells per square meter (3
milligrams chlorophyll a per liter) have been reported (Sullivan
et al. 1983; Grossi et al. 1987). Substantial cell densities not
only affect the amount of photosynthetically active radiation
available to the underlying ice algae communities, they also
affect the spectral composition of the incident irradiance along
its path through the ice. Thus, ice algae are the prime biological
determinants of the quantity and quality of light that is avail-
able to the water-column phytoplanktonic and epibenthic mi-
croalgal communities that occur under land-fast sea ice. The
only available information regarding spectral characteristics of
ice algae is derived from measurements of the whole com-
munity collected from different locations in McMurdo Sound
(SooHoo et al. 1987) and in the Weddell Sea (Lizotte et al.
Antarctic Journal, this issue). Such determinations provide an
average of the in vivo absorption properties of all particulates
present in the ice; however, information about the spectral
absorption characteristics of individual algal cells of such com-
munities is not possible with such measurements. We have
applied a microphotometric technique to study the spectral
absorption characteristics of individual sea-ice microalgae and
their taxonomic identification during early summer at three
locations in McMurdo Sound.

Samples of ice microalgae were collected at three different
sites in McMurdo Sound during December of 1986: Erebus Ice
Tongue, Granite Harbor, and Hut Point. Small core sections
of sea ice collected by drilling with an ice auger were diluted
in 2 times volumes of filtered seawater (0.45 micrometer Mil-
lipore) and kept in darkness at 0°C. Samples of ice meltwater
were pepared for microphotometric analysis as described by
Iturriaga, Mitchell, and Kiefer (1988) and Iturriaga and Siegel

(1988). Briefly, this technique consists of concentrating the
sample at very low vacuum pressure (<5 millimeters of mer-
cury) or gravity to minimize cell rupture. Cells concentrated
on the upper face of a 0.4-micrometer pore-size Nuclepore filter
are then transferred to a microscope slide coated with a gelatin
mixture containing preservative. The sample is covered with
one or two drops of a glycerol solution and cover slip, then
stored at - 20°C unless measurements are performed imme-
diately.

A universal microscope equipped with a type 03 photometer
(Carl Zeiss, West Germany), interfaced to a tungsten-halogen
light source and a scanning monochromator was used for this
study. Determination of the spectral absorption of individual
cells requires direct determination of the spectral transmittance
of the sample ( is) compared to a blank (1 0(X)), which is deter-
mined by focusing on the targeted cell and then on an adjacent
area with no particles, respectively. Such determinations en-
abled us to calculate the absorption efficiency factor (Q ,1 (X)) for
observed cells.

Qa('\) = 1 - (1/I)

The absorption efficiency factor is defined as the ratio of the
energy absorbed by the cell to the energy impingent upon its
geometrical cross-sectional area (Morel and Bricaud 1981; Bri-
caud, Morel, and Prieur 1983). The microphotometric tech-
nique allowed us to measure the spectral shapes and magnitude
of Qa(X). These methods enable us to determine for individual
algal cells the major in vivo absorption bands corresponding
to the photosynthetic pigments present, as well as to determine
the taxonomic position of cells.

The variation in spectral shape and magnitude of Q,1 (X) was
studied in several ice algae from different locations of Mc-
Murdo Sound. The cells selected for analysis constituted the
most representative species at each location. Examples of Qa(X)
spectra for the following species: Nitzschia ste/Iota (1), Amp/u-
prora kufferathii (2), Pinnularia quadratarea (3), and Nitzschia ker-
gue/ensis (4) are shown in figure 1. The spectral resolution of
these measurements allows discrimination of major absorption
bands corresponding to algal pigments: chlorophyll a at 435
and 675 nanometers, chlorophyll c at 465 and 630 nanometers,
as well as the accessory pigments such as fucoxanthin from
470 to 550 nanometers. Individual diatoms appear to have
species specific absorption spectral features. In addition, spec-
tral variability within the clones of colonial algal species, such
as Nitzschia kergue/ensis or Amphiprora kufferathii, were mea-
sured. Figure 2 shows a family of spectra derived from a clonal
chain of 10 cells of Nitzschia kerguelensis. The variability of the
absorption efficiency factor Qa(X), in shape and magnitude, is
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Figure 1. Absorption efficiency factor spectra [Qa(X)] for some in-
dividual ice algae.

being statistically analyzed within clones of several species that
build colonies. Such clones offer the possibility of analyzing a

population of cells all of which contain an identical genome
and which share the same light history on a spatial scale of
micrometers. This approach permits us to understand the range
of natural optical variability among cells of the same species
collected from a variety of sea-ice micro-environments as well
as a variety of species from the same environment.

Preliminary microphotometric measurements on individual
cells indicate that optical properties of ice algae are subject to
variability on several scales. Statistical tests are being designed
to rigorously define the variability at the level of clones of one
species, among different species from the same environment,
and among cells of the same species from different environ-
ments. We will interpret this data in terms of the ability of
cells to adapt their biochemical composition (pigments) to the
prevailing spectral irradiance field. Definition of the optical
variability of species will tell us much about the photophy-
siology of algae and the bio-optical characteristics of sea ice.
Interestingly, these same cells contribute substantially to the
characteristics of the prevailing in-ice and under-ice irradiance
fields which may influence the sources of energy available to
other photoautotrophic organisms and the visual response of
heterotrophic organisms at all trophic levels.

This research was supported by National Science Founda-
tion grant DPP 87-17692.
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Figure 2. Absorption efficiency factor spectra [O a(X)] for individual cells determined on a chain of 10 cells of Nitzschia kerguelensis.
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Chemical characteristics
of aquatic fulvic acid

isolated from Lake Fryxell,
Antarctica

G.R. AIKEN, D.M. MCKNIGHT, and R.A. HARNISH

U.S. Geological Survey
Arvada, Colorado 80002

The lakes in the McMurdo Dry Valleys of Victoria Land,
Antarctica, present a unique opportunity to study the internal
production and degradation of organic material in lake eco-
systems. These lakes are located in one of the most and and
barren desert environments on Earth, where in addition to the
absence of plants, the microflora of the soils is quite sparse
(Cameron, King, and David 1970) and the organic content of
the soils is less than 0.1 percent (Horowitz, Cameron, and
Hubbard 1972). Within the lakes, organic compounds derived
from higher plants are absent (Matsumoto, Toni, and Hanya
1984), and the dissolved organic carbon is limited to those
compounds produced by algae and bacteria. Because of this
unique situation, these lakes represent a group of endmember
ecosystems that are ideal natural laboratories to study pro-
cesses related to the chemistry of microbially derived organic
matter in the absence of factors that complicate the interpre-
tation of data obtained from other aquatic systems. The sci-
entific objectives of our research on lakes in the McMurdo Dry
Valleys are to determine the distinctive chemical characteristics
of the major fractions of dissolved organic material in lakes
where the only source of organic material is autochthonous
microbial productivity, and determine the chemical and bio-
logical pathways and rates of formation of dissolved organic
carbon in one lake ecosystem.

Lake Fryxell located in the Taylor Valley was chosen for
study because it is one of the more productive Dry Valley lakes
(Vincent 1981). Lake Fryxell is amictic with a highly stable
water column due to the year round ice cover. Depth profiles
for a number of chemical constituents within Lake Fryxell have
been presented by McKnight et al. (1988). Despite the low light
intensities caused by the 4.5-meter-thick ice cover, abundant
algal populations develop in the oxic zone of the water column

above the 9.5-meter depth, as demonstrated by in vivo fluo-
rescence data (figure 1), which is an indirect estimate of phy-
toplanton abundance. The depth profile for dissolved organic
carbon in Lake Fryxell, however, is quite different from the
depth profile for in vivo fluorescence (figure 2). The dissolved
organic carbon concentration increases with depth throughout
the oxic and anoxic zones to a maximum concentration of 25
milligrams of carbon per liter at the bottom of the lake (18
meters). This profile is generally similar to the depth profiles

In Vivo Fluorescence (IVF)
0	5	10	15	20	25	30

Dissolved Oxygen (mg/L)
Figure 1. In vivo fluorescence and dissolved oxygen depth profiles
for Lake Fryxell as determined in December 1987. (mg/L denotes
milligrams per liter.)
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Figure 2. Dissolved organic carbon and specific conductance depth
profiles for Lake Fryxell as determined in December 1987. (DOC
denotes dissolved organic carbon. mg  C/L denotes milligrams of
carbon per liter.)

for specific conductance and major cations such as sodium and
calcium (McKnight et al. 1988) that have been attributed, in
part, to upward diffusion of ions from the saline bottom water
(Lawrence and Hendy 1985).

Aquatic fulvic acid is a major fraction of the organic material
in the lake, accounting for 40 percent of the dissolved organic
carbon (table 1). Samples of fulvic acid were isolated from
filtered water samples obtained from various depths within
the lake by preparative scale liquid chromatography on Am-

Table 1. Fractionation of dissolved organic carbon from a variety
of depths in Lake Fryxell.

Dissolved	Percent	Percent
Depth	organic carbon 	fulvic acid	hydrophilic acid

5.5 meters	3.0	 40	 12
7.5 meters	5.2	 41	 14
18 meters	25	 39	 10

a ln milligrams of carbon per liter.

berlite-XAD resins. At this time, the samples have been char-
acterized by elemental anlysis, molecular weight determination,
carbon-13-nuclear magnetic resonance (NMR) spectroscopy,
and infrared spectroscopy. These samples exhibit a number of
distinctive characteristics as a result of their being derived solely
from algae and bacteria. In table 2, elemental compositions of
fulvic acids from Lake Fryxell are presented along with those
from other aquatic environments, which were isolated using
comparable methods of resin adsorption chromatography. While
the carbon, hydrogen, and oxygen contents of the Lake Fryxell
samples are comparable with those for fulvic acids isolated
from temperate lakes and rivers, the nitrogen contents of the
Lake Fryxell samples are higher relative to these samples. A
major difference in the precursor materials between Lake Fryxell
and the other aquatic systems is that, in addition to autoch-
thonous microbial sources, allochthonous sources including
higher plants and soil organic matter are also significant sources
of organic matter in temperate lakes and streams. Of particular
importance are lignin-derived compounds that have been rec-
ognized as components of aquatic fulvic acids isolated from
temperate lakes and streams (Ertel, Hedges, and Perdue 1984).
Lignin does not contain nitrogen, and its presence in the pre-
cursor pool for fulvic acid would lead to lower overall nitrogen
content.

Other distinctive characteristics of these samples are illus-
trated by quantitative carbon-13-NMR spectroscopy, which
provides important structural information for organic mole-
cules. In figure 3, the liquid state spectra for the fulvic acid
sample from the chlorophyll maximum zone (7.5 meters) of
Lake Fryxell is contrasted with that for Merrill Lake, a pristine
mountain lake in the state of Washington. The Lake Fryxell
sample has the following characteristics:

20

Table 2. Elemental and molecular weight data for fulvic acids isolated from a variety of aquatic environments
(elemental data presented as percent).

Sulfur

1.2
1.3
8.0

0.5
0.4
0.8

Carbon

54.9
55
52.6

52.9
54.2
55.4

Hydrogen	Oxygen	Nitrogen

(ash free)

	

5.5	 34.9	 3.3

	

5.5	 34.9	 3.1

	

5.4	 31.8	 2.4

	

5.2	 40.7	 0.7

	

3.9	 38	 0.7

	

5.3	 35.0	 1.3

Molecular
weightsa

Ash	(daltons)

2.3	463
1.0	-
0.1	468

0.2	840
0.1	540

Sample location

Lake Fryxell
5.5 meters
7.5 meters
18 meters

Other aquatic environments
Merrill Lake, Washington
Suwannee River, Georgia
Missouri River, Iowa

a Determined by vapor pressure osmometry.
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Figure 3. Quantitative carbon-13-NMR spectra for aquatic fulvic
acids isolated from (a) Lake Fryxell, Antarctica (7.5 meters depth)
and (b) Merrill Lake, Washington. (PPM denotes parts per million.)

• aliphatic carbons (0-60 parts per million) are more abundant
than aromatic carbons with the region representing meth -
ylene carbons (20 parts per million) being predominant,

• the aromatic carbon peak is well defined with no side peaks,
and

• the carboxyl peak (165-185 parts per million) is also narrow
with no side peaks.
The Merrill Lake fulvic acid has markedly different charac-

teristics:
• aromatic carbons are more abundant than aliphatic carbons

and a methylene side peak is not apparent,

• the aromatic peak is broad with prominent side peaks, and
• the carboxyl peak is broad with two peaks indicated.

This comparison shows that the different sources of organic
material in Lake Fryxell (algae and bacteria) and Merrill Lake
(Douglas fir and soils) result in very different molecular com-
positions for these two fulvic acids.

Comparison of the samples isolated from various depths
within the lake provides some indication of the processes that
may control the generation of dissolved organic carbon in the
water column. The composition of dissolved organic carbon,
with respect to different compound classes at each depth sam-
pled in Lake Fryxell, is essentially constant (table 1). In ad-
dition, the fulvic acid samples isolated from these depths vary
little in elemental composition, and infrared analyses indicate
that there are few structural differences between these sam-
ples. It is particularly significant that the dissolved organic
carbon profile does not match the in vivo fluorescence profile,
and that no compositional differences are noted for the fulvic
acid sample collected from 7.5 meters which is a zone of high
algal activity, suggesting that excretion of organic compounds
from viable algae does not exert a strong influence on the
distribution or nature of the dissolved organic carbon. On the
other hand, the similarity in the chemical composition of the
fulvic acid samples, and the similarity between the dissolved
organic carbon and specific conductance profiles suggest that
a major source of dissolved organic carbon in Lake Fryxell is
the degradation of particulate organic carbon derived from
algae and bacteria in the sediments or bottom waters of the
lake, with subsequent diffusion of the more refractory com-
ponents into the water column. This hypothesis is currently
being tested by studying the microbiological and chemical
properties of the sediment and benthos, in addition to further
study of the chemical characteristics of the dissolved organic
carbon throughout the water column.
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