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The Sirius Formation contains reworked marine diatom as-
semblages of upper Eocene, upper Oligocene, upper Miocene,
and Pliocene ages. These marine components were deposited
during repeated marine invasions of intracratonic basins
(Wilkes-Pensacola basins of Webb et al. in press) which parallel
the eastern flanks of the Transantarctic Mountains. During the
late Pliocene-Pleistocene (after deposition of the youngest ma-
rine diatoms) these sediments were stripped from their basins
and transported to the summits of the Transantarctic Moun-
tains and deposited within the Sirius Formation (see Webb et
al., Antarctic Journal, this issue.)

These diatom assemblages will aid in unravelling the
Cenozoic marine depositional history on the east antarctic
craton and provide an approximate stratigraphy of the sedimen-
tary sequence beneath the east antarctic ice sheet. Figure 1
illustrates the episodes of marine deposition as indicated by
diatoms which were obtained from sedimentary clasts in the
Sirius Formation.

Marine diatoms were identified in 9 of 15 samples examined
in this preliminary study. Sample materials are from the Reedy
and Beardmore glacier areas and from Mount Feather (figure 1
in Webb et al., Antarctic Journal, this issue). These represent the
southernmost reported occurrence of marine diatoms to date.
Age assignments of diatom assemblages are based on southern
high-latitude zonal schemes of Weaver and Gombos (1981),

Gombos and Ciesielski (1983), Ciesielski (1983), McCollum
(1975), and Schrader (1976). When diatom zones were not recog-
nizable, the maximum stratigraphic range of specific taxa from
the cited literature was used in figure 1. Foraminifera, radi-
olaria, silicoflagellates, calcareous nannoplankton, sponge
spicules, ostracodes, and palynmorphs are associated with the
diatoms.

Reedy Glacier Area. Sample 64-70 from Tillite Spur contains
abundant diatoms of various ages (figure 2). The youngest di-
atoms include Cosmiodiscus insignus, Coscinodiscus vulnificus, C.
lentiginosus, C. kolbei, C. elliptopora, Nitzschia Kerguelensis, N.
angulata, Eucampia ballaustiurn and others. These taxa belong to
the Cosmiodiscus insignus Zone through Nitzschia interfrigidaria/
Coscinodiscus vulnificus Zone (3.1 to 2.5 million years.) of
Ciesielski (1983). Middle-upper Miocene and upper Oligocene!
lower Miocene phases are identified by Denticulopsis dimorpha
and Synedra jouseana, respectively. Upper Eocene diatoms in-
clude Pyxillia prolungata, Hemiaulus incicus, H. pacificus, Tn-
ceratium unguiculatum, Coscinodiscus superbus, Rocella praenitida,
Pseudophxillia dubia, Stephanopyxis hyalomarginata, and others.
Many of these taxa are not restricted to the upper Eocene;
However, because Stephanopyxis eocenica and Pyxillia johnsonia
var. intermedia are restricted, the entire assemblage is assumed
to be upper Eocene in age.

A sample from Metavolcanic Mountain contains Coscinodiscus
vulnificus (mid-Pliocene) and Cestodiscus sp. (upper Eocene
through upper Oligocene). Sample 64-60 from the Quartz Hills
yielded Coscinodiscus lentiginosus, Thalassiosira oestuppii, Ac-
tinocyclus ingens s.1., Charcotia actinochilus (previously reported
as restricted to the Pleistocene) and Thalassiosira torokina which
suggests an upper Miocene-lower Pliocene age (6.6-4.2 million
years) according to Ciesielski (1983).

Beardmore Glacier Area. A sample from Plunket Point in the
Dominion Range yielded very rare diatoms and diatom frag-
ments. The presence of Thalassiosira oestuppii suggests a
Pliocene age for this sample.

A rich upper Oligocene-early Miocene diatom flora of the
Rocella gelida Zone of Combos and Ciesielski (1983) was re-
covered in a sample from Mount Sirius. The assemblage in-

Figure 1. Episodes of marine deposition in the Wilkes-Pensacola basins as indicated by diatoms. The middle Miocene to early Pliocene interval
( * ) may represent several isolated episodes which cannot be resolved at this time.
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Figure 2. Diatoms from the Sirius Formation: (1) Charcotia actinochilus, sample 64-70; (2) Coscinodiscus vulnificus, sample from Metavolcanlc
Mountain; (3) Pyxillia prolungata, sample 64-70; (4) Hemlaulus polycystinorm, sample 64-70; (5) Eucampia balaustium, sample from Mount
Feather; (6) Nitzschia kerguelensis, sample 64-70; (7) Synedra jouseana, sample 64-70; (8) radiolarian, sample from Metavolcanic Mountain;
(9) Chiasmolithus bidens (calcareous nannoplankton), sample 64-70; (10) Triceratium unguiculatum, sample 64-70; (11) Distephanus spec-
ulum (silicoflagellate), sample 64-70; (12) Hemiau!us pacificus, sample 64-70; (13) Stephanopyxls grunowii, sample 64-70; (14) Act inocyclus
ingens s.1., sample from Metavolcanic Mountain; (15) Trinacria excavata, sample 64-70; (16) Cosmiodiscus insignus, sample 64-70; (17)
Thalassiosira torokina, sample 64-70; (18) Coscinodiscus lentiginosus, sample 64-70.

cludes Rocella vigilans, Rogelida, Synedra jouseana, Rossiella sym-
metrica, Coscinodiscus oligocenincus, and others.

Mount Feather. A sample from Mount Feather yielded the
following Late Neogene diatoms: Hemidiscus Karstenii, Cos-
cinodiscus lentiginosus, C. lentiginosus f. obovatus, Nitzschia ker-
guelensis, Rouxia antarctica, and others. C. lentiginosus f. obovatus
is restricted to the middle Pliocene through lowest Pleistocene
in the southern ocean according to Weaver and Combos (1981)
and DeFelice (1979). An upper Miocene phase is recognized by
the presence of Denticulopsis hustedtii.

Discussion. The implications of microfossil-rich sedimentary
clasts within the Sirius Formation are enormous. The Cenozoic
sedimentary sequence hidden beneath the east antarctic ice
sheet is represented in the Sirius Formation as individual sedi-
mentary clasts. Thus, the history of marine invasions and sedi-
mentation on the east antarctic craton can be interpreted. Also,
the direct cause-and-effect relationship between ice volume

fluctuations and eustatic changes in the Wilkes-Pensacola
basins makes this region unique. Episodes of marine sedimen-
tation (as indicated by the diatoms) represent retreat of the east
antarctic ice sheet (uncovering the Wilkes-Pensacola basins)
and eustatic rise with transgression into these intracratonic
basins. Those periods not represented in the Sirius Formation
suggest that either marine regression exposed the basin floors
or that ice filled the basins during these times.

This study was supported by National Science Foundation
grant DPP 80-18749A01, Peter-Noel Webb, principal
investigator.
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During the 1982-1983 field season, we spent 6 weeks examin-
ing the glacial history and soils of Beacon Valley (77°53'S
160°40'E), as part of G. H. Denton's and J. G. Bockheim's project
to investigate the glacial history of the McMurdo Sound region.
Our major objectives were: (1) to map glacial features and deter-
mine the chronology of glacial events using soils as relative age
indicators, (2) to study fluctuations of Taylor Glacier where it has
entered lower Beacon Valley, and (3) to study the behavior of
alpine glaciers and ice-cored rock glaciers that originate in tribu-
tary lateral valleys (Lv) (see figure) and mantle the main valley
floor. We excavated, described, and sampled 18 soil pits and
collected 57 samples for soil chemical analysis. In addition, we
collected 57 samples from shallower excavations for particle size
and mineralogical analysis. Surface boulder weathering counts
were performed on a minimum of 100 boulders larger than 25
centimeters near each soil pit and on rock glacier lobes in LV 6
and 7.

In lower Beacon Valley, differences were observed in soils
developed on deposits left by the various advances of Taylor
Glacier. The least-developed soils occur on transverse moraine
ridges on the main valley floor (2-4 kilometers from Taylor
Glacier) and are presumably the youngest of the Taylor ad-

(Right) Sketch map (not a geologic map) showing locations of soil
pits in Beacon Valley.
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vances into Beacon Valley. Soils of intermediate development
occur on a high Taylor lateral moraine on the southeastern
valley wall, as well as on moraine fragments in LV 2. Depths of
oxidation, coherence, ghosts, visible salts, and depth to ice-
cement increase considerably between soils on the valley floor
transverse moraines and those associated with the higher Tay-
lor lateral moraines (table 1). Our soil morphologic data on these
deposits is similar to that of Bockheim and Ugolini (1972) and
Linkletter, Bockheim, and Ugolini (1973) from Beacon Valley.
The percentage of boulders planed to the surface, ventifacted,
pitted, fractured, and horned and hollowed is greater on the
higher Taylor lateral moraine compared with the valley floor
transverse moraine (table 2). Surface boulder frequency is high-
er on the transverse moraines than on the higher lateral
moraine.

Soils on the valley floor transverse moraines and the higher
lateral moraines in lower Beacon Valley are similar to soils on the
Taylor II and III moraines in eastern Taylor Valley (Bockheim
1977; Pastor and Bockheim 1980), respectively. It is likely that
Taylor IV ice advanced into Beacon Valley, as it did into nearby
Arena Valley (Bockheim 1982), but in Beacon Valley it left be-
hind very little drift—no Taylor IV moraines or soils have yet
been found there.

In addition, we have mapped numerous features within the
valley and on adjacent mountains that we believe are the result
of erosion and deposition by overriding ice as noted elsewhere
in the dry valley region (Denton, Kellogg, and Kellogg, Ant-
arctic Journal, this issue). Denton postulates that an overriding
ice sheet existed in the dry valleys area and flowed diagnally
across the mountains and valleys in a southwest to northeast
direction. Features we have mapped include abraded stoss
sides of sandstone ridges, lee cliffs, and slopes eroded by sub-

glacial meltwater to produce pothole-like features, megaripples,
and dolerite-rich boulder trains derived from local peaks and
smeared across lateral valleys.

The most strongly developed, and presumably oldest, soils
in Beacon Valley, occur on parts of the central and upper valley
floor and along the southeastern flanks where not disturbed by
frost processes. We believe these soils represent drift from the
overriding ice (tentatively named Altar drift), because they
show a considerable increase in development compared to Tay-
lor II and III soils. The depths of ghosts and visible salts, salt
morphogenetic stage, and color of the B2 horizon are greater in
soils on Altar drift than in those on Taylor 1! and III drifts (table
1). In addition, Altar soils have a silty, pulverulent nature which
is not exhibited in Taylor II and III soils, and may suggest that
extremely thick, wet-based ice deposited this material. Unlike
the Taylor drifts, Altar drift commonly has many well-preserved
buried ventifacts mixed within the solum.

Small alpine glaciers occupy 8 of the 12 lateral valleys (figure).
We believe that these alpine glaciers are fed entirely by wind-
blown snow carried by katabatic winds that blow from south-
west to northeast around and over Mount Feather at the head of
the valley and deposit snow in lee cirques. Mass loss from these
glaciers is predominantly by sublimation. In some cases (LV 4
and 5), these glaciers are surrounded by ice-cored moraines that
stand above the present glacier surface. In other lateral valleys
(LV 6, 7, and 8), the alpine glaciers are transitional downvalley to
still-active ice-cored rock glaciers, 1-3 kilometers long, on
which a debris mantle that overlies clean ice becomes pro-
gressively thicker downvalley from 2-30 centimeters.

In at least one lateral valley (Lv 5), both rock glaciers and clean
alpine glacier lobes have formed at different times. The clean-ice
lobes have left alpine lateral moraines that cross the rock glaciers

Table 1. Soil morphologic characteristics of different aged drifts in Beacon Valley

Depth of
	Depth	of	visible	Salt

oxidation a	saltsa	stage

	

7	 0	encrustations

	

5	 0	encrustations

	

22
	

0	encrustations

	

35
	

0	encrustations

	

19
	

19
	

flecks

	

20
	

20
	

flecks

	

18
	

18
	

flecks

	

30
	

25	patches

	

28
	

28
	

flecks

	

36
	

19	weak pan

	

87+	36	weak pan

	

37
	

20	weak pan

	

34
	

20	weak pan

	

85+	85+	strong pan

	

30+	14	weak pan

	

22
	

11	weak pan

	

26
	

13	weak pan

	

60+
	

60
	strong pan

Field
Depth of	Depth of	texture 
ghostsa	coherencea	(subsoil)

0	 7	 S
5	 5	 S

Munsell

	

Depth	to	color

	

ice cementa	(B2)

	

48	1OYR 5/4

	

>70	10YR 5/4

7.5YR 6/4
7.5YR 6/4
1OYR 6/6
1OYR 6/6
1OYR 6/6

5YR 5/8
1OYR 6/6
7.5YR 5/6
7.5YR 5/6
7.5YR 5/6
7.5YR 5/6
5YR 5/6
7.5YR 5/6
7.5YR 5/6
7.5YR 5/6
5YR 4/6

Profile
number

Youngest

80-12
80-13

Intermediate
76-28
76-42
82-27
82-28
82-42

Oldest
80-14
80-16
82-26
82-29
82-30
82-31
82-33
82-34
82-35
82-39
82-40

0
	

22
	

S
	

>90
35
	

10
	

S
	

>85
16
	

19
	

S
	

>105
20
	

20
	

S
	

>100
90
	

18
	

S
	>100

85
	

30
	

S
	

>110
68
	

93
	

LS
	

>93
25
	

53
	

LS
	

53
38
	

87+
	LS
	>87

32
	

37
	

S
	

89
72
	

34
	

LS
	

86
0
	

85+
	LS
	

85
6
	

30
	

LS
	

30
35
	

60
	

LS
	

60
0
	

47
	

LS
	

47
58
	

60
	

LS
	

60

In centimeters.
b "5" denotes sand; "LS" denotes loamy sand.
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65
63
12
12

(38)

57
66
75
86
74
57

3
(60)

0
0

0
31
31

0
0
2
0
2

74

2
4
8
9

(6)

18
8
6

4
29
16

(12)

0
0
0
0
3

0
0
0
0
0
4

20
30
26

5
(20)

30
24
24

9
20
36
33

(25)

6
15

7
23

3
2
4

20

0
0

11
0

(3)

3
5
2
2
8
4
6

(4)

0

0
0

13
15

0
0
0
0
8
8

0
0
0
0

(0)

0
0
0
0
0
0
0

(0)

7
15

0
0
0

3
19
0
0
0
0

U

2
11
14

2
2

13
18
17

Table 2. Weathering of boulders on different aged drifts in Beacon Valley

Number	Diorite/
(per 314 diorite +	 Desert

Profile	square	sandstone Pitted	Spalled	varnish
number	meters)	(%)	(%)	(%)	(%)

Youngest

80-12	660	98	14	27	100
Intermediate

82-27	1036	92	26	23	100
82-28	837	92	12	23	100
82-42	289	87	23	59	93
76-42	285	97	43	45	93
(Avg.)	(612)	(92)	(26)	(38)	(97)

Oldest
82-26	547	100	30	33	98
82-30	412	96	17	47	100
82-31	511	100	30	32	100
82-33	465	100	40	45	100
82-34	887	98	44	35	100
82-40	200	100	49	16	100
80-16	365	81	23	17	100
(Avg.)	(484)	(96)	(33)	(32)	(100)

LV 6 Rock Glacier
(1)b	421	95	1	0	100
(2) 358	100	4	37	99
(3) 254	93	12	38	98
(4) 543	100	14	53	82
(5) 427	100	15	61	100
82-41	845	100	17	80	100

LV 7 Rock Glacier
(6)b	 85	99	8	3	81
(7) 455	100	29	0	90
(8) 292	100	12	15	100
(9) 807	100	18	22	100
(10) 887	100	27	66	100
82-34	887	98	44	35	100

a "—"denotes no data available.
(1) through (5) and (6) through (10), youngest to oldest.

Venti-	Planed to	Horned and	 Depth to clean
facted	surface	Fractured hollowed	Scratched	ice (in

(%)	(%)	(%)	(%)	(%)	centimeters)

0	0	7	0	0	-

but disappear on the valley floor apparently because there was
not sufficient debris on them to produce moraines at their
termini. Where these alpine moraines disappear, we find soils
that indicate a much greater antiquity of the rock glacier surface
than that of the lateral moraines, suggesting that alpine ice
advances over older rock glacier surfaces with little disturbance
of the underlying soils. We are in the process of examining the
various factors that may produce clean alpine glaciers under
some conditions and rock glaciers under other conditions in the
same valley.

Soils and surface boulders on the relatively young, still-ac-
tive, ice-cored rock glaciers in LV 6, 7, and 8 show slight but
progressive weathering downvalley. Weathering features such
as percentage of boulders varnished, spalled, horned and hol-
lowed, and planed to the surface show a perceptible increase
with greater distance from the alpine glaciers in LV 6 and 7 (table
2). Percentage of boulders ventifacted, pitted, and fractured
increases significantly from the youngest to oldest part of the
rock glaciers. The debris mantle on these rock glaciers, once
established, substantially reduces sublimation of ice and allows

it to persist for long times while adjacent clean glaciers might
retreat.

There is a sharp contrast between the soils associated with
these relatively young ice-cored rock glaciers that have well-
defined ridges, furrows, and lobes and older deposits imme-
diately downvalley from them (table 2). Much of the broad floor
of Beacon Valley that slopes 2-3° toward the northeast is man-
tled by deposits that we believe are older, now inactive, ice-
cored rock glaciers that extend the length of Beacon Valley and
beneath Taylor Glacier.

This work was supported by National Science Foundation
grant DPP 78-23832A-01 to George H. Denton. We appreciate his
support and advice, and the assistance of Howard Conway and
Rick Pershken in the field. We thank the helicopter pilots and
crewmen of VXE-6 for logistic support.

References

Bockheim, J. C. 1977. Soil development in the Taylor Valley and
McMurdo Sound area. Antarctic Journal of the U.S., 12(4), 105-108.

102	 ANTARCTIC JOURNAL



Bockheim, J. G. 1982. Properties of a chronosequence of ultraxerous
soils in the Trans-Antarctic mountains. Geoderma, 28, 239-255.

Bockheim,J. G., and F. C. Ugolini. 1972. Chronosequence of soils in the
Beacon Valley, Antarctica. In W. P. Adams, and F. M. Helleiner
(Eds.), International Geography, 1: 301-303.

Denton, C. H., D. E. Kellogg, and T. B. Kellogg. 1983. Ice sheet over-
riding of the Transantarctic Mountains. Antarctic Journal of the U.S.,

18(5).
Linkletter, C., J . Bockheim, and F. C. Ugolini. 1973. Soils and glacial

deposits in the Beacon Valley, southern Victoria Land, Antarctica.
New Zealand Journal of Geology and Geophysics, 16, 90-108.

Pastor, J . and J. C. Bockheim. 1980. Soil development on moraines of
Taylor Glacier, lower Taylor Valley, Antarctica. Soil Science Society of
America Journal 44, 341-348.

1983 REVIEW	 103



Land ice studies__________________________

Analysis of geophysical data from
Dome C and the Ross Ice Shelf

C. R. BENTLEY, S. SHABTAIE, C. S. LINGLE, and D. D.
BLANKENSHIP

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

Electrical resistivity studies: Soundings and computer modeling.
Studies of ice-sheets and flow-line modeling have indicated the
importance of an independent knowledge of the depth-age
relationship. Core analyses can provide this, at least down past
the Wisconsin-Recent boundary, which is marked by an abrupt
change of physical and chemical properties. Unfortunately,
there are few deep boreholes in the polar regions, so
geophysical methods need to be sought. Electrical resistivity
sounding is a potentially powerful technique, because the re-
sistivity of polar ice is strongly dependent on the density, tem-
perature, and physical and chemical changes in the ice. Our
measurements and model studies at several locations in Ant-
arctica (Shabtaie and Bentley 1979; Shabtaie et al. 1980) have
resulted in the discovery of a sharp increase in resistivity at a
depth that we identify with the transition from Recent to
Wisconsin ice (Shabtaie and Bentley in press). At the two sta-
tions with boreholes (J-9 and Dome C) the resistivities increase
down to the Recent-Wisconsin boundary, and then decrease.

The cause of this resistivity increase is not well understood
and may be attributed to any of the several physical and chemi -
cal changes that occur at about the same depth. Regardless of
the cause(s) of the resistivity changes, resistivity soundings can
be used to estimate the depth at which this boundary exists.
Furthermore, it may be possible, using resistivity soundings, to
trace the climatic boundary in an ice sheet by making measure-
ments at stations along a flow line.

The Dome C observations indicate that another gradual in-
crease or jump to higher resistivity probably exists at a much
greater depth, where the age of the ice is estimated to be more
than 100 thousand years, and that high resistivities persist to
the bottom of the ice sheet. Computer model studies indicate
the increase to be an order of magnitude or more. There may be
a correlation between the depth at which internal radar-reflect-
ing layers disappear and the depth at which the high resistivity
zone begins. Stations on the Ross Ice Shelf close to the west
antarctic ice streams and the major outlet glaciers of East Ant-
arctica show similar effects.

A computer program that uses the linear filter method has
been developed to calculate apparent resistivities on both ice
shelves and ice sheets in which the actual resistivities (as well as
other physical parameters) vary pseudo-continuously with
depth. This computational technique is an order of magnitude
faster than the one we have used previously.

Several different mixture equations were used to estimate the
dependence of resistivity on density. Because temperatures are
known to a depth of 900 meters at Dome C, models with dif-
ferent activation energies could be tested both for firn (mini-
mum density 0.35 megagrams per cubic meter) and solid ice.
The models fitted to the observed values over the temperature
range of - 20°C to - 55°C for firn and - 2°C to - 53°C for solid
ice suggest an activation energy of about 0.25 electron volts for
both. The functional dependence of resistivity on density and
temperature developed at Dome C where the two effects could
be separated, has been found to provide a fit at practically all the
stations on the Ross Ice Shelf, where they cannot be individually
analyzed.

Seismic Studies. Observations reported last year (Bentley et al.
1982) and elsewhere (Blankenship, Gassett, and Bentley 1982)
indicate that the deeper ice in the vicinity of Dome C is
transversely isotropic with a vertical axis of anisotropy. The
functional form of the P-wave slowness surface observed is
consistent with one obtained from a model employing, for the
anisotropic ice, a uniform distribution of c-axes within a vertical
circular cone of semi-apex angle I. Limiting models fitting the
data for Dome C are (1) half isotropic ice and half anisotropic ice
with I 0° and (2) all anisotropic ice with I 29°. On the basis
of c-axis distributions measured in ice cores from other locations
the most reasonable model is one containing one-third isotropic
ice and two-thirds anisotropic ice with I = 20°. The correspond-
ing average vertical P-wave velocity is 3,977 meters per second.

Subglacial geology at L)orne C. The results of ground-based and
airborne geophysical investigations undertaken from 1978 to
1982 in the vicinity of Dome C have been combined to give an
indication of subglacial lithology. Seismic long-refraction shoot-
ing along two lines (grid north-south, grid east-west) directly
over the local subglacial plateau (Bentley et al. 1981) imply that it
is composed of crystalline bedrock with a velocity of 5.8 kilo-
meters per second covered by little or no low-velocity sediment.
Ground-based magnetic and gravity observations made along
the 10-by-10 kilometer grid centered on the station have been
modeled in three dimensions using a digitized bottom topogra-
phy based on both airborne and ground radar. A bedrock densi-
ty of 2.7 megagrams per cubic meter is indicated by the gravity
modeling and a very large apparent susceptibility of 0.011 elec-
tromagnetic units (centimeter/gram/second system) results
from the magnetic models. This can he explained by rocks with
a large natural renianent magnetization (Koenigsberger Q ratio
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greater than unity) roughly oriented in the direction of the
geomagnetic field. These velocity, density, and susceptibility
determinations imply that the subglacial rock is most likely
andesite or basalt and that this portion of the continent was
located at a high magnetic latitude when the rock was emplaced.

Retreat of ice streams in the Ross Sea emnbaimnent. Work has con-
tinued on a numerical model of a polar ice stream that is
grounded below sea level. The goal is to study the feed-back
influences of isostatic adjustment on grounding line retreat
during the Recent period of rising sea level. A model devised by
Thomas and Bentley (1978) for computation of grounding line
retreat on a rigid earth as a function of eustatic sea-level change,
was modified by adding the numerical solution of a two-dimen-
sional continuity equation to compute changes in the flowline
thickness profile associated with increments of grounding line
retreat. The elastic Green's functions computed by Farrell (1972)
were then used to compute the elastic-earth response to
changes in ice and water loading.

A Green's function approach was also adopted for computa-
tion of the viscous-earth response. The analytical solution in
wave-number space for displacement of the bottom surface of a
three-dimensional elastic plate (lithosphere) overlying a vis-
cous half-space (upper mantle) (Cathies 1975) was used and
inverted numerically to obtain space-time Green's functions
corresponding to a 1 kilogram point load. These Green's func-
tions were then used to compute the time-dependent viscous
response to past changes (as well as to the current change) in
the ice stream thickness profile. After each change in the posi-
tion of the grounding line, the instantaneous elastic response
was added to the viscous response to obtain the net isostatic
displacement of the sea floor.

More recently a version of the continuity equation taking into
account transverse variations in the width of the flow band has
been adopted for computation of changes in the ice stream
thickness profile. The Thomas and Bentley (1978) model for
computation of grounding line retreat has been replaced by
direct solution of the grounding line boundary equations. A

basal sliding relation of the kind determined experimentally by
Budd, Keage, and Blundy (1979) also has been incorporated in
the model, and the sliding relation has been scaled empirically
to the balance velocity and basal shear stress curves. The ap-
plication of this more-realistic flow band model to Recent retreat
of the ice stream has led to timing and maximum rates of retreat
that differ from earlier results.

This work was supported by National Science Foundation
grants DPP 81-19989, DPP 79-20736, and [)PP 78-20953.

This is contribution number 414 of the University of Wiscon-
sin-Madison, Geophysical and Polar Research Center.

References

Bentley, C. R., D. D. Blankenship, K. C. Jezek, K. C. Taylor, Jr., J. S.
Lovell, and B. E. Eltman. 1982. Dome C Geophysical Survey,
1981-82. Antarctic Journal of the U.S., 17(5), 74-75.

Bentley, C. R., D. D. Blankenship, R. M. Gassett, and S. Shabtaie.
1981. Analysis of Dome C data, 1980-81. Antarctic Journal of the U.S.,
16(5), 81-82.

Blankenship, D. D., R. M. Gassett, and C. R. Bentle y. 1982. Seismic
investigations of the firn-ice structure at Dome C, East Antarctica.
Annals of Glaciology, 3, 339.

Budd, W. F, P. L. Keage, and N. A. Blundy. 1979. Empirical studies of
ice sliding. Journal of Glaciology. 23(89), 157-170.

Cathies, L. M. 1975. The viscosity of the Earth's mantle. Princeton: Prin-
ceton University Press.

Farrell, W. E. 1972. Deformation of the Earth by surface loads. Reviews of
Geophysics and Space Physics, 10(3), 761-797.

Shabtaie, S., and C. R. Bentley. In press. Probing the Holocene-Wiscon-
sin boundary in polar ice sheets. Annals of Glaciology.

Shabtaie, S., and C. R. Bentley. 1979. Investigation of bottom mass
balance rates by electrical resistivity soundings on the Ross Ice Shelf,
Antarctica. Journal of Glaciology, 24(90),331-343.

Shabtaie, S., C. R. Bentley, D. D. Blankenship, J . S. Lovell, and R. M.
Gassett. 1980. Dome C geophysical survey, 1979-80. Antarctic Journal
of the U. S., 15(5), 2-5.

Thomas, R. H., and C. R. Bentley. 1978. A model for Holocene retreat
of the West Antarctic ice sheet. Quaternary Research, 10, 150-170.

1983 REVIEW	 105



Liquid conductivity of a 44-meter firn
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During the 1978-1979 austral summer several firn cores were
drilled on the McMurdo ice shelf as part of a study of brine
infiltration (Kovacs and Cow 1975; Kovacs etal. 1982). To investi-
gate the potential for obtaining a volcanic record from Mount
Erebus in the area of Windless Bight, we undertook a study of
one of these cores as a pilot project to our current investigations
of tephra dispersal from Mount Erebus.

Windless Bight was thought to be an ideal site at which to
record eruptive events from Mount Erebus both because of its
proximity to the volcano and because it is an area of light winds.
However, in the course of this investigation, we discovered that
because the core was taken near Hut Point Peninsula, marine
impurities dominate the snow chemistry of the region and mask
any evidence of eruptions that one might hope to detect by
snow chemistry alone. Although a volcanic record from Mount
Erebus was not obtained from this core, a record of impurity
concentration variations at this site for the last 100 years has
been obtained. Furthermore, these measurements provide evi-
dence in support of a seasonal variation in marine impurities
linked perhaps to varying duration of open water and stormy
weather (Herron and Langway 1979; Warburton and Linkletter
1978).

Prior to sampling, the core was examined for any visible
stratigraphic features. In addition to many ice crusts and melt
layers, two dust layers were observed in the core. A diffuse dust
layer 10 centimeters thick was noted between 18.51-18.61
meters and a thinner, cloudy layer between 24.45-24.47 meters.
About 10 samples per year were taken from the upper 13 meters
of the core to establish whether seasonality could be detected in
the parameters being measured. The rest of the core (down to 44
meters) was sampled at intervals of about four per year except at
depths around 34.5 meters and 40 meters where detailed sam-
pling was performed.

Continuous profiles of liquid conductivity and deuterium
down to 44 meters were obtained for this core. A few samples
were also measured for sulfate and nitrate (by ion chromatogra-
phy) and sodium (by flameless atomic absorption). The figure is
a profile of the liquid conductivity and deuterium con-
centrations in the upper 13 meters of the core. The deuterium
profile was used to estimate yearly intervals of accumulation,
because it clearly exhibits regular seasonal fluctuations

throughout the first 13 meters. The conductivity profile con-
tains many sharp peaks which seem to correlate with the deu-
terium profile. The seasonal fluctuations were apparently pres-
ent throughout the core, as was determined by examining
selected deep sections which were sampled at intervals of 10 per
year. The sharpness of the conductivity peaks as compared to
the smoothness of the deuterium variations is consistent with
findings of Herron and Langway (1979) who observed sharp
sodium peaks and more sinusoidal oxygen isotope peaks in the
cores they studied. The similarity of the conductivity profile to
that of sodium suggests that the conductivity profile might be
interpreted as evidence of seasonal influxes of marine im-
purities during periods of open water and intensified cyclonic
storms. Detailed examination of some of the conductivity peaks
shows that they are actually associated with high concentrations
of sodium and sulfate. In some cases, sulfate is in excess of
stoichiometric sodium sulfate. Some of this excess sulfate could
be of volcanic origin (i.e., a local background) or may be derived
from marine biogenic sources.

Preliminary observations of the dust layer at 18.51-18.61
meters suggest that it is primarily windblown dust and
weathered fragments from locally exposed bedrock. Glass
shards are present although not abundant in this layer. The
origin of the 2-centimeter-thick layer at 24.45-24.47 meters is a
little more speculative although it too is probably local wind-
blown material.

The suggestion that there is a seasonality in the conductivity
and deuterium peaks permits an estimation of the accumulation
rate, using the spacing between adjacent peaks and the density
profile. The accumulation rate (b) and standard deviation (o•)
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estimated from 32 ± years (1945-1977) of seasonal deuterium
peaks (b = 19.8 centimeters of water per year, (T 5.9) and the
accumulation rate estimated from the conductivity peaks (b =
18.8 centimeters of water per year, a = 5.9) are in good agree-
ment. These are also consistent with measurements made by
Stuart and Bull (1963) from a pit on the McMurdo ice shelf (b =
18.5 centimeters of water per year, (T	3.4) for the period
1948-1958.

The results of this study are significant in terms of under-
standing polar ice chemistry. We conclude that in coastal sites,
such as the McMurdo ice shelf location, conductivity variations
can be interpreted as seasonal variations of marine salts and can
be used to date cores and to estimate accumulation rates. The
origin of substantial excess sulfate at this site is as yet unclear.

Studies of tephra dispersal around Mount Erebus were begun
during the 1982-1983 field season. Shallow firn cores and snow
samples were taken around the volcano for studies of grain size
distribution and ice chemistry. The purpose of this research is to
establish a model for fine-grained tephra dispersal about an
active volcano and to select a site where deeper coring in the
future could provide an interpretable record of eruptive activity
for Mount Erebus.

This core was made available by Tony Cow of the U.S. Army
Cold Regions Research and Engineering Laboratory. Measure-

ments of deuterium were provided by Jean Jouzel of the CEN

Saclay, France. Sodium measurements were performed by Mar-
tine Briat, Laboratoire de Glaciologie, Grenoble, France. Anal-
yses of liquid conductivity, sulfate and nitrate were performed
by Palais at the Laboratoire de Glaciologie, Grenoble. This work
was funded by the Institute of Polar Studies, Ohio State
University.
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Ross Ice Shelf oxygen isotope profile
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A 16-meter-long, 8-centimeter-diameter core through the
Ross Ice Shelf at J-9 (82°22'S 168°40'W) was obtained in the
1978-1979 field season by the Soviet Antarctic Expedition and
the United States Antarctic Research Program (Zotikov,
Zagorodnov, and Raikovsky 1979a). Preliminary results of oxy-
gen isotope analysis were reported by Grootes and Stuiver
(1982). The oxygen isotopic composition (6 80) of the ice has
now been measured for the complete core and an additional
progress report is given here.

The figure shows 6180 for 52 1-meter core sections, 47 cut in
1981 and 5 in July 1982. The 1-meter core sections were sampled
in detail (0.5- to 2.5-centimeter intervals) to study short-term
variability in 6180. An average value for the 6 1 0 of each section
is used in the figure. The individual 1-meter averages show a
considerable scatter—±2 parts per thousand (%c)—around the
long-term trend, especially in the upper part of the core. This
has to be attributed entirely to the variability in the 80 of the
ice because the uncertainty of sample preparation and mass-
spectrometric measurement is less than 0. 1%c. Below 100-meter
depth cyclic short-term variations in 6 1 0 of up to 13%c over 10

centimeters occur in the ice (Grootes and Stuiver 1982). The
average value obtained for a section may be significantly influ-
enced when an incomplete cycle is included. An upper limit for
this type of error is suggested by Morgan (1982) who estimates
the error in 6 as being smaller than or equal to the spread in 6
divided by twice the number of maxima and minima sampled.
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Oxygen isotopic composition ( 8 180) [expressed as relative deviation
from the International Atomic Energy Agency, Vienna Standard
Mean Ocean Water (v-sMow), in parts per thousand—%0] of Ross Ice
Shelf ice at J-9 as a function of depth (measured in meters). Data
points each represent the average of a large number of samples
from a 1-meter core section. Error bars give an estimate of the
uncertainty based on the spread of h values observed in the section
and the number of cycles included in it.
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The error bars in the figure are based on this estimate. The
standard error in the mean, obtained by treating the results as
random fluctuations around the mean, is generally about the
same. It is significantly smaller if only a few cycles are included
in the 1-meter section.

If we consider only long-term trends, three (and possibly
four) regions of differing 6 1 0 trends can be seen in the figure
(see table). The decrease in 6180 with increasing depth between
35- and 274-meter depth can be treated as uniform ( 6 180 =
- 0.033 d - 26.53%c, where d is depth in meters). There seems to
be, however, an off-set plus a change in trend around 150-meter
depth and we will treat this interval as two separate sections in
the preliminary discussion of the 6180 profile given below.

Isotope regimes of the J-9 core

	

Depth 	alBob	Precipitation area	Time

	

35-150	—28.5 to —30.5 Ross Ice Shelf	Halocened
Ice Stream B

	

150-274	—31 to —36	Ice Stream B	Holocene 
Catchment

	

274-281	—36 to —43	Ice Stream B	Interglacial/glacial
Catchment	transition

	

281-410	Range	Ice Stream B	Last glacial
—40 to —43	Catchment

410-416'	Data not	Sea ice, bottom	Recent'
available	freezing

a In meters
b In parts per thousand (%).
C Sampled and described by Zotikov, Zagorodnov, and Raikovsky, 1979b.
"Holocene" refers to last 12,000 years and "Recent" refers to present,
to less than 1,000 years.

The first section down to about 150-meter depth consists of
snow that fell at or below the 500-meter contour on Ice Stream B
and on the Ross Ice Shelf. The gradual depletion of 6180 with
depth from a 60 of about - 28.5% to - 30.5% agrees with the
change in the mean isotopic composition of the upper firn when
going upstream along the J-9 flow line (Thomas and MacAyeal
1982) from - 29%c near J-9 to - 30%c near the outflow of Ice
Stream B (Clausen et al. 1979). Thomas and MacAyeal (1982)
calculated a depth of about 80 meters at J-9 for snow that fell on
the ice shelf near the grounding line and estimated between
125-meter and 155-meter depth for snow from the 500-meter
altitude contour. Herron and Langway (1979) place the glacio-
chemical transition between inland ice and shelf ice, which is
expected to occur near the 500-meter contour, at a depth of
about 130 meters at J-9 based on their measured sodium con-
centrations. They estimate an age of about 1,100 years for this
ice. The change in the trend of 6180 with depth which occurs
around 150-meter depth in the figure therefore probably re-
flects the transition from snow that fell in the catchment area of
Ice Stream B above the 500-meter contour to snow that fell on Ice
Stream B and the Ross Ice Shelf below that altitude.

The ice of the second section originates from the catchment
area of Ice Stream B which extends from the 500-meter contour
up to the Ohio Range and the Whitmore Mountains (over 2,100
meters) (Rose 1979). Morgan (1982) shows a mean annual sur-
face 6180 contour of —40% extending from East Antarctica to

the Whitmore Mountains and a 6180 of — 39.2%c for this area.
The isotopic composition of the snow in the catchment area can
therefore well account for the decrease in 6180 from - 31% to
—36%.

The very rapid change in 6180 from about - 36%c to - 43%o
exceeds currently observed 6 values in the catchment area and
most likely reflects the transition between the present inter-
glacial and the last glacial period. Its magnitude of 71/c is identi-
cal to the isotopic shift observed in the Byrd core (Johnsen et al.
1972) and somewhat larger than the 5%o and 5.4%c observed,
respectively, at Vostok (Barkov et al. 1977) and Dome C (Lorius
et al. 1979). The age interval represented by the 7 meters of
transitional ice is unknown but is probably restricted to less
than a thousand years if comparable to the Greenland transition
(Dye-3 and Camp Century Dansgaard et al. 1982).

The ice below 280-meter depth, down to the sea ice at 410
meters, shows strongly negative 6180 values like those reported
for the west Antarctic ice sheet at Byrd Station during the last
glacial (Johnsen et al. 1972). The 3%c 6180 variations may reflect
climatic fluctuations. Microparticle analysis on the same sec-
tions shows high concentrations (up to ten times those in the
upper 270 meters of core) for four sections from 292- to 340-
meter depth (Mosley-Thompson and Thompson 1982). A layer
of ice with high particle concentrations just below the transition
from the last glacial to the present interglacial has been reported
for the cores at Byrd Station, Dome C, and Camp Century
(Thompson and Mosley-Thompson 1981). This lends support
to our assignment of the change in section 3 to the glacial/
interglacial transition.

The J-9 ice core thus appears to span the present interglacial
as well as a segment of the last glacial and provides a data base
for the southern, inland part of the west antarctic ice sheet over
this period.

This work was supported by the National Science Foundation
Grant DPP 80-19756. The assistance of the staff of the Ice Core
Storage Facility of the State University of New York at Buffalo in
sampling the core is gratefully acknowledged. Part of the sam-
ple material was obtained via L. C. Thompson, Ohio State
University, who sampled J-9 for microparticle studies.
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Byrd Station ice core: Preliminary

results and interpretation

J. M. PALAIS

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 432.10

P. R. KYLE

Department of Geosciences
New Mexico Institute of Mining and Technology

Socorro, New Mexico 87801

R. DELMAS

Lahoratoire de Glaciologie
Grenoble, France

Since its retrieval in 1968, the Byrd Station ice core has been
the subject of a wide variety of scientific investigations (e.g.,
Cragin et al. 1974; Cow and Williamson 1971; Johnsen et al. 1972;
Kyle and Jezek 1978; Thompson 1977). Of particular interest is
the presence of 25 ash and 2,000 dust layers of volcanic origin
believed to be derived from sources in Antarctica (Kyle and
Jezek 1978).

To date, most of the studies have concentrated on the ash
layers presumably because the larger particles and greater
abundance of material facilitate analysis. In this paper, we re-
port on some new analyses of ice chemistry and on the com-
position and morphology of particles of some of the dust layers.
New data on several of the ash layers are also presented.

The samples examined in this study were taken from sections
in which dust bands exist as well as from dust-free ice. Each
sample, representing about one year of accumulation, was
cleaned and melted using techniques described by Langway,
Herron, and Cragin (1974).

Measurements of acidity, conductivity, sulfate, nitrate, so-
dium, and aluminum were performed. Most core sections have
fairly complete acidity and conductivity profiles while the other
parameters were only measured on selected samples. Acidity

and conductivity measurements are well correlated for samples
in which there are no dust layers. When dust is present in a
sample of ice, the correlation is less clear. Many dust-bearing
samples have very low acidities or may even be alkaline, proba-
bly because of hydrolysis of silicate material which tends to
neutralize the acidity of the ice samples. Such reactions, while
affecting the acidity, may leave the conductivity relatively un-
changed because of the liberation of other ions in the hydrolysis
reaction. Sulfate peaks generally correlate with high levels of
acidity but also occur in sections where there are no elevated
levels of acidity, especially in dust-bearing sections of the core.
Likewise, sodium and especially aluminum are elevated in as-
sociation with dust layers. Nitrate measurements show no ob-
vious relationship to the dust layers. Finally, 31 excess sulfate
values were calculated for ice samples with and without dust.
This calculation takes into account the sodium contributed from
dust in the sample and the sulfate derived from seawater and
refers to the sulfate which occurs in excess of stoichiometric
sodium sulfate derived from seawater. Values range from -0.05
to 9.03 microequivalents/liter with most of the values in the
interval 0-2 microequivalents/liter. These results indicate that at
Byrd Station there is an important background component of
excess sulfate as well as a sporadic volcanic contribution associ -
ated with the dust layers.

Insoluble dust particles were recovered on filters to investi-
gate their morphology and composition. Samples from the 25
ash layers described by Cow and Williamson (1971) were also
examined. A small piece of each filter was mounted and carbon
coated for scanning electron microscope and energy dispersive
x-ray analysis work.

Preliminary studies of these samples indicate distinct dif-
ferences in size, morphology, and surface chemistry of the
particles from ash and dust layers. The ash layers are charac-
terized by fresh angular glass shards ranging in size from 5-50
micrometers with little or no surface alteration whereas the dust
samples contain aggregates up to 100 micrometers in diameter,
composed of smaller (1-2 micrometers) grains that are coated
with a surface alteration enriched in sulfur and chlorine (see
figure).

The high proportion of small particles (indicating a high de-
gree of fragmentation) and the presence of aggregates suggests
that the dust formed in volcanic eruptions under water or ice.
Subaqueous eruptions are known to produce aggregates of
small particles, called accretionary lapilli. The surface alteration
of the dust particles also favors the interaction with water.

We suggest on the basis of this information that the ash layers
were formed during normal subaerial eruptive activity while
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the dust layers were formed in subglacial volcanic eruptions.
According to Raynaud and Whillans (1982), the ice at Byrd
Station was some 200-250 meters thinner at the height of the
Wisconsin glaciation than it is at present. At the end of the
glaciation the ice began thickening, perhaps in response to
atmospheric warming and because of the ability of air masses to
carry more moisture. The increase in ice thickness may have
been sufficient to submerge Mount Takahe, which is the proba-
ble cause of the ash and dust layers (Kyle and Jezek 1978),
causing it to erupt through a covering layer of ice. We suggest
that the study of dust and ash layers in ice cores may provide
information on thickness changes and thus the stability of the
west antarctic ice sheet.

The samples examined in this study were obtained at the ice
core laboratory, State University of New York-Buffalo. Filters
containing samples of ash were provided by Tony Gow. Ice
chemistry work was performed at the Laboratoire de Glaciologie
in Grenoble, France. The scanning electron microscope work
was performed at the Los Alamos National Laboratory. This
work is being funded by National Science Foundation grant DPP
80-21402.

I _# I
(A) 2070X.1436 m. Enlargement of fresh vesicular glass shard (70
micrometers long) from ash band. Note bubble walls and adhering
particles. (B) 1360S.1564.18 m. Aggregates (65 micrometers long) of
1-2 micrometers particles. These particles are typical of the dust
bands.
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Radioactive dating of Byrd core and
Allan Hills ice

E. L. FIREMAN

Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

Antarctic ice is a storehouse of information on the history of
the Earth's atmosphere and climate. This information store-
house is made more valuable by dating the ice. The best dated
ice in Antarctica is the 2,200-meter Byrd core in which a change
in the 180/160 ratios due to the end of the last glaciation, about
13,000 years ago, occurs at 1,100-meter depth (Epstein, Sharp,
and Cow 1970). At shallower depths the age of the core is
estimated fairly accurately; however, near the bottom of the core
the age estimates range from 30,000 to 100,000 years (Johnsen et
al. 1972). The age of ice in ablation regions, such as the Allan
Hills meteorite collection site, is unknown. Because meteorites
with terrestrial ages ranging from 11,000 to 700,000 years have
been collected at the Allan Hills site (Fireman 1980; Nishiizumi
and Arnold 1980), some of the ice at this site may be very old.

We are applying two radioactive dating methods to Byrd core
and Allan Hills ice. The first method is based on the carbon-14
(half-life = 5,730 years) in the carbon dioxide (CO,) extracted
from the ice (Fireman and Norris 1980, 1982). The carbon-14 was
measured by counting the CO2 in low-level proportional mini-
counters. In collaboration with accelerator mass-spectrometry
groups at Bern and at the University of Arizona, we are attempt-
ing to improve and extend these carbon-14 dates. The second
method is based on members of the uranium decay chain in
dusty ice. Our study of this method arose from our effort to
trace the source of radon-222 in some of our extracted CO2
samples.

Our carbon-14 dates for Byrd core samples from 271-, 362-,
and 107-meter depths are (2.2 ± 1.0) x 10, (3.2 ± 0.8) X 10,
and >8.9 x 103 years, respectively, in accordance with the
glaciological estimates. With accelerator mass-spectrometry we
hope to improve the accuracy of these carbon-14 dates and
extend them to at least 15 x 103 years. Our carbon-14 dates for
Allan Hills samples varied with the location and depth of the
sample. The oldest carbon-14 age, >10.5 x 10 1 years, was for
subsurface (5- to 35-centimeter depth) ice from the cul de sac
(76°45'S 159°35E) region of Allan Hills. Subsurface ice from
other Allan Hills regions gave ages about 6 x 103 years. A map
of the Allan Hills site with the carbon-14 ages for these regions
has been published (Fireman and Norris 1982).

In our carbon-14 studies we found variable amounts of
radon-222 (t12 = 3.8 day) in the CO 2 (Fireman and Norris 1980).
The amount of radon-222 activity correlated with the amount of
dust in the filtered melt. Radon-222 is the daughter of radi-
um-226(t  2 = 1602 years), which is the daughter of thorium-230
(t2 = 75,000 years), which is the daughter of uranium-234 (t 1 2

= 250,000 years) in the uranium-238 decay chain. If radi-
um-226, thorium-230, and uranium-234 in ice result from their
ejection from fine dust grains during a decay, then the radi-
um-226/thorium-238 and the thorium-230/uranium-234 ratios
give ages (dust incorporation time) for the ice. The two ages are
identical if the members of the uranium-238 chain in the dust

are in equilibrium and no dust has dissolved into the ice during
melting.

During the 1982-1983 field season, W. A. Cassidy collected
cul de sac ice, which should be good for uranium series dating.
This sample of 20-kilogram weight contained three visible dust
bands composed of fine volcanic glass shards. From such fine
shards a significant fraction of the members of the uranium
decay chain should recoil into the ice during ct decay. We have
done radon-222 and thorium-230 measurements and are pro-
gressing with uranium-234 and uranium-238 measurements on
a very dusty 0.8-kilogram ice sample from 1.25 meters above
the bottom of Byrd core. The near bottom Byrd sample contains
fine clay and larger particles incorporated from the ground
surface upstream. The members of the uranium decay chain are
essentially in equilibrium in the volcanic glass but not in the
clay. The cul de sac ice with volcanic glass contains no dissolved
material; the near bottom Byrd core ice contains a great deal of
dissolved material.

Our procedure for uranium series dating is: (1) We rapidly
filter the melted ice under controlled conditions (pH 1.0). The
rapid filtration with a pH of 1.0 essentially eliminates the pos-
sibility of adsorption on and desorption from the dust particles.
(2) We then extract and measure the radon-222 from the filtered
melt water by a series of helium purges with an argon carrier.
This determines the radium-226 dissolved in the ice. (3) We
then extract the thorium and the uranium from the purged
filtered melt water by solvent extractions and a-count the sepa-
rated thorium and uranium with a surface barrier a
spectrometer.

There were 20 decays per minute of radium-226 in the filtered
melt of the 0.8-kilogram near bottom Byrd sample. There were
thorium-230 and members of the thorium-232 decay chain in
the thorium fraction. The radium-226/thorium-230 activity ratio
was approximately 3.5, which gives an uncorrected radium-226/
thorium-230 recoil age of —40 x 10 1 years; however, this age
must be corrected for the dissolved components and the dis-
equilibrium in the dust. The required correction factors are
being determined.

This research was supported in part by National Science
Foundation grant DPP 82-17831.
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Ice mass fluctuations in northern
Victoria Land

PAUL A. MAYEWSKI

Department of Earth Sciences
University of New Hampshire

Durham, New Hampshire 03824

Rennick Glacier is one of the major ice drainages for the
northern Victoria Land sector of East Antarctica. Unlike glaciers
farther south along the Transantarctic Mountains, Rennick
Glacier does not drain into the Ross Ice Shelf but flows directly
into a seasonally ice-covered ocean. Therefore, current fluctua-
tions of this glacier are unhampered by the dampening effects of
the Ross Ice Shelf. The primary controls on the activity of this
glacier and others in this region are mass balance and sea level.

Two major glacial events are recorded in the upper Rennick
Glacier region (Mayewski, Attig, and Drewry 1979). The loca-
tion of erratics and glacially scoured features suggests that dur-
ing the oldest, or Evans, glaciation ice covered all but the high-
est peaks in the region. Following this glaciation a re-advance
produced the Rennick glaciation. Drift produced during Ren-
nick glaciation has a surface cover of unweathered clasts and is
commonly found in the form of recessional moraines with asso-
ciated ice-marginal lakes. Rennick Glacier is currently in a reces-
sional phase of the Rennick glaciation, characterized by physical
re-adjustments of local ice masses (Cameron and Goldthwait
1961; Mayewski and Attig 1978) including progressive inland
migration of the Rennick Glacier grounding line. To date the
grounding line has migrated up to the midpoint of the glacier.

During the 1980-1981 and 1981-1982 austral summer field
seasons investigations were conducted to document and under-
stand the physically and/or climatically induced changes
characteristic of the retreat phase of the Rennick glaciation.
Studies used to document the retreat phase included: (1) glacial
geologic mapping; (2) monitoring of velocity, strain, and abla-
tion on Rennick Glacier and two alpine glaciers close to the
grounding line of Rennick Glacier; (3) radio-echo sounding at
selected sites throughout the region; and (4) recovery of several
shallow ice cores for glaciochemical analyses (sulfate, nitrate
plus nitrite, reactive iron, reactive silicate, sodium, chloride,
and tritium). A brief summary of the results to date follows.

Mapping of glacio-depositional and glacio-erosional features
reveals that relatively extensive areas of wet-based ice charac-
terize the Rennick Glacier region and that they have in the
recent past. The fact that this ice is relatively temperate by
comparison with most ice in East Antarctica is also indicated by
ablation values of about 20 grams per square centimeter per year
for both the lower Rennick Glacier and nearby alpine glaciers.
Velocities of about 160 meters per year and about 30 meters per
year characterize Rennick Glacier close to its grounding line and
at nearby alpine glaciers, respectively. Strain rates measured at
velocity monitoring sites are approximately 0.001 per year. A
radio-echo sounding profile along the lower Rennick Glacier
(Mayewski, Attig, and Drewry 1979) has been extended up one
of the tributary glaciers feeding Rennick Glacier and up into the
Evans Névé, one of the major sources of ice for Rennick Glacier.
Ice thicknesses computed from the radio-echo sounding stud-
ies portray relatively thin ice, less than 100 meters, for the sites
measured in Evans Névé. Therefore, ice flow out of this ac-
cumulation basin is minimal and Rennick Glacier may experi -
ence continued inland retreat of its grounding line due to reduc-
tions in ice flow to this site. In the future, as bedrock topogra-
phy exerts its control on the flow of ice in Evans Névé, this
situation will worsen. Finally, glaciochemical studies which are
still being analyzed point to a 2- to 3-times greater net mass
balance in the lower Rennick Glacier area versus that in the
Evans Névé. Source determination for the chemical species
examined in the cores are being used to plot pathways taken by
the precipitate entering the core sites.

Members of the 1981-1982 field program were: Paul A.
Mayewski (leader), Wm. Berry Lyons, Boyd Allen III, and Peter
Feuerbach. We are grateful for the support provided by the
LC-130 and helicopter crews of VXE-6 and the staff at the north-
ern Victoria Land camp. This research was supported by Na-
tional Science Foundation grant DPI' 80-19982.
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A 237-meter ice core from South Pole
Station

KARL C. KUIvINEN

Polar Ice Coring Office
University of Nebraska-Lincoln
Lincoln, Nebraska 68588-0200

The Polar Ice Coring Office (Pico) used its new intermediate-
depth drill system to collect a 237-meter ice core at Amundsen-
Scott South Pole Station during November—December 1982. The
core was collected for analysis of microparticle concentrations
by the Institute of Polar Studies, Ohio State University (Mosley-
Thompson, Kruss, and Bain, Antarctic Journal, this issue) of
oxygen isotopes by the Quaternary Research Institute, Univer-
sity of Washington, and for carbon dioxide, beryllium-b, chlo-
rine-36, and acidity by the Physics Institute, University of Bern,
Switzerland (Stauffer and Schwander, Antarctic Journal, this is-
sue). The core was split longitudinally, sampled, and packaged
for retrograde to the respective investigators' laboratories in a
subsurface science trench excavated adjacent to the drill
platform.

The Pico intermediate drill is an electromechanical drilling
system designed for continuous coring in firn and ice to a
maximum depth of 600 meters in an open hole (Litwak, Ker-
sten, and Kuivinen in press). The drill collects a 10.2-centimeter
diameter core in runs of 70-150-centimeter length. A new cut-
ting head includes three bits and core-catching dogs. The sur-
face components are mounted on a platform and include: a
Lebus winch with grooved drum containing 700 meters of
seven-conductor cable, a dual tower device, a 2.5-kilowatt
motor for high-speed raising and lowering of the drill, a 1.25-
kilowatt motor for control of penetration and core break, and a
control panel. The winch platform, the operators, and a work

Figure 1. Winch platform including winch drum, tower assembly,
and control panel inside the canvas-covered drill shelter at South
Pole Station, December 1982.

station are housed inside a modified Hansen WeatherPort shel-
ter (figure 1). A 30-kilowatt, 208-volt alternating-current turbo-
charged diesel generator powers the winch and drill. The total
weight of the drill system including winch platform, drills,
generator, and shelter is 6,600 kilograms.

The downhole portion of the drill was designed and built at
rico in 1979 and was used in conjunction with other winch
systems during the 1979-1980 and 1980-1981 seasons at South
Pole Station to a maximum depth of 108 meters. The winch
platform was designed and assembled at PICO during 1981-1982
and was used with the downhole component of the rico drill
during 1982 at South Pole Station to a depth of 237 meters.

The 1982-1983 antarctic field season provided the first oppor-
tunity to use the complete r'ico intermediate drill system in a
field situation. PICO staff members B. Koci, K. Kuivinen, and J.
Litwak were in Antarctica from 9 November to 20 December
1982.

Drilling took place in the center of the taxiway oval at South
Pole Station. The drill platform and shelter were set up on a
wooden platform after drifted snow and the past two years'
accumulation were removed from its surface. A core processing
and science trench (3 meters deep by 3.5 meters wide by 14
meters long) was excavated parallel to the drill shelter, roofed
with timbers and plywood, and a stairway and tunnel were
constructed to connect the drill platform with the science
trench. Two vans were positioned adjacent to the drilling plat-
form; one served as a workshop and break room and the other
as a laboratory for the preparation and examinatioti of ice core
thin sections.

Drilling started at a depth of 108 meters in a hole drilled by
Pico in 1980-1981 (Kuivinen 1981). A direct-current drill motor
was used throughout the drilling operation. Bits with a 780
cutting angle were used first at 108 meters. These produced
very fine chips which packed around the core inside the inner
barrel and caused the core to be twisted off at the base before
completing a run. Attempts were made to remedy the problem
by reducing the clearance between the core and inner barrel
wall, increasing the cutting angle of the bits to 55°, and sharpen-
ing the cutters, but the problem persisted.

Cutters with a 78° angle from horizontal and no adjustments
for penetration eventually produced good core in 70-centimeter
runs with penetration rates of 0.5 centimeters per second to a
depth of 215 meters. Thereafter, core quality deteriorated, with
frequent cracks and wafering occurring and with the length of
runs reduced to 30 centimeters or less. Unsuccessful attempts
were made to drill using a new head and bit configuratiiln
designed and built at the University of Bern. Problems encoun-
tered with this head were (1) penetration was limited to 10
centimeters per run due to chips packing behind the cutters and
(2) packing around the core dogs resulted in failure to catch the
core. Drilling was finally stopped at a depth of 237 meters.

In summary, the new winch and crill system worked well; we
experienced no mechanical failures and only one electrical
problem with the load-cell readout which was later bypassed.
The tower system took 6 workhours to assemble, yet was erec-
ted easily, and provided a stable tower throughout the 1-month
drilling season. The drill shelter with its 6-section canvas cover
and Velcro tie-down straps was easily erected in 8 workhours
and provided a satisfactory windbreak throughout the field
season. The drill head and bit designs will be revised to include
self-stabilizing bits which should result in improved core
quality, penetration rate, and run length in the system's next
field application.
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Figure 2. Solar-powered drill at South Pole Station 1982.

PICO lightweight coring augers (Koci in press) were used by
other investigators at the South Pole, on Mount Erebus, and in

the Allan Hills region to collect more than 100 meters of firn and
ice core for later analysis.

Tests of a solar-powered version of the auger were conducted
at South Pole Station (figure 2). Solar panel performance was 20
percent above the rated power output, exceeding results from
Greenland during July 1982, due to the lower ambient tem-
peratures and higher altitude at the Pole. We found that 300
watts of power from the solar panels was sufficient to produce
penetration rates of the same order as with the elec-
tromechanical drills.
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Core processing and analyses of ice
cores drilled at the South Pole

BERNHARD STAUFFER and JAKOB SCHWANDER

University of Bern
Bern, Switzerland

Analyses of ice cores provide unique information on the
history of the Earth and the planetary system. This information
helps in the understanding of climatic mechanisms. Our labora-
tory had the opportunity to take part in a joint core drilling and
core analysis project at the South Pole. Our main scientific goals
in this project were:

• To reconstruct the history of the atmospheric carbon dioxide
(CO2) concentration by analyzing air extracted from ice sam-
ples from different depths and, therefore, different ages.

• To reconstruct the history of solar activity by measuring the
beryllium-10 and chlorine-36 concentration in ice samples.
Both isotopes are produced by cosmic radiation in the
atmosphere.

• To measure the acidity of ice cores as a function of depth,
which gives, for example, information concerning the vol-
canic activity in the past.

Ice cores from the South Pole are especially well suited for the
CO2 analyses. Because of the low temperature there is no dan-
ger of any interaction of CO2 with the liquid phase. Three
members of our laboratory (W. Bernhard, J . Schwander, and B.
Stauffer) were in Antarctica from 9 November to 27 December
1982 to collaborate in the processing of ice cores at the South
Pole. During the season, ice cores of a total length of 103 meters
drilled in 1980-1981 and 120 meters (from a depth of 106 to 227
meters below surface) drilled in 1982-1983 were processed. The
drilling site was 250 meters from South Pole Station.

To set up a processing line, a trench 3 meters deep, 3.5 meters
wide, and 14 meters long was excavated next to the drilling site.
The core processing procedure is shown schematically in figure
1. The visual stratigraphy (breaks, meltlayers, varying optical
transparency) were recorded on graph paper and also with a
video camera on tape. The video recordings are very useful later
to select samples for special analyses. Breaks and melt layers are
visible in the video recordings and, with improved illumination
and recording techniques, it should be possible in the future to
see finer details as well.

The acidity measurements can be performed in the field, and
they were therefore included in the core processing. To perform
these measurements, two electrodes were moved with a con-
stant velocity over the flat and clean surface of the ice core. For a
voltage of 1,000 volts between the electrodes, the current
through the ice was about 2 to 4 microamperes (ii.A), depending
on the acidity in the ice (Hammer 1980). The acidity in the ice
shows the following characteristic features:
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Figure 1. Principle of procedure of core processing. Core processing was done in collaboration with the Polar Ice Coring Office from the
University of Nebraska-Lincoln, Ohio State University at Columbus, and Washington State University at Seattle.

• It is higher at the beginning of a long-lasting snow fall (Ham-
mer 1982).

• It is higher in summer than in winter precipitation.
• It is higher after volcanic eruptions.

The signal of seasonal variations seems to be small at the
South Pole. Sometimes the layers of individual precipitations
and possibly also the layers from different seasons are mixed
after deposition due to wind interaction. The signals from large
volcanic eruptions however are clearly visible as shown in fig-
ure 2. The electrical conductivity signals were recorded with an
X-Y plotter on graph paper and also in frequency modulated
(FM) form on magnetic tape. Part of the core processing line in
the trench at the South Pole is shown in figure 3.

The gas analyses and the radio-isotope concentration mea-
surements must be done in the laboratory. Ice cores collected
during the last season just arrived in our laboratory, so no—	1anit)ori	181 1)) (

(u q U I na (1 35)
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Figure 2. Electrical signal measured on ice cores from the South
Pole. The three main peaks are probably caused by acid fallout
originating from volcanic eruptions, which are probably those of the
volcanoes Tambora (80S 11 80E), Coseguina (1 30N 87.50W), and Arma-
gora (180S 1740W). The years of the eruptions are indicated in
parentheses.

results can be reported yet. The CO 2 analyses of ice cores from
the South Pole drilled during the season 1981-1982 have shown
that a value of about 265 parts per million is estimated for the

Figure 3. Part of the processing line Installed in a trench at the
South Pole.
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preindustrial atmospheric CO 2 concentration. This value is low
but within the limits estimated by other methods. Additional
measurements on south polar ice cores should help to confirm
this value and show if there were any natural variations in the
atmospheric CO2 concentration during the last millenias. The
knowledge of the history of the atmospheric CO 2 concentration
is important to predict the rate of the anthropogenically caused
CO 2 increase in the future and its consequences.

We thank the principal investigator of the project, H.
Oeschger, our colleague W. Bernhard, and all our colleagues
with whom we had the pleasure of collaborating in the field.
The field operation and the preparation for it was supported by
the National Science Foundation grant DPP 82-10926 to H.
Oeschger. The laboratory work is mainly supported by the

Swiss National Science Foundation and the U.S. Department of
Energy.
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South Pole pit stratigraphic studies

ELLEN MOSLEY-THOMPSON, P. D. KRUSS, and T. BAIN

Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

This investigation of the snow stratigraphy in four South Pole
pits was initiated as an essential complement to the analysis of
the ice cores drilled at the South Pole. The analysis of ice cores
from Antarctica and Greenland have provided information
about the past history of the climate system, particularly the
characteristics of the atmosphere. The excellent temporal reso-
lution (years or decades) available from ice-core records makes
them ideal for the investigation of short-term variations within
the polar atmosphere.

Accurate interpretation of ice core stratigraphic records [e.g.,
microparticle concentrations, oxygen-18 isotope (6 180), sulph-
ate, nitrate, etc.] requires an understanding of (1) the physical
processes governing deposition, (2) the spatial and temporal
variability of the input signal (at the time of deposition), (3) post-
depositional modification of the input signal within the firn,
and (4) the spatial and temporal variability of the preserved
signal. The ultimate objective of the investigation described
below is to construct an empirical framework for the interpreta-
tion of South Pole ice cores.

During November and December 1982, four pits were exca-
vated at Amundsen-Scott South Pole Station. The primary pit
(P1) was located 4 kilometers (see figure) from the station along
128° longitude downwind from, but in close proximity to, the
clean air facility. The pits were excavated by hand to ensure
clean vertical walls for the collection of snow samples. Pits 2 and
3 (P2 and P3) were positioned approximately 0.5 kilometers
from P1 and the pit walls were oriented either parallel and
perpendicular to the long axis of the sastrugi, indicative of the
recently prevailing wind direction. All pit walls were carefully
mapped in similar fashion to produce precision maps accurate
to within ± 0.01 meter. This accuracy was achieved by the

construction of a 0.1-meter grid covering the face of the wall.
This grid, composed of flat wooden pegs, was constructed
entirely with reference to a continuous, levelled datum string
placed just above the surface of the wall.

Pit 1, 2-meters wide and 3-meters long, was excavated to 3.2
meters and the entire surface area of the three walls (21 square
meters) was mapped. Pits 2 and 3 were excavated to 2.2 meters
and a 1-meter section of one wall in each pit was mapped as
described above. After mapping, a clean vertical face was ex-
posed for sample collection. The table summarizes the samples
collected from each pit.

The oxygen isotope samples were sent to the University of
Washington for 8180 analyses. The remaining samples were
returned to the Institute of Polar Studies.

The concentration and size distribution of the microparticles
(p) with diameters greater than or equal to 0.63 micrometers
within the samples will be measured in the class 100 clean room
at The Ohio State University using the Coulter counter tech-
nique (Thompson 1976). The total beta radioactivity (3) mea-
surements will be conducted either at The Ohio State University
or in Grenoble, France. The blocks of firn, 0.1 meter by 0.1
meter by 0.1 meter, were carefully removed from the pit walls to
investigate the spatial and temporal distribution of micro-
spherules suggested to be of extraterrestrial origin. Density
measurements were made with respect to stratigraphy and
duplicate sampling was performed in some cases.

In conjunction with each pit, a shallow core was extracted
using the iico lightweight hand auger (Kuivinen this issue).
The drilling proceeded from the snow surface with the drill site
located within 0.5 to 0.85 meter of the mapped wall. Cores of
13.3 meters, 13.1 meters, and 13.2 meters were drilled at P1, P2,
and P3, respectively. These cores will be analyzed for the same
parameters (p, 3, 6180) as the samples from the pit walls. When
the analyses are completed, the data will allow assessment of
the seasonal deposition and preservation of p. 6 and $3 within
the firn, their spatial variability on two scales (several meters
and hundreds of meters), and their temporal variability over the
past 12 years. The similarities and differences between records
of p, $3, and 6180 obtained from a pit wall and an associated firn
core will be assessed.

Accumulation lines I and III (see figure) consisting of 23 poles
were installed in November 1978 (Whillans personal communi-
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The three pits were located in a study area approximately 4 kilometers from South Pole Station along 128 0 longitude. Two accumulation lines
were measured: line I along 1300 longitude and line Ill along 178 0 longitude. The fourth pit (P4) was situated roughly 2 kilometers from P1 at
accumulation stake I-i. ("km" denotes kilometer.)

Summary of sample collection and measurements in three pits 4 kilometers Amundsen-Scott South Pole Station

Pit 1
Pit 2
	

Pit 3
Parameter	 Wall A	 Wall B	 Wall C

Depth (in meters)	 3	 3	 3	 2.2
	

2.2

Microparticle
samples (0.02 meter)	 146	 146	 146	 107

	
107

Beta samples
(0.02 meter)	 146	 146	 146	 NC°

	
NC

samples
(0.02 meter)	 NC	 NC	 146	 107

	
NC

Density
measurements
(0.06 meter) diameter	 39

	 NMb	 NM
	

19
	

19

0.1 x 0.1 x 0.1 meter
blocks for cosmic
spherules	 29

	
NC
	

NC
	

21
	

NC

a NC" denotes not collected.
b "NM" denotes not measured.

1983 REVIEW
	

117



cation). As part of this investigation these accumulation lines
were measured in December 1982, thus providing 4 years of
accumulation data. A fourth pit (P4) was excavated at accumula-
tion pole I-i roughly 2 kilometers from P1 (figure). Two 1-meter
walls of this 1.1-meter-deep pit were mapped in the same fash-
ion as P1, P2, and P3. The walls of P4 were mutually perpen-
dicular and stake I-i was located at the intersection of the walls.
Comparison of the mapped visual stratigraphy with the 4 years
of accumulation measured at the Pole indicates the formation of
a sequence of three mass loss layers (i.e., depth hoar layers, see
Gow 1965) between the fall of 1980 and the fall of 1981. These
sequences of mass loss or depth hoar layers with little or no
intervening finegrained homogeneous (winter) accumulation
have been interpreted as indicators of missing years. The infor-
mation from P4, as well as the other three pits, suggests that
more than one mass loss layer may form within an annual
accumulation unit..

A summary of the visual stratigraphic aspects of this inves-
tigation is in preparation (Mosley-Thompson, Kruss, and Bain
in preparation) and includes: (1) a description and interpreta-
tion of annual stratigraphic units, (2) assessment of the frequen-

cy of missing years in a vertical profile, (3) discussion of pro-
cesses leading of the formation of the stratigraphy, (4)
assessment of the station effect upon accumulation, and (5) a
summary of South Pole accumulation data.

This work was supported by grant DPP 80-18860 from the
National Science Foundation.
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South Pole ice core processing and
microparticle analysis

ELLEN M0sLEY-THOMPSON and LONNIE C. THOMPSON

Institute of Polar Studies
Ohio State University

Columbus, Ohio 43210

The remote polar plateau of East Antarctica provides the best
opportunity to examine past variations in the concentration and
composition of atmospheric constituents. Glaciologists gener-
ally assume a direct correspondence between atmospheric con-
stituents and those preserved within the ice sheet (e.g., micro-
particle content, bulk chemistry, oxygen isotopic ratios). In
reality, such inferences must be made cautiously because the
complex relationship between aerosols and gases in the at-
mosphere and within the associated precipitation are poorly
quantified. Nevertheless, ice cores from Antarctica and Green-
land have provided a broad spectrum of information about the
global climate system, particularly the characteristics of the
atmosphere during the past.

The deeper ice cores, such as those from Camp Century and
Dye-3 in Greenland and Byrd Station and Dome Circe in Ant-
arctica, encompass many thousands of years and yet, in most
cases, only selected sections have been analyzed due to the time
and expense involved. Selected references describing the re-
sults from these ice cores include: Hammer, Clausen, and
Dansgaard 1981; Lorius et al. 1979; Neftel et al. 1982; Thompson
and Mosley-Thompson 1982. Although the resulting pal-
eoclimatic information is temporally discontinuous and time
scales are imprecise, the records are exceedingly valuable. For

example, the analysis of microparticles in four deep ice cores
(Mosley-Thompson and Thompson 1982a; Thompson and
Mosley-Thompson 1982) reveals a consistently recurring tem-
poral correlation between increased particle concentrations and
lower global temperatures over roughly the last 30 thousand
years.

Shallow and intermediate cores (less than 500 meters), when
analyzed in continuous fashion, provide information about
short-term (annual or decadal) variations in the properties of
the polar atmosphere. Short-term variations in the con-
centration of atmospheric particulates (diameters greater than
0.5 micrometers) are of particular interest because this material
contributes substantially to the aerosol optical depth, a critical
component of the Earth-atmosphere radiation balance.

To assess particulate concentrations over the last 1,000 years,
for which more detailed climatic data exist, a 101-meter core
drilled at the South Pole in 1974 was continuously analyzed for
microparticle concentrations (Mosley-Thompson and
Thompson 1982b). These data reveal a substantial increase in
total particle concentration between approximately 1450 and
1850 A.D., which encompasses the latest Neoglacial event, the
Little Ice Age. Additionally, a substantial number of the promi-
nent microparticle concentration peaks appear to be fairly well
temporally correlated with known volcanic events.

To investigate these relationships further another South Pole
ice core was extracted. Two scientific objectives of this project
were (1) to involve a group of investigators in the ice core
analysis so as to optimize the scientific return and (2) to investi-
gate the potential volcanic record using different, yet comple-
mentary, techniques. Therefore scientists from the Ohio State
University (osu), the University of Washington (uw) and the
University of Bern, in conjunction with the personnel of the
Polar Ice Coring Office (Pico), arrived at Amundsen-Scott South
Pole Station on 9 November 1982. A science trench (3 meters
deep; 3.5 meters wide; 14 meters long) was excavated beside the
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drilling platform (Kuivinen, Antarctic Journal, this issue). Equip-
ment for ice core processing and analyses was installed in the
science trench. Stauffer and Schwander (Antarctic Journal, this
issue) describe the core processing procedure and Kuivinen
(Antarctic Journal, this issue) describes the ice core drilling
operation.

The processed ice consisted of 103 meters drilled from the
surface in 1980-1981 and 120.7 meters drilled from 106 to 226.7
meters in 1982-1983. Each core section was cut longitudinally
into two halves. One-half was split into two quarter sections
which were packaged, identically marked, and returned to osu
and uw for microparticle and oxygen isotope analyses, respec-
tively. This procedure will allow more precise comparison of the
microparticle and oxygen isotopic measurements and will facili-
tate subsequent interpretation of the ice core record. Addi-
tionally, electrical conductivity measurements which reflect
acidity levels were conducted in the science trench. Stauffer and
Schwander (Antarctic Journal, this issue) report that, although
the signal of seasonal variations is small, the signals from large
volcanic eruptions are clearly visible. Comparison of the con-
ductivity profile with the microparticle concentration profile
will provide a better indication of the contribution of volcanic
activity to the enhanced particulate levels recorded at the South
Pole between 1450 and 1850 A.D.

We appreciate the National Science Foundation Division of
Polar Programs' sponsorship of this work by grant DPP

80-18860. We are grateful for the opportunity to collaborate
with our colleagues from the University of Washington, the
University of Bern, and the Polar Ice Coring Office.
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Satellite glaciology project

RICHARD S. WILLIAMS, JR., JANE C. FERRIGNO, and TONY K
MEUNIER

U.S. Geological Survey
Reston, Virginia 22092

During 1982-1983, the U.S. Geological Survey's satellite
glaciology project involved a number of diverse research
efforts, in which satellite remote sensing technology was used
to gain a better understanding of the antarctic ice sheet and
related phenomena. This article contains descriptions of five
research projects and a discussion of other antarctic-related
activities by the staff of the Satellite Glaciology Project.

Satellite Image Atlas of Glaciers. In 1978, a major project was
initiated by the U.S. Geological Survey to use Landsat images to
define more accurately the global extent of glaciers (Ferrigno
and Williams 1980; Williams and Ferrigno 1981). Approximately
50 U.S. and foreign scientists, representing 30 different organi-
zations, have been involved in the preparation of a U.S. Geo-
logical Survey Professional Paper, "Satellite Image Atlas of
Glaciers." Chapter 2, "Antarctica," by Charles W. M. Swithin-
bank, Head, Earth Sciences Division, British Antarctic Survey,
was completed during 1982 and is currently undergoing tech-
nical review before final preparation by the atlas editors,
Richard S. Williams, Jr., and Jane G. Ferrigno.

Index to and Table of Optimum Landsat Images of Antarctica.
Scheduled for completion during the summer of 1983, this
1:5,000,000-scale index map (one side) and table (opposite side)
will provide a quick and accurate reference to optimum Landsat
multispectral scanner (MSS) and return beam vidicon (RBv) im-
ages for each of the 2,470 Landsat nominal scene centers, which
encompass Antarctica from the coast to 81°S latitude (maximum
poleward coverage of Landsat) (Williams et al. 1982a). The index
map and table will be released initially in the "U.S. Geological
Survey Open-File Report" series and then published in the "I-
Map" series and as Plate 1 of the "Satellite Image Atlas of
Glaciers." Scientists from the Scott Polar Research Institute,
Cambridge, England; Institut für Angewandte Geodàsie,
Frankfurt-am-Main, Federal Republic of Germany; and the
Branch of Astrogeologic Studies, Flagstaff, Arizona, have all
made considerable use already of the manuscript copy of the
index map and table during visits to the U.S. Geological Survey.

Blue-ice, Meteorites, and Satellite Imagery in Antarctica. Richard
S. Williams, Jr., was invited to a National Aeronautics and Space
Administration/National Science Foundation sponsored "Work-
shop on Antarctic Glaciology and Meteorites" in April 1982 and
presented a paper on "Delineation of Blue-Ice Areas in Ant-
arctica from Satellite Imagery" (Williams, Meunier, and Ferrig-
no 1982b, 1983). Recommendations for improved recovery of
meteorites from Antarctica (figure 1) were also made at the
workshop (Williams 1982).

Tony K. Meunier participated in a 2-month field expedition to
the Allan Hills area and environs, Antarctica, as a team member
during the 1982-1983 meteorite search led by William A. Cas-
sidy, University of Pittsburgh. In addition to operating a Mag-
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Figure 1. Landsat 1 multlspectral scanner (Mss) band 7 (0.8 to 1.1
micrometer) image of the Queen Fabiola (Yamato) Mountains Area,
East Antarctica, showing extensive areas of blue ice around
nunataks (bedrock areas). Landsat image number 1538-05175 (path
157, row 111) was acquired on 2 January 1974. This and other
Landsat images of Antarctica are archived by the National Oceanic
and Atmospheric Administration (NOAA) at the Earth Resources
Observation Systems (EROS) Data Center, Sioux Falls, South Dako-
ta 57198.

navox Model 1502 satellite positioning system to identify the
correct geodetic location of meteorite finds, he used a Landsat
image to locate and navigate to blue-ice areas. The Magnavox
instrument was generously loaned to the project by John
Brewer of the Bureau of Land Management. All blue-ice areas
visited by the 1982-1983 team contained meteorites (113 total,
50 from the Thiel Mountains/Pecora Escarpment region and 63

from several locations in the drainage basin of the David Glacier,
Victoria Land). Based on field observations and evaluation of
Landsat images of Antarctica to about 81°S latitude and NOAA-6

and -7 advanced very high resolution radiometer (AVHRR) im-
ages of the area poleward of 81°S latitude, a 1:5,000,000-scale
thematic map delineating blue-ice areas in Antarctica could be
readily prepared (Williams 1982).

Satellite Radar Altimetry of the Amery Ice Shelf, East Antarctica.
An innovative experiment was completed using a Landsat im-
age mosaic of Antarctica as the map base for compilation of data
from another satellite sensor. One- and five-meter elevation
contours derived by Ronald L. Brooks (GeoScience Research
Corporation) from Seasat radar altimetry data were compiled on
a 1:500,000-scale Landsat image mosaic of the Amery Ice Shelf
and environs, East Antarctica (figure 2) (Brooks et al. 1982, in
press). The Amery Ice Shelf experiment reemphasized the fact

that satellite image maps can be effectively used as multi-pur-
pose base maps (Institut für Angewandte Geodäsie 1982), for
the compilation of various types of geological (Wolmarans and
Krynauw 1981), glaciological (Brooks et al. in press), and
geophysical data.

Coastal Maps of Antarctica. In association with Charles W. M.
Swithinbank of the British Antarctic Survey, preliminary work
has begun on the preparation of a set of 24 1:1,000,000-scale
planimetric maps of coastal areas, bedrock exposures
(nunataks), and blue-ice areas of Antarctica based on analysis of
1:500,000-scale Landsat images. Scientific Committee on Ant-
arctic Research (SCAR) standard symbols (or modification of
SCAR symbols where appropriate) will be used to depict the
nature of the continent's edge (bedrock, floating ice, grounded

Figure 2. Contours plotted on an uncontrolled Landsat multi-
spectral scanner (Mss) image mosaic of the Amery Ice Shelf and the
terminus of the Lambert Glacier, East Antarctica. The 1- and 5-meter
contours were determined from numerous Seasat radar altimeter
traverses across the area. Contours courtesy of GeoScience Re-
search Corporation (Brooks et al. 1982, in press). Landsat images
can be used as planimetric base maps, where adequate geodetic
control is present for the plotting of geological (Wolmarans and
Krynauw 1981) and geophysical data. (From figure in chapter 31,
"Geological Applications," Manual of Remote Sensing, second edi-
tion. Courtesy of American Society of Photogrammetry, Falls
Church, Virginia.)

<4
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ice, outlet glacier terminus, etc.), areas of bedrock and blue ice,
and other glaciological features (medial moraines, crevasse
areas, etc.) (Scientific Committee on Antarctic Research 1980).
A more accurate delineation of the coast of Antarctica will be
important in the preparation of the new 1:5,000,000-scale map
of Antarctica initiated by the National Science Foundation, as
well as for retrospective and future climatological studies.

Other Related Antarctic Activities. Richard S. Williams, Jr., as a
participant in the Committee on Glaciology Workshop, Polar
Research Board, contributed several sections to chapter 6,
"Large Ice Masses," of the forthcoming National Research
Council's report, "Polar Science—A Strategy for the '80's." The
staff of the Satellite Glaciology Project was actively involved in
the modernization of the SCAR Library, a specialized archive of
maps and aerial photographs administered by the National
Mapping Division (NMD) of the U. S. Geological Survey. Efforts
are underway by NMD to establish computerized access to all
SCAR maps and aerial photographs and to prepare microfilm
cassettes of all aerial photographs for easier access to the Ant-
arctic research community. Richard S. Williams, Jr., prepared a
section for the Second Edition of the Manual of Remote Sensing
entitled, "Remote Sensing of Glaciers" (a part of the
"Glaciology" portion of chapter 31, "Geological Applications.")

Except for costs associated with Tony K. Meunier's 2-months
of field work in Antarctica as a member of William A. Cassidy's
National Science Foundation-funded project (DPP 78-21104), re-
search carried out on Antarctica under the Satellite Glaciology
Project was supported by the U.S. Geological Survey.
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Global deformation of the Earth
caused by large-scale continental

glaciation: Implications for the
evolution of ice ages and the averaged

thickness of the lithosphere
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Recently the phenomenon of true polar wander since the late
Cretaceous has been the subject of a number of investigations
(Anderson 1982; Gordon and Cape 1981; Jurdy 1982; Sabadini,
Yuen, and Boshi 1982), since it may have a bearing on the
diverse areas of mantle convection and the evolution of ice ages.
Such types of polar motions can influence as well the charac-
teristic time scale of ice ages from earlier geological epochs,
such as the Silurian which took place some 400 million years
ago.

In general, true polar wander is caused by changes in the
Earth's moment of inertia as a result of mass redistribution in its
interior and of the accompanying shape distortion of the planet.
The type of forcing we have focused upon is that due to the
waxing and waning of large ice sheets, which have periodically
plagued the Earth, most recently in the last few million years
(Shackleton and Opdyke 1976). In a previous work (Sabadini et
al. 1982) we found, on the basis of calculations using a three-
layer Earth model, that the late Cenozoic ice ages are capable of
producing a significant amount of net polar drift at a rate of
around 1 degree per 1 million years. This result suggests that
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true polar wander may furnish a mechanism which could even-
tually terminate the ice-age cycles. The argument stems from
the changes induced in the overall land-sea configuration with
respect to the rotational axis from this cumulative amount of
secular polar movement. This, in turn, would perturb the cur-
rent set of surface boundary conditions, which are favorable for
cyclic glaciation to occur by the Milankovitch theory (e.g., Im-
brie and Imbrie 1979). We have recently incorporated the densi-
ty jump associated with the 670 kilometer seismic discontinuity
into our model. The presence of density jumps produces an
extra relaxation mode, with a relaxation time in excess of a
million years, exceeding the typical time scale of an individual
glacial cycle. Consequently, the net motion of the rotation pole
produced by cyclic glacial forcing would display a none-
quilibrium behavior in the initial stages of an ice-age epoch
(Sabadini, Yuen, and Boschi in press). These results show an
initial transient net velocity of the order of 1 degree per million
years which, after a few million years, decays to a steady value
of the order of 1 degree per million years. It has been shown by
us (Sabadini et al. in press) that the length of a typical ice age
epoch, being around tens of millions of years is in fact control-
led by the time scale required for the steady-state polar shift to
proceed far enough so that the necessary conditions for the
Milankovitch mechanism can no longer be kept.

The response of the Earth to the late-Wisconsin deglaciation
event yields valuable information concerning the structure of
the Earth. It has been generally recognized that there is a con-
nection between secular polar movements and large-scale
glacial forcing (e.g., Nakiboglu and Lambeck 1980). From em-
ploying both sets of rotational data, polar variations from the 70
years of data from the International Latitude Service, and the
nontidal deceleration of the length of the day, an estimate of the

globally averaged lithosphere of between 130 and 200 kilo-
meters has been obtained by us (Yuen, Sabadini, and Boschi in
press).

This research was supported by the National Science Founda-
tion grants DPP 80-23723 and DPP 82-15015.
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Sea ice studies___________________________

Surface roughness of Ross Sea pack
ice

J. W. GovoNi, S. E ACKLEY, and E.. 1. HOLT

U.S. Army Cold Regions
Research and Engineering Laboratory

Hanover, New Hampshire 03755

At the end of the 1980 austral winter, Govoni assessed sea-ice
surface roughness along selected tracks in the Ross Sea. The ice
surveyed consisted mainly of first-year pack ice. Surface pro-
files were made using a Spectra-Physics Geodolite 3A laser
profilometer which was mounted vertically in the camera bay of
a National Science Foundation LC-130 aircraft. This aircraft was
used concurrently with the meteorological flight program con-
ducting lower atmosphere studies during October and
November 1980 (Hogan, Barnard, and Gras 1981).

The profilometer measures the distance between the aircraft
and the upper sea-ice surface by phase comparison of an elec-
tromagnetic wave that uses a helium-neon laser beam (centered
at 6,328 A) as a carrier. A photomultiplier detects and amplifies
the reflected light. The returned phase is compared to that of
the outgoing wave. The phase difference is proportional to the
transmission time or range as described by Tooma and Tucker
(1973). The modulation frequency can be set to correspond to
10- or 20-foot (3.0- or 6.1-meter) wave lengths giving an accurate
measure of height variations (± a few inches) within the selected
range. The profilometer has been used extensively in arctic sea-
ice studies (Tucker, Weeks, and Frank 1979) to characterize sea-
ice roughness. The flights reported here provided the first
application of the laser profilometer to antarctic pack ice.

All laser data, along with the aircraft speed, altitude, and
flight path, were recorded on a Hewlett-Packard four-channel
magnetic tape recorder. Periodically, photographs of represen-
tative ice conditions were taken with a 70-millimeter Hasselblad
Camera also mounted in the camera bay adjacent to the laser.
The flight tracks over the Ross Sea pack ice taken during the
4-15 November 1980 period are shown in figure 1.

For the purpose of analysis, the data was played back on an
analog strip chart recorder. The pressure ridge heights and
frequency of occurrence were then manually categorized. A
ridge was defined by the Rayleigh criterion, as applied by
Tucker et al. (1979), in which an independent ridge must have at
least twice the elevation of the shallowest trough on either side
of it. This method of definition prevents side lobes of the same
ridge from being counted as a separate ridge. The minimum
ridge height was 2 feet (0.6 meters).

Ridge-height histograms were compiled by counting the
number of ridges in 1-foot (0.3-meter) height classes along 20-
kilometer flight-track intervals. Figures 2 and 3 show these
height distributions for the two different regions boxed in fig-
ure 1 (runs 1, 2 and 4, 5). At least five 20-kilometer sections were
used from each run to arrive at these distributions.

Run I (figure 2) shows a proportionately higher number of
ridges greater than 3 feet (0.9 meters) than the other regions.

This feature probably reflects deformation due to local ice
convergence caused by the ice moving adjacent to the boundary
of the Victoria Land coast. Run 2 (figure 2) is slightly further
from this coast and consequently does not have the high num-
bers of large (3-foot or 0.9-meter) ridges. In contrast, runs 4 and
5 (figure 3) have a much larger number of small ridges (greater
than 100 ridges per 20 kilometers of less than 3 feet). This region
is near the outer ice edge and the ice here may be subjected to
wave and swell action which tends to break the large floes
(diameters greater than 1 kilometer) into 10-50 meter diameter
floes. The numerous boundaries between the small floes
provide locations for small ridges to form as the ice is subjected
to-wind, current, and wave motion. Because the ice is generally
less compact in the outer regions, the stress transmitted
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Figure 1. Flight tracks over the Ross Sea pack during 4-15
November 1980. The boxes in areas 1,2 and 4,5 (runs 1, 2,4, and 5) of
the 4 November flight are the locations or the data shown in figures 2
and 3.
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through the pack is less, and large ridges are much less likely to
form there than in the interior regions.

For the data analyzed to date, the Ross Sea region appears in
general to have much less ridging than either the Weddell Sea
(Ackley 1979) or the Arctic Basin. The open nature of the bound-
aries here leads to generally divergent conditions and dimin-
ishes the stress transmitted through the pack ice resulting in
fewer high ridges. Near coastal boundaries, however, (figure 2)
localized high stress may exist and ridging features develop
accordingly.

Full analysis of this data set is proceeding and will be reported
in the near future. This information will also be used to develop
a dynamic-thermodynamic model of the Ross Sea similar to the
one recently computed for the Weddell Sea pack ice by Hibler
and Ackley (1983).

We wish to thank the members of squadron VXE-6 for their
cooperation during the flights. M. D. Frank obtained the laser
data on the flights and his cooperation is gratefully acknowl -
edged. This research was supported by National Science Foun-
dation grants DPP 77-24528 and DPP 80-05100 to U.S. Army Cold
Regions Research and Engineering Laboratory.
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Figure 2. Average number of ridges per 20-kilometer interval versus
ridge height for runs 1 and 2. Runs 1 and 2 were taken from the 4
November 1980 flight near the coast of Victoria Land. Run 1 was 96
kilometers long and run 2 was 80 kilometers long.
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Figure 3. Average number of ridges per 20-kilometer interval versus
ridge height for runs 4 and 5. Runs 4 and 5 were taken from the 4
November 1980 flight near Scott Island. Run 4 was 180 kilometers
long and run 5 was 270 kilometers long.
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Iceberg quantities, shapes, and sizes
in western Ross and D'Urvifle Seas

J. R. KEYS*

Antarctic Consultant
Wellington, New Zealand

Icebergs are more than simply a conspicuous element in the
antarctic marine environment. They are a hazard to shipping
and a hindrance to possible offshore oil-drilling rigs. They affect
and are affected by antarctic surface water and thus can have
significant local effects on benthic communities and other parts
of the ecosystem. On the positive side, icebergs may one day be
used as a source of fresh water. Boon or bane, icebergs are a
feature of the antarctic environment warranting further study.

Icebergs were counted in the southern ocean and western
Ross Sea during January 1983 during the cruise of the USCGC

Glacier from Christchurch to McMurdo. Similar counts were
done on my behalf by personnel from the bridge of the ice-
breaker during its return cruise in February 1983. Iceberg
counts were also made from the yacht Dick Smith Explorer head-
ing south from Hobart, Australia, in the southern ocean and
D'Urville Sea during January 1982. Longitudes of the cruises are
shown on the figure.

Radar was used as the basic tool for estimating iceberg quan-
tities. Counts were made of the numbers of targets present on
radar screens within certain ranges (usually 6, 8, or 12 nautical
miles) of the moving vessel at time intervals corresponding to
the diameter of the radar view divided by the ship's speed.
Radar echoes from icebergs obviously or possibly grounded
(inshore or in waters shallower than 300 meters) were not nor-
mally counted. At times of radar counts, supplementary visual
and binocular counts were also made, with some sextant con-
trol, of the number of icebergs present that were longer than
approximately 50-100 meters.

The procedure gives an estimate of iceberg quantities within a
unit area. Because of the well known difficulties of detecting
sea-borne ice on radar, an error of about 20 percent is associated
with the number of radar targets counted. The figure shows the
estimated quantities in Ross and D'Urville Seas as a function of
latitude with numbers of some other antarctic waters also
shown. The curve attributed to Shil'nikov (1969) is a summary
of data for different longitudes. Budd, Jacka, and Morgan (1980)
give a similar curve displaced to the south by up to 5 degrees of
latitude.

Iceberg quantities vary widely in space and time. In the
western Ross Sea, the quantities within 1,000-square-kilometer
areas range from 0 to more than 20. Early reports from U.S.
ships and aircraft (U.S. Navy 1957) show a similar high vari-
ability in concentrations during the months of November
-March in the years 1955-1957, with possibly some tendency
for higher concentrations in the southwest and west Ross Sea
and to the north of the northwest Ross Sea. As in the Lancaster
Sound/Baffin Bay/Davis Strait/Labrador Sea region of eastern
arctic Canada (Marko 1982; Petro-Canada 1982), much of this

* Present address: Commission for the Environment, Wellington, New
Zealand.

variability is due probably to icebergs moving in "pulses"
(loosely spaced groups), in a core (or cores) of rapidly moving
water. In the case of the southwest and west Ross Sea, this core
corresponds to the west then north-moving portions of the
cyclonic Ross Sea Gyre (Angino and Lepley 1966). The Antarctic
Divergence [a zone of upwelling located at about 65°S north of
Ross and D'Urville Seas (Gordon and Goldberg 1970)] and
iceberg decay, are probably additional reasons for the reduction
in iceberg quantities apparent at this latitude in the respective
curves in the figure.

A speculative conclusion based partly on the presence of the
Ross Sea Gyre might be that the southwest and west areas of
Ross Sea contain more icebergs on average than elsewhere in
the Ross Sea.

Some iceberg shape data are presented in the table. Previous
shape classification systems are not entirely adequate for the
wide range of antarctic iceberg shapes. The table is a simplifica-
tion of an evolving classification divided into four broad classes
representing common shapes seen during two cruises. During
cruise 1, emphasis was on tabularform icebergs (never tilted
and tilted). During cruise 2, an attempt was made to describe a
representative selection of the whole population. Accurate clas-
sification requires careful examination, from at least two direc-
tions, of features including snow stratification and wavecut
notches. Tilt angles are often very small. The data suggest that
tabular icebergs that have never tilted are one-quarter to one-
half as numerous as similar icebergs that are tilted but not
overturned. Irregular shaped and rounded icebergs (mainly
those that have overturned) are more numerous collectively
than non-overturned icebergs in the southern ocean. However,
within the Ross Sea, non-overturned icebergs may be more
numerous. Another conclusion, based on observations not in-
cluded in the table, is that crevassed tabularform icebergs are
more numerous in the D'Urville Sea than in the Ross Sea. This is
probably due more to the prevalence of crevassed ice tongues
along the George V and Adélie Coasts than to preliminary
stages of iceberg splitting, although the latter is obviously a
significant cause of crevassing.

The size data obtained were insufficient for assessing size
distribution, but the smallest icebergs (less than 200 meters
long) seemed to be the most common in both the western Ross
and D'Urville Seas. This is consistent with Orheim's (1980) size
distribution for icebergs in the vicinity of the Weddell Sea and
with Neshyba's (1980) theoretical distribution.

Freeboards (height above sea level) of nontilted tabular ice-
bergs are normally in the 10-40-meter range in the Ross Sea but
maximum heights of tilted icebergs can be much higher. The tilt
angles of two tilted tabular icebergs 200-300 meters wide in the
D'Urville Sea were 15-20 degrees; generally, angles vary from 0
to almost 90 degrees.

Some idea of iceberg draft in the Ross Sea can be obtained
indirectly, from known bathymetry in areas of grounded ice-
bergs and from known heights and thicknesses of ice shelves
and ice tongues. In mid-January 1983 more than 40 grounded
icebergs were present within 1 to 5 kilometers of the coast, from
north of Cape Adare southward 75 kilometers along the east
side of Adare Peninsula to Cape McCormick. Other areas with
several obviously grounded icebergs nearby included Posses-
sion Islands, Cotter Cliffs, and Franklin Island. Water depths of
100-200 meters in these areas (U.S. Geological Survey 1:250,000
map series, Cape Adare, Cape Hallett, and Franklin Island
sheets) suggest maximum drafts of this magnitude are
common.
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Maximum drafts are probably about 300 meters in the Ross
Sea. The maximum thickness within a few kilometers of the ice
front of the Ross Ice Shelf is 300 meters (Bentley et al. 1979).
Freeboard-to-thickness ratios of tabular icebergs derived from
ice shelves are about 0.15 for icebergs of this thickness (Orheim
1980; Weeks and Mellor 1978). This suggests a maximum draft
of about 260 meters for level tabular icebergs in the Ross Sea. A

20-degree tilt of a 300-meter thick, 300-meter wide prismatic
tabular iceberg could produce a maximum draft of over 300
meters. The thickest glacier tongue that is composed of ice only
(no snow or firn) in southwest Ross Sea is probably the Mackay
Glacier, which has an uneven surface, with freeboards ranging
from 0 to 45 meters around its floating tongue (Macpherson and
Pyne personal communication). The 5-7-kilometer long, mod-
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Quantities of icebergs of different shapes described during two cruises in the southern ocean, D'Urville Sea, and western Ross Sea
(percentages given in parentheses)

Tilted icebergs	Irregular icebergs	Rounded icebergs
Tabular Icebergs	(never completely	(angular features	(rounded features	Total number

(never tilted)	 overturned)	 dominant)	 dominant)	 described

Cruise 1	Southern ocean and DUrville Sea (January—February 1982)
24 (30)	 57 (70)	 Not included	 Not included	 81a

Cruise 2a	Southern ocean, north of Ross Sea (January 1983)
2 (5)	 7 (16)	 8 (19)	 26 (60)	 43

Cruise 2b	Western Ross Sea (January 1983)
21 (17)	 50(40)	 12 (9)	 43 (34)	 126

a Does not include irregular-shaped or rounded icebergs.

erately crevassed tongue averages up to about 350 meters thick
toward the northern thicker side (Calkin 1974). A mean draft
over 300 meters is possible for some icebergs freshly calved
from this tongue. Therefore, the extreme maximum draft of
icebergs in Ross Sea is probably greater than 300 meters. The
thickest tabular iceberg measured by Orheim (1980) in the east-
ern Weddell Sea had a draft of 330 meters.

This study was made possible by the generous invitation of
Philip R. Kyle for me to participate in Deep Freeze 83 aboard
USCGC Glacier. I am also grateful to the captain, officers, and
crew. The D'Urville Sea data were obtained during the
1981-1982 expedition of the Oceanic Research Foundation (Syd-
ney, Australia). I am indebted to the National Science Founda-
tion, the expedition's leader David Lewis, and other crew mem-
bers, particularly Karen Williams, for the opportunity to make
this study and for the assistance each gave me. This work was
supported by National Science Foundation grants DPP 80-20002
and DPP 80-21402 to Philip R. Kyle.
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concentrations of microspherules in
snow and pack ice from the Weddell
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Engineering Laboratory
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Microspherules in snow and ice-fog crystals have been stud-
ied by electron microscopy. Microspherules, which are col-
lected by snow through nucleation and scavenging processes in
the atmosphere, are of terrestrial and extraterrestrial origin and
were either precipitated with snow or by dry fall-out. They were
generally found in percent of the snow crystals sampled at
various remote areas in the Northern Hemisphere, but they
were not found during an examination of 93 snow crystals
sampled at the South Pole (Kumai 1976). King and Wagstaff
(1980), however, observed andesitic microspherules and iron
microspherules in firn from the South Pole in the layer estimat-
ed to have been deposited in 1833. The elemental compositions
of microspherules in snow crystals from Antarctica have not yet
been reported.

This paper presents the results of an investigation of micro-
spherules found is snow and pack ice from the Weddell Sea,
Antarctica, collected during the U.S-U.S.S.R. Weddell Polynya
Expedition, 1981 (Gordon 1982; Clarke and Ackley 1982) by
Ackley and Clarke. Elemental composition, size, and con-
centration of microspherules were determined using a scanning
electron microscope (sEM) and energy dispersive x-ray analysis
(EDXA). In this report, we show typical textures of micro-
spherules and compare these with those found in snow and ice-
fog crystals sampled from the Northern Hemisphere.

Temperatures in the Weddell Sea ranged from + 2 to - 14°C,
and the pack ice was covered with a layer of snow 10-30 cen-
timeters in depth during October-November 1981. Snow sam-
ples from the pack-ice surface and an ice core sampled using a
7.6 centimeter diameter ice coring auger were collected in the
Weddell Sea, (60°17'S 0°15'E); see Gordon 1982 for other sam-
pling locations.

For SEM examination of microspherules, a snow sample and a
snow-ice sample (10-N/K; Clarke and Ackley 1982) of 20 grams
each were obtained from the surface of the pack ice. A sea-ice
core (with the snowcover removed) 54 centimeters in length
(core 22-10/N; Clarke and Ackley 1982) was also prepared for
SEM examination to compare with the snow and snow-ice sam-
ples. The samples were melted and filtered through a polycar-
bonate membrane filter having a pore diameter of 1.0 microme-
ter. They were then rinsed with distilled water to remove any
salt. Microspherules remained on the filters, and were coated
with gold-palladium (60:40) vapor to a thickness of about 100 A
in a vacuum chamber and were subsequently examined under
the SEM. The limit of detection for elemental analysis was deter-
mined using standard clay minerals and was found to be 0.1
percent for sodium and potassium and 0.01 percent for iron.
Elemental composition of microspherules were measured using

the EDXA by area or spot analysis at an accelerating voltage of 20
kilovolts.

In this study, 23 microspherules were found in the snow
sample from the Weddell Sea and 6 from the snow-ice sample.
The mass of a snow crystal ranges from 10 to 10 1 grams, and
the mean mass is 3.8 x 10 1 grams in snowfalls at temperatures
from —4 to - 10°C (Kumai and 1-liguchi 1952). From this esti-
mate the number of snow crystals in the 20 gram snow sample
from the Weddell Sea is calculated at about 5.3 x 10 5 crystals.
The concentration of microspherules in the snow samples from
the Weddell Sea are therefore calculated to be approximately
10-3 percent. In the Northern Hemisphere, the concentration of
microspherules in snow crystals ranged from 1 to 2 percent
(table 1). Thus, the concentration of microspherules in the snow

Figure 1. Iron-rich microspherule (a); the elemental analysis by
energy dispersing X-ray(b) indicates that the microspherule Is pos-
sibly a product of atmospheric ablation of a sporadic meteoroid. The
specimen is coated with gold and palladium.
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Table 1. Concentrations of microspherules found in snow and ice-fog crystals from various locations

Ratio of microspherules to	Percent of
Year	 Location	 snow crystals	 microspherule	 Observer

Snow Crystals
1956	 Mt. Tokachi, Hokkaido	 2 out of 202	 1	 Kumai
1959	 Houghton, Michigan	 5 out of 271	 1.8	 Kumai
1960	 Site 2, Greenland	 7 out of 356	 2.0	 Kumai
1976	 South Pole	 0 out of 93	 0	 Kumai

Total	 14 out of 922	 1.5	 Kumai

Ice-fog crystals
1962-1963	 Fairbanks, Alaska	 4 out of 542	 0.7	 Kumai
1964	 Belson, Alaska	 5 out of 116	 4.3	 Kumai

Total	 9 out of 658	 1.3	 Kumai

Snow crystals
1981	 Weddell Sea	 23 out of 20 gramsa	10	 This paper

Snow ice 
1981	 Weddell Sea	 6 out of 20 grams	 -10	 This paper

Pack ice
1981	 Weddell Sea	 3 out of 20 grams	 --10 4	 This paper

a We estimate 5.3 x 105 snow crystals in 20 grams of typical' snow.
This sample was taken from snow infiltrated with sea water and then frozen.

sample from the Weddell Sea is three orders of magnitude	the ice core was half the value for the snow-ice sample and
smaller than that of the Northern Hemisphere. This indicates	approximately 1/8 that of the snow sample. This indicates that the
that the concentration of microspherules in the atomsphere of	concentration of microspherules in the samples was increased
the Southern Hemisphere may be three orders of magnitude	with the number of snow crystals in the samples.
less than that of the Northern Hemisphere. On the other hand,	Elemental compositions of the nine microspherules found in
three microspherules were found in 20 grams of ice core from	the snow ice and pack-ice samples were examined by SEM and
the Weddell Sea. Thus the concentration of microspherules in	EDXA, and the results are shown in table 2, There were two iron,

Table 2. Energy dispersive X-ray analysis (percentage of weight) of microspherules found In snow-Ice and pack-Ice samples from the
Weddell Sea

Microspherule Specimen Number

Element	 1799	1899	1665	1896	1851	1819	1865	1693	1888
(snow	(pack	(snow	(pack	(snow	(snow	(snow	(snow	(pack

ice)	ice)	ice)	ice)	ice)	ice)	ice)	ice)	ice)

Sodium	 1.0	1.0	2.1	47	 10.8	1.3	1.1	1.0
Magnesium	 2.0	1.0	8.3	5.2	0.9	15.9	-	2.9	4.0
Aluminum	 4.0	3.1	10.4	10.8	22.6	15.9	32.9	27.0	32.5
Silicon	 5.0	7.3	23.6	10.8	69.6	57.5	50.6	46.0	40.0
Phosphorus	 -	-	-	-	-	-	-	-	-
Sulfur	 -	-	-	-	-	-	-	-	-
Chloride	 5.0	-	-	8.4	-	-	-	-	4.0
Potassium	 -	-	-	4.7	6.9	-	6.9	8.6	7.5
Calcium	 3.0	-	-	4.7	-	-	1.9	4.0	-
Titanium	 -	-	55.5	37.6	-	-	1.9	2.9	-

Chromium	 -	-	-	-	-	-	-	-	-
Manganese	 -	-	-	-	-	-	1.9	-	-
Iron	 80.0	83.3	-	6.1	-	-	3.2	4.6	7.0
Cobalt	 -	-	-	-	-	-	-	-	-
Nickel	 -	-	-	-	-	-	-	-	-
Copper	 -	4.2	-	7.0	-	-	-	2.9	4.0
Lead	 -	-	-	-	-	-	-	-	-
Total	 100.0	99.9	99.9	100.0	100.0	100.1	100.0	100.0	100.0

Diameter	 4.9	12.4	8.4	9.2	12.3	7.4	7.4	2.4	8.5

In micrometers.
I Dashes denote "zero."
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Figure 2. Titanium-rich microspheruie (a) and the elemental analy-
sis by energy dispersing X-ray(b) indicates that the microspherule is
possibly a fly ash. The specimen is coated with gold and palladium.

Figure 3. Silicon rich microspherule (a), and the elemental analysis
by energy dispersing X-ray(b) indicates that the microspherule is
possibly fly ash. The specimen is coated with gold and palladium.

two titanium, and five silicon rich microspherules, and their
diameters ranged from 2.4 to 12.4 micrometers The iron micro-
spherules were 80 and 83 percent iron with minor elements
such as silicon, chlorine, aluminum, calcium, magnesium, and
sodium comprising less than 7 percent, as shown in figure 1 and
table 2. These iron-rich microspherules were different in ele-
mental composition, morphology, and size range from those
formed by solidification of iron spattered during a welding
operation (McCrone, Brown, and Stewart 1980) and also from
fly ash from coal burning electric power plants (Kumai 1977).
However, these iron-rich microspherules from the Weddell Sea
(figure 1) are quite similar in crystalline structure, morphology,

and size range to those found in the ice core from the South Pole
by King and Waggstaff (1980) which are considered to be of
extraterrestrial origin. According to King and Wagstaff these
microspherules are possibly a product of ablation in the at-
mosphere of a sporadic meteoroid.

The two titanium-rich rnicrospherules were 37 and 55 percent
titanium with minor elements such as silicon, aluminum, mag-
nesium, chloride, potassium, calcium, iron, and copper. Many
submicron particles were observed on the surface of the micro-
spherules (figure 2). The titanium-rich microspherules (figure
2) are quite similar in elemental compositions, morphology, and
size range to microspherules found in fly ash from electric
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power plants using coal (Kumai 1977).
Four silicon-rich microspherules were 40 to 70 percent silicon

with minor elements of aluminum, magnesium, sodium, po-
tassium, calcium, titanium, chlorine, iron, manganese, and
copper. The microspherules were 2 to 12 micrometers in diame-
ter, and many submicron particles were found on the surface
(figure 3). These silicon-rich microspherules (figure 3) are more
similar in morphology, elemental composition, and size range
to microspherules in fly ash from coal burning electric power
plants than those from volcanic ash.

In this investigation, only a few microspherules were found
in approximately 100,000 snow crystals formed in the at-
mosphere over the Weddell Sea in comparison to one in about
100 snow crystals from various remote areas in the Northern
Hemisphere. This indicates that the concentration of micro-
sherules in the Antarctic may be three orders of magnitude
smaller than the concentration found in the Northern Hemi-
sphere (table 1 and Kumai 1976). Silicon- and titanium-rich
microspherules from the Weddell Sea were similar to those
found in fly ash of terrestrial origin. The iron rich micro-
spherules from the Weddell Sea were tentatively identified to be
of extraterrestrial origin.

This research was supported by National Science Foundation
grant DPP 80-06922 and Department of the Army Project
4A161 102AT2401/A/106.
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During January and February 1983, 35 box cores were col-
lected aboard the icebreaker USCGC Glacier from the antarctic
continental shelf. The cores were obtained between McMurdo
Station and Franklin Island (76°5'S 168°19'E) as well as along the
Ross Ice Shelf eastward to Sulzberger Bay (77°S 152°W) (figure
1). The box corer, which has a cross section of 20 centimeters by
30 centimeters collected cores ranging in length from 7 to 55
centimeters. In almost all cores the sediment-water interface
was retrieved with little or no evidence of disturbance during
the coring operation. Delicate arrays of sponge spicules as well

Figure 1. Box core stations from the antarctic continental shelf.
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as intact worm tubes were collected in some cores, providing
evidence of minimal disturbance.

The main objective of this research is to characterize rates of
biogenic silica accumulation on the antarctic continental shelf.
The biogenic silica content of shelf sediment was measured by
preferentially dissolving siliceous phases (diatoms, sponges, or
radiolaria) in an alkaline solution followed by spec-
trophotometric analysis (DeMaster 1981). The biogenic silica
content of surface sediment from these Antarctic shelf deposits
ranges from 2 percent (by weight) in Sulzberger Bay to 35
percent near Franklin and Ross Islands. Subsamples were col-
lected at 1-centimeter intervals from the box cores in order to,,
perform radiochemical analyses. Measurements of naturally
occurring lead-210 (half-life = 22 years) are being used to estab-
lish sediment accumulation rates on a 100-year time scale (Nit-
trouer et al. 1979; DeMaster 1981). Subcores from the box core
were X-rayed onboard ship to examine sedimentary structure in
the upper half meter of the antarctic seabed. Radiographs re-
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veal extensive burrowing by macrofauna in some cases as well
as significant quantities of ice-rafted debris.

Figure 2 shows radiographs from 2 box cores (DF83-3-11,
78°15'S and DF83-3-12, 78°16'S 170°08'W) each collected within
2 kilometers of the Ross Ice Shelf. Box core DF83-3-11 was
collected from a topographic high (water depth 430 meters),
whereas box core DF83-3-12 was collected from a topographic
low (water depth 541 meters). The greater abundance of ice-
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Figure 2. Radiographs from two antarctic shelf box cores (DF83-3-1 1 and G83-3-12) showing higher abundance of ice-ratted debris in the core
from a topographic high (DF83-3-11) compared to the core from a topographic low (G83-3-12). For scale, the core numbers above the
radiographs were 0.6 centimeters high.



rafted debris in the shallower core is evident from the radi-
ographs. Because the supply of ice-rafted debris to the seabed
should be independent of bottom topography, the variation in
abundance of ice-rafted debris between cores probably results
from a lower sediment accumulation rate in the shallower core
as compared to the deeper core. Lead-210 measurements are
currently in progress to test this hypothesis. By combining
radiochemical analyses with biogenic silica measurements, sil-
ica fluxes to the seabed can be computed for the antarctic shelf,
and these fluxes can be compared with fluxes from other high
productivity environments (e.g., Gulf of California or Walvis
Bay). The presence of siliceous ooze deposits (biogenic silica
contents greater than 30 percent; Goodell et al. 1973) near
Franklin and Ross Islands suggests that antarctic shelf deposits
may be a significant site for silica removal in the marine environ-
ment. This research on biogenic silica accumulation comple-
ments a study on water column productivity and silica dissolu-

tion (University of Tennessee and Oregon State University) as
well as a study on glacial sedimentation (Rice University). Sam-
ples for all three projects were collected aboard the USCGC
Glacier from the field area shown in figure 1.

This work was supported by National Science Foundation
grant DPP 81-17044.
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Ross Sea heat flux experiment
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An experiment to measure the flux of heat across the Ross Sea
continental shelf and under the Ross Ice Shelf began in the
1982-1983 austral summer. Field parties from Lamont-Doherty
Geological Observatory and Oregon State University collected
data aboard the USCGC Glacier in February of 1983, and a field
party from the Frozen Sea Research Group at the Institute of
Ocean Sciences, British Columbia, collected data from the sea
ice in McMurdo Sound during October and November of 1982.

Observations in McMurdo Sound were made through holes
in the sea ice. These included: (1) an east-west transect of
conductivity-temperature-depth (cTD) stations across the
sound starting from Cape Royds and a similar north-south
transect from the Ross Ice Shelf to the ice edge at 77°40'S; (2)

several CTD stations near the Erebus Glacier Tongue and near
the Ross Ice Shelf; (3) special water sampling with a "salinity
sucker," designed to exclude ice crystals from the sample; (4)
month-long current meter measurements at two sites; and (5)
detailed investigation of the formation of "underwater ice" near
Hut Point. Data reduction from these measurements is pres-
ently underway.

Observations were made aboard the USCGC Glacier during a
cruise which crossed the Ross Sea from west to east several
kilometers north of the edge of the Ross Ice Shelf to about 156°W
and during the return trip to McMurdo. These measurements
consisted of expendable bathythermograph casts at regular in-
tervals between Ross Island and the Bay of Whales on the
outbound track and additional casts in the east-central Ross Sea
on the return track. Additional observations of the hydro-
graphic conditions were made with a CTD at selected stations
along the cruise track. At some stations water samples were
collected for salinity and oxygen-18 analysis. Unaltered circum-
polar deep water was observed on the continental shelf east of
Cape Colbeck.

The hydrographic data indicated that the "warm core" ob-
served in historical transects (Jacobs, Gordon, and Ardai 1979)
was present, and three current meter moorings were set to
measure the heat flux of that core. The three meters on each
mooring are equipped to measure current speed, direction,
temperature, conductivity, and pressure. The eastern mooring
contains sediment traps 55 meters above the bottom and 220
meters below the sea surface. These traps were installed for R.
Dunbar of Rice University. The moorings (figure) will be re-
covered and reset along with additional arrays during January
of 1984.

The USCGC Glacier's bridge personnel maintained a plot of the
position of the Ross Ice Shelf "barrier" between Ross Island and
King Edward VII Land. As noted on other recent cruises, the
barrier is well north of its position as indicated on H. 0. Chart
6636 (1966). The more recent observations are supported by
satellite navigation and appear to show that over the past de-
cade or two the rate of northward motion has not been balanced
by calving and melting of the barrier.
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Location of moorings installed near the Ross Ice Shelf. From left to right, the three black circles show mooring P (78 005.5'S 1 75°30'W), mooring
C (78°11'S 174°39'W), and mooring S (78 013.6'S 172°29.4'W).

This work was supported by the National Science Foundation
under grants DPP 81-20677 to Oregon State University and DPP
81-19863 to Columbia University. The willing support of Cap-
tain Taylor and his crew aboard the uscc Glacier is gratefully
acknowledged.
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The Weddell Gyre

ARNOLD L. GORDON
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The Weddell Gyre is the largest, best formed subpolar gyre of
the southern ocean. With its lesser cousins north-northeast of
the Ross Sea and east of the Kerguelen Plateau, it carries heat
and salt diffused by eddies across the Antarctic Circumj..olar
current to the continental margins of Antarctica. During this
transfer, significant heat loss to the atmosphere occurs. The low
degree of baroclinicity and weak lateral gradients make it diffi-

cult to resolve the gyre characteristics, yet some progress has
been made. However, our view of the Weddell Gyre is based on
austral summer data, with the exception of a few year-round
current meter moorings, and the Deutschland winter data of
Brennecke (1921). During the winter, the Weddell Gyre region is
ice covered. The very weak regional pycnocline leads us to
suspect significant vertical exchange of cold surface water with
warm-saline deep water.

The U.S-U.S.S.R. Weddell Polynya Expedition of 1981 (Gor-
don 1982; Gordon and Sarukhanyan 1982) aboard the Soviet
ship Somov obtained an array of in situ conductivity-tem-
perature-depth-oxygen (CTD-0 2) sensors/rosette hydrographic
stations, in conjunction with biological, chemical, sea-ice, and
atmospheric data (see pages 96-114, 1982 review issue of Ant-
arctic Journal of the U. S.). Analyses of the hydrographic data lead
to two studies: Gordon, Chen, and Metcalf (in press) and Gor-
don and Huber (in press). In these studies the characteristics of
the ocean below the sea-ice cover are described.
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The Somov data are within the cyclonic trough of the Weddell
Gyre, in which the deep water is relatively cold, less than 0.5°C.
However, cells composed of warmer deep water were observed.
These warm cells have temperature, salinity, and oxygen prop-
erties similar to the Weddell deep water (wDw) characteristics of
the Weddell Gyre inflow, which is situated to the southeast of
the Sornov study region. The warm WDW cells are accompanied
by domes in the pycnocline of 40-meter amplitude over the
surrounding pycnocline, while deeper isopycnals are de-
pressed. The pycnolcine domes are exposed to about 50 percent
greater entrainment by the turbulently active winter mixed
layer, relative to the regional entrainment rate. It is hypoth-
esized that the warm WDW cells within the Weddell Gyre trough
are derived from instability within the frontal zone, which
extends from Maud Rise to the northeast separating the Wed-
dell warm regime from the cold regime. Greater than normal
injection of warm WDW cells into the Weddell Gyre trough
would increase the surface salinity, which would tend to de-
stabilize the pycnocline, increasing the probability of deep con-
vection and polynya events.

The Somov data also reveal that the surface mixed layer below
the sea-ice cover is undersaturated in oxyen by as much as 1.1
milliliters per liter. This deficit is believed to be a consequence of
oxgygen-poor (4.5 milliliters/liter) WDW entrainment by the
winter mixed layer. Assuming effective cut off of ocean-at-

mosphere oxygen exchange by the nearly complete snow- and
sea-ice cover with no net impact of oxygen content due to
biological factors, a mixing ratio of 1 to 3 for WDW to beginning-
of-winter surface water is required to explain the end-of-winter
mixed-layer oxygen content. Using this entrainment rate and
the assumption that vertical exchange in the non-ice-covered
period is only diffusive, a mean annual heat flux of 15 watts per
square meter is determined with an annual fresh water demand
of 46 centimeters per year.

This work is supported by DPP 80-05765.
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Distributions of dissolved calcium and
alkalinity in the Weddell Sea in winter

CHEN-TUNG A. CHEN
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Oregon State University
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In the late austral winter of 1981, from 9 October to 25
November, as part of the U.S.-U.S.S.R. Weddell Polynya Expe-
dition (Gordon 1982; Chen 1982a) we measured dissolved cal-
cium and titration alkalinity (TA) in the Weddell Sea. Our values
were the first winter data collected in the Weddell Sea and
probably represent the initial calcium and TA concentrations of
the deep Pacific waters. With this information we can now
calculate more accurately the in situ calcium carbonate (CaCO3)
dissolution rate in the Pacific.

Previous attempts for evaluating the in situ CaC0 1 dissolu-
tion, based on the measurements of dissolved calcium or TA in
seawater (Almgren, Dryssen, and Strandberg 1977; Brewer et
al. 1975; Chen 1978; 1-bribe, Endo, and Tsubota 1974; Tsunogai
and Watanabe 1981; Tsunogai, Yamahata, and Saito 1973;
Tsunogai, Yamazaki, and Nishimura 1971), frequently used
local surface calcium and TA values as references. This approach
leaves the erroneous impression that the differences between
the deep values and the references represent the vertical in-
organic carbon flux, whereas deep waters may simply have
higher calcicum and TA concentrations than the surface waters

when formed (Chen and Millero 1979; Chen, Pytkowicz, and
Olson 1982; Edmond 1974; Tsunogai and Watanabe 1981;
Tsunogai et al. 1973). The observed deep values, therefore,
should be higher even without the in situ CaCO3 dissolution.

Chen, Pytkowicz, and Olson (1982) believe that a large por-
tion of the apparent calcium concentration increase reported
previously for the Pacific Ocean is probably not due to the in situ
CaCO 3 dissolution in the water column but rather due to the
transport by the water itself. This conclusion, however, was
reached from using data collected by various investigators [cal-
cium data of Tsunogai et al. 1973 and Horibe et al. 1974; TA data
from Horibe et al. 1974 and Geochemical Ocean Sections Study
(cEosEcs), Takahashi et al. 1980]. No comprehensive data in-
cluding both calcium and TA in the Weddell Sea, the source of
the antarctic bottom water (AABW), were available. As a result,
large arbitrary systematic adjustments of the different data sets
had to be made to make them comparable.

With the winter Weddell Sea data collected on the U.S.-
U.S.S.R. Weddell Polynya Expedition, we have now calculated
the in situ CaCO 1 dissolution rate in the Pacific. Both TA and
calcium seem to behave conservatively in the Weddell Sea, as
expected (Weiss, Ostlund, and Craig 1979), because the marine
organisms are mainly siliceous, and little production or dissolu-
tion of CaCO 1 occurs in this region. The normalized 1A (NTA)
(NTA = TA X 35.0 ) and normalized calcium (NCa) (NCa =

Salinity
calcium x 35.0 ) concentrations remain essentially constant

Salinity
(average NTA = 2,386± 10 microequivalents per kilogram; NCa
= 10,240 ± 15 micromoles per kilogram) and show little varia-
tion with depth or temperature (figure 1). These values compare
well with the average deep NTA values of GEOSECS (2,386 microe-
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The potential temperature vs. normalized titration alkalinity (NTA),
measured in microequivalents per kilogram, and normalized cal-
cium (NCa), measured in micromoles per kilogram, in the Weddell
Sea.

Our data in the northeast Pacific show an average NCa value
of 10,276 micromoles per kilogram below 2,000 meters, only 36
micromoles per kilogram higher than the Weddell Sea value.
On the other hand, the deep Pacific NCa values are 80 micro-
moles per kilogram higher than the local surface values. The
difference of 36 micromoles per kilogram reflects the true flux of
CaCo3 relative to the source of the water. Dividing 36 micro-
moles per kilogram by the average replacement time (500 years)
of the deep Pacific water, also referenced to the southern ocean
(Stuiver, Quay, and Ostlund 1983), we obtain an inorganic car-
bon flux of 0.072 micromoles per kilogram per year, in good
agreement with the latest literature value of 0.09 micromoles
per kilogram per year (Tsunogai and Watanabe 1981).

It has been a common practice to estimate the CaCO 3 flux
using TA data. Our NTA values in the deep northeast Pacific
(largely unpublished but partially shown in Chen 1982b and
Chen et al. 1982) are, on the average, 55 microequivalents per
kilogram higher than the Weddell Sea values. We used the
relationship A Ca = 0.5 A TA 0.63 A NO, (Brewer et al. 1975;
Chen 1978) where A denotes the difference between the mea-
sured values and the references (in this case, the Weddell Sea
values) and NO 3 is, of course, nitrate. The coefficient 0.63,

instead of 0.53, is used to take into consideration the effect of
sulfur on TA. For the NO3 data, we used the Weddell Sea average
of 39 micromoles per kilogram and the deep northeast pacific
average of 32 micromoles per kilogram. We obtained a calcium
enrichment of 32 micromoles per kilogram in the deep north-
east Pacific Ocean, in good agreement with our direct calcium
results. This is also in good agreement with the value of 35
micromoles per kilogram obtained both by Fiadeiro (1980)
based on an elaborate three-dimensional modeling of the CEO-

SECS TA data and by Chen et al. (1982) based on the calcium
(Tsunogai et al. 1973) and the GEOSECS TA data.

This work was supported by the Department of Energy grant
81EV10611 A001 and by National Science Foundation grant OCE

82-15053.
Acknowledgment. We thank Louis I. Gordon for use of the

nutrient data in the Weddell Sea and R. A. Feely for use of the
nutrient data in the northeast pacific.
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Quantification of morphotypes in
Neogloboquadrina pachyderma using

Fourier shape analysis
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Neogloboquadrina pachderma (Ehrenberg) has long been one of
the most important foraminiferal species in paleoceanographic
studies of Quaternary and late Cenozoic marine sediments.
Numerous studies of this species have documented that coiling
direction and chamber number in the final whorl (4, 4 1/2, 5) have
important relationships with high latitude water mass proper-
ties (e.g., Ericson 1959; Herb 1968; Kennett 1968; Malmgren and
Kennett 1972; Vella 1974). However, this variability also poses a
problem in the taxonomy of the species.

In an attempt to quantify this morphologic variability objec-
tively, we performed Fourier shape analysis on N. pachydertna.
Fourier shape analysis, via Fourier series in closed form, is a

Figure 1. Core locations of USNS Eltanin core top sample used in the study.

Figure 2. Scanning electron microscope photomicrographs of N. pachyderma representing the general shape described by harmonics 3 (3a—e);
4(4a—d); 5(5a—e) and 6(6a—f). Specimens 3a—e: E49-46, 44°S; Specimens 4a—d: E49-42, 47S; Specimens 5a—e: E49-46, 44°S; Specimens 6a—f:
E50-03, 42°S. ('E" and the numbers that follow indicate core sample numbers of sediment cores obtained by USNS Eltanin.)
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mathematical expression of cosines used to describe the shape
of any two-dimensional shape outline to a specified accuracy.
We use Fourier series as a quantitative biometric tool that
characterizes shape and separates the components of the whole
form and thus enables us to see how each component (harmon-
ic) affects the total shape (Healy-Williams and Williams 1981;
Scott 1980).

In our study, as in previous studies (Bandy 1972; Ingle 1973;
Kennett 1968; Malmgren and Kennett 1972) both sinistral and
dextral forms with 4, 4 1/2, and 5 chambers in the final whorl were
regarded as phenotypic variations of the same species. We
analyzed approximately 70 N. pachyderma per sample from 15
USNS Eltanin core top samples (more than 1000 total) located in
the southern Indian Ocean (38°S to 53°S) (figure 1). All spec-
imens were removed from split portions of a 125 microme-
ter-180 micrometer size fraction. The purpose of our study was
twofold: (1) to test the ability of Fourier series to delineate the
major morphotypes of N. pachyderma and (2) to quantify these
morphotypes and relate them, if possible, to hydrographic pa-
rameters of the overlying water masses. Fourier analysis was
able to determine precisely that four harmonics are required to
describe the shape variability in N. pachyderma and that the
significant shape components are related to the chamber ar-
rangements (figure 2). As shown in figure 2, specimens with
high harmonic 3 values tend to be four-chambered but with a
triangular shape usually resulting from an inflated final cham-
ber. Typical quadrate specimens have high harmonic 4 values.
With increasing shape complexity, the higher order harmonics,
5 and 6, are able to resolve the specimens which have 4 1/2 and 41/2
to 5 chambers, respectively (figure 2).

The preliminary results of this study indicate that the inter-
gration of several shape components is required to understand
fully the morphological changes in N. pachyderma and the rela-
tionship between the different forms. A linear correlation analy-
sis (table) indicates that the shapes defined by harmonics 3 and
4 are not related to environmental parameters. However, har-
monics 5 and 6 both have good correlations with the hydro-
graphic parameters, indicating that the change to 4 1/2 to 5 cham-
bers may be an ecophenotypic response. We believe that by
quantifying these shape components it will be possible to en-
hance the utilization of N. pachyderma in paleoenvironmental
studies of southern ocean sediments.

This research was supported by National Science Foundation
grants OCE 81-10167 and DPI' 80-23696.

Results of linear correlation analysis of mean Fourier harmonic
values versus coiling direction and hydrographic parameters of the

study area

Coiling	Temperature	Salinity at	Dissolved
(percent	°C at	0 meters parts oxygen milli-

Harmonic	sinistral)	0 meters	per thousand liters per liter

3	-0.52	+0.44	+0.49	-0,44

4	+0.01	+0.10	-0.04	+0.04

5	-0.72	+0.68	+0.61	-0.57

6	-0.74	+0.72	+0.59	-0.58

a Level of significance c = 0.01
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The benthonic foraminiferal faunas during interglacial times
are similar to those presently found in the area, indicating that
interglacial deep-water circulation was similar to present-day
conditions. By contrast, the Melonis-Uvigerina assemblage indi-
cates a water mass within the glacial ACC which was distinctly
different from the present-day Circumpolar Deep Water. A
comparison of the benthonic foraminiferal data and the frag-
mentation data shows a correlation in E49-18 between the two
variables, but this correlation is not seen in E48-22. In E49-18,
changing deep-water circulation conditions may have changed
the corrosivity of the deep water and influenced the dissolution
record, although the similarity of the records may be coinciden-
tal due to the fact that the variables may have responded inde-
pendently to glacial/interglacial climatic changes. These find -
ings indicate that caution must be used when interpreting

Calcium carbonate sedimentation beneath the Antarctic Cir-
cumpolar Current (ACC) was studied based on the analysis of
four USNS Eltanin cores taken between 38° and 48°S latitude in
the southeast Indian Ocean sector of the southern ocean (Cor-
liss and Thunell 1983). Calciumcarbonate (CaCO 7) content and
planktonic foraminiferal fragmentation are used to determine a
record of calcium carbonate sedimentation over the last 440,000
years. The fragmentation records are compared with a history
of deep-water circulation within the ACC based on deep-sea
benthonic foraminifera from these cores (Corliss, 1982a, 1982b)
to determine if there is any relationship between carbonate
dissolution and deep-water circulation conditions during the
Late Quaternary.

Four cores (E48-22, E48-28, E49-18, E49-23) were considered
in this study and the results of the analyses of E49-18 and
E48-22 are discussed in this article. E49-18 (46'03. O'S 90°09.3'E;
depth, 3,253 meters) was taken on the south flank of the South-
east Indian Ridge, and the results of the analysis of this core are
shown in figure 1. The planktonic foraminiferal oxygen isotopic
stratigraphy (Hays, Imbrie, and Shackleton 1976) is shown for
stages 12 to 5 (approximately 440,000-120,000 years ago). Stages
1-5 were not recognized in the core, and the upper part of the
core is not considered here. During glacial stages and inter-
mediate cool intervals, the benthonic foraminiferal fauna is
dominated by Melon is barleean urn, Melon is porn pilioides and
Llvigerina spp. and is associated with low CaCO3 percentages
and high planktonic foraminiferal fragmentation values. Dur-
ing the warm interglacial intervals, the benthonic foraminiferal
fauna is dominated by Globocassidulina subglobosa and a mixture
of species and is found with high CaCO 1 percentages and low
fragmentation values. The low carbonate and high fragmenta-
tion data found during glacial and intermediate cool intervals
suggest that carbonate dissolution was high at these times rela-
tive to interglacial times.

Core E48-22 (39°53.7'S 85°24.6'E; depth 3,378 meters) was
taken atop the Southeast Indian Ridge, and the results of the
analysis of this core are shown in figure 2. A planktonic for-
aminiferal faunal curve and oxygen isotope stratigraphy
(Williams 1976) are used to identify glacial/interglacial episodes.
During interglacial times the benthonic foraminiferal fauna is
dominated by Epistorninella exigua and during glacial times the
fauna is dominated by Uvigerina spp. The carbonate curve
shows in general lower values during glacial times than during
interglacial intervals while fragmentation data show maxima
(increased dissolution) during stages 9 and 7, the early part of
stage 8, and the stage 9/8 boundary.
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Figure 1. Planktonic foraminiferal isotopic data (18O), the percent-
age of calcium carbonate (CaCO 3) (Hays et al. 1976), and benthonic
foraminiferal data (Corliss 1982a, 1982b) in E49-18 are shown. The
principal component factor loadings of the benthonic foraminiferal
data indicate the relative importance of two assemblages. One as-
semblage (positive loadings) is dominated by Globocassidulina
subglobosa and a mixture of species. A second assemblage (nega-
tive loadings) reflects the dominance of Melonis barleeanum, Melo-
nis pompilioides, and Uvigerina spp. ("cm" denotes centimeter.)
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Figure 2. The second principal component of the benthonic foraminifera (Corliss 1982b), percentage of calcium carbonate (CaCO 3), and the
percentage of planktonic foraminiferal fragmentation are shown with planktonic foraminiferal oxygen-isotopic data (818 0) and total faunal
curve from Williams (1976) in E48-22. One assemblage (negative loadings) is dominated by Uvigerina spp. and a second assemblage (positive
loadings) is dominated by Epistominella exigua and a mixture of species.

dissolution cycles in deep-sea sediments, because deep-water
circulation changes may not be as important as previously
thought.

This work was supported by National Science Foundation
grant DPP 80-20479.
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Tectonic reconstructions of the South
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During December 1980 and January 1981, an expedition
aboard i1v Melville explored and dredged the America-Ant-
arctic Ridge (Lawyer and Dick in press). As a consequence of
that cruise, the present day plate motions were ascertained, and
the recent tectonic history of the triple junction between the
South America, Africa, and Antarctica plates was postulated
(Lawyer, Dick, and le Roex 1982).

Figure 1 shows the present day locations of the continents of
South America, Africa, and Antarctica, the 3,000-meter con-
tour, and the major ridges separating them. In the reconstruc-
tions that we made of the paleopositions of the three plates

(figures 2 and 3), we fixed South America. We first moved
Antarctica with respect to Africa then moved Antarctica and
Africa together with respect to South America. By doing the
reconstructions in this manner, we did not have to rely solely on
the limited information from the America-Antarctic Ridge in
order to constrain the motion between South America and
Antarctica.

We used published poles from .Rabinowitz and LaBrecque
(1979) for South America-Africa to do the reconstructions. Mag-
netic anomaly correlation timescales are from LaBrecque, Kend,
and Cande (1977) and Larson and Hilde (1975). For the South-
west Indian Ridge, we had to use a number of different sources
[anomaly 6 (20 million years old) Sclater et al. 1981; anomalies 22
(53 million years old) and 34 (80 million years old), Fisher and
Sclater (1983); anomalies Ml (115 million years old) and M22
(150 million years old), Norton and Sciater (1979)]. In addition to
the published poles cited above, the motion between Africa and
Antarctica was found by extrapolation for anomalies 16 (38
million years old) and M12 (130 million years old) and was
calculated for anomaly 28 (65 million years old) using an identi-
fied anomaly on the African plate from Fisher and Sclater (1983)
and its identifiable match on the Antarctic plate from figure 2 of
Bergh and Barrett (1980).
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Figure 1. (Left) Present-day locations of South America, Africa, and
Antarctica with the 3,000-meter contour shown as a dotted line.
Latitude and longitude lines mark every 10 degrees. Heavy solid
lines are spreading centers offset by transform faults. South Sand-
wich Trench is shown with triangular underthrust symbols.

Figure 2. (Below) Reconstruction of continents at anomaly 6 time,
20 million years ago (ANOM.6 20MA); at anomaly 16 time, 38 million
years ago (ANOM.1 6 38MA); at anomaly 22 time, 53 million years ago
(ANOM.22 53MA); and at anomaly 28 time, 65 million years ago
(ANOM.28 65MA). (Note initial overlap of the lip of the Antarctic
Peninsula.)
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The plate boundaries shown on figure 1 are taken from earth-
quake epicenter locations that were superimposed on
bathymetric charts of the area (Fisher 1982; Fisher and Sclater
1983; LaBrecque and Rabinowitz 1981). For the reconstructions
of the older ages, the plate boundaries were backtracked but
were adjusted so that major transform faults remained in
alignment.

The America-Antarctic Ridge is assumed to have been a
ridge-fault-fault (RFF) triple junction for the last 60-65 million
years. Such a configuration tends to cause the triple Junction to
migrate slowly to the southeast given the spreading rates and
directions on the three ridges involved. To compensate for some
of the migration, the triple junction jumps northward spawning
new spreading centers and transform faults on the America-
Antarctic and Southwest Indian Ridges.

As documented by Barker (1979), there was a large jump of
the Mid-Atlantic Ridge about 65 million years ago. Prior to 65
million years ago the Mid-Atlantic Ridge had to have been offset
1,000 kilometers or more as shown in figure 3a. Clear indica-
tions of a magnetic bight in the South Atlantic between the time
of anomaly 34 (80 mllion years ago) and at least anomaly 32 (72
million years ago) have been shown by Bergh and Barrett (1980)
and LaBrecque and Hayes (1979). In order to have formed a
magnetic bight, the triple junction must have been operating as
a ridge-ridge-ridge (RRR) triple junction. At the time of the jump
in the Mid-Atlantic Ridge which eliminated the large offset
along the Falkland-Agulhas Fracture Zone (Barker 1979), the
triple junction switched from being RRR to RFF. No evidence of
crust formed by the southwest limb of the RRR triple junction
can be found north of the present America-Antarctic Ridge

Figure 3. Reconstruction of continents at anomaly 34 time, 80 million years ago (ANOM.34 80MA) with West Antarctica closed up against East
Antarctica; at anomaly Ml time, 115 million years ago (ANOM.M1 11 5MA); at anomaly Ml 2 time, 130 million years ago (ANOM.M1 2 1 3OMA) with
the tip of the Antarctic Peninsula rotated 900 and attached to East Antarctica; and at anomaly M22 time, 150 million years ago (ANOM.M22 150
MA) with continents closed together. (Heavy dark line indicates area of back-arc basin postulated by Dalziel 1981)
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which leads us to postulate that the America-Antarctic Ridge
first formed to the north of the old ridge and cannot be consid-
ered to have been the old ridge which slowly changed spread-
ing direction.

The Antarctic Peninsula in its present position has not over-
lapped with the tip of South America since 60-65 million years
ago. It is possible that continental fragments such as the South
Orkney block or South Georgia may have filled part of the gap
between the Antarctic Peninsula and South America but it is
clear that by anomaly 22 time (figure 2) Drake's Passage should
have begun to open. If the basin between East and West Ant-
arctica opened since Mid-Cretaceous time then there could have
been an opening at Drake's Passage as long ago as early Cre-
taceous. Even with the basin between East and West Antarctica
closed, there would have to have been an overlap between the
Antarctic Peninsula and South America during latest Jurassic
(M22, figure 3) and earliest Cretaceous (M12, figure 3). To over-
come that overlap, one must postulate a 90 rotation of the
Antarctic Peninsula as Daiziel and Eliot (1982) have suggested.
However, the Antarctic Peninsula must have been attached to
East Antarctica, otherwise it would have been overrun by East
Antarctica if it had been attached to South America at that time.

The oldest identified magnetic anomalies from the Scotia Sea
are anomaly 10 (30 million years ago) according to Barker and
Dalziel (1983). Although the evidence for tectonic activity in the
Scotia Sea region prior to that has been destroyed, our recon-
structions indicate that Drake's Passage was open at least 15
million years before the present phase of seafloor spreading in
the Scotia Sea began.

This work was supported by DPP 81-17402. The manuscript
was processed by J. Peoples.

References

Barker, P. F. 1979. The history of ridge-crest offset at the Falkland -
Agulhas Fracture Zone from a small-circle geophysical profile.
Geophysical Journal of the Royal Astronomical Society, 59, 131-145.

Barker, P. F., and I. W D. Daiziel. 1983. Progress in Geodynamics in the

Scotia Arc Region. Geodynamics Series, American Geophysical Union!
Geological Society of America, 9, 137-170.

Bergh, H. W., and D. M. Barrett. 1980. Agulhas Basin magnetic bight.
Nature, 287, 591-595.

Dalziel, I. W. D. 1981. Back-arc extension in the Southern Andes: A
review and critical reappraisal. Philosophical Transactions of the Royal
Society of London, A, 300, 300-335.

Dalziel, I. W. D., and D. H. Elliot. 1982. West Antarctica: Problem child
of Gondwanaland. Tectonics, 1, 3-19.

Fisher, R. L. 1982. Chart 5.09, General Bathymetric Chart of the Oceans
(GEBc0). Ottawa: Canadian Hydrographic Services.

Fisher, R. L. and J. C. Sciater. 1983. Tectonic evolution of the Southwest
Indian Ocean since the Mid-Cretaceous: Plate motions and stability of
the pole of Antarctica/Africa for at least 80 Myr. Geophysical Journal of
the Royal Astronomical Society, 73, 553-576.

LaBrecque, J. L., D. V. Kent, and S. C. Cande. 1977. Revised magnetic
polarity timescale for Late Cretaceous and Cenozoic time, Geology, 5,
330-335.

LaBrecque, J . L. and D. E. Hayes. 1979. Seafloor spreading history of
the Aguihas Basin. Earth and Planetary Science Letters, 45, 411-428.

LaBrecque, J . L., and P. D. Rabinowitz. 1981. Chart 5.16, General
Bathymetric Chart of the Oceans (GEcco). Ottawa: Canadian Hydro-
graphic Services.

Larson, R. L. and 1. W. C. Hilde. 1975. A revised time scale of magnetic
reversals for the Early Cretaceous and Late Jurassic, Journal of
Geophysical Research, 80, 2586-2594.

Lawyer, L. A., and H. J. B. Dick. In press. The America-Antarctic
Ridge, Journal of Geophysical Research.

Lawyer, L. A., H. J. B. Dick, and A. P. Ic Roex. 1982. Bouvet triple
junction. EQS 63, 447.

Norton, I. 0., and J. C. Sclater. 1979. A model for the evolution of the
Indian Ocean and the breakup of Gondwanaland. Journal of
Geophysical Research, 84, 6803-6830.

Rabinowitz, P. D., and J. L. LaBrecque. 1979. The Mesozoic South
Atlantic Ocean and evolution of its continental margins. Journal of
Geophysical Research, 84, 5973-6002.

Sclater, J. C., R. L. Fisher, P. Patriat, C. Tapscott, and B. Parsons. 1981.
Eocene to recent development of the Southwest Indian Ridge, a
consequence of the evolution of the Indian Ocean triple junction.
Geophysical Journal of the Royal Astronomical Society, 64, 587-604.

Weissel, J . K. and D. E. Hayes. 1972. Magnetic anomalies in the South-
east Indian Ocean. In D. E. Hayes (Ed.), Antarctic Oceanology II, The
Australian-New Zealand Sector, American Geophysical Union, Antarctic
Research Series 19. Washington, D.C.: American Geophysical Union.

1983 REVIEW	 145



Paleogene oxygen isotope records for
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The most successful attempts to obtain suitable Tertiary sec-
tions in the southern ocean have been carried out in the Pacific
sector where Deep Sea Drilling Project (DSDP) leg 29 cored long
Tertiary sequences on the Campbell Plateau and Macquarie
Ridge (Kennett and Houtz 1975). Stable isotope studies of these
sediments documented that the general deterioration of
Cenozoic climates was punctuated by a number of sharp steps

SITE 512

which appeared to reflect global climatic events (Shackleton and
Kennett 1975). One of the most profound of these events oc-
curred during the early Oligocene when, according to
Shackleton and Kennett (1975), the build-up of glacial ice on the
antarctic continent reached a critical threshold and thus initi-
ated antarctic bottom water circulation. Disagreement about the
exact timing and significance of this event (Corliss 1981; Keig-
win 1980; Miller and Curry 1983) led to the acquisition of a
carbonate-bearing sequence across the Eocene/Oligocene
boundary on the Falkland Plateau in the Atlantic sector of the
southern ocean during DSDP leg 71. Site 511 lies at a water depth
of 2,589 meters on the western margin of the Maurice Ewing
Bank (51°00.28'S 46°58.30'W). Site 512 is located on the eastern
margin of the bank at a water depth of 1,846 meters (49°52.194'S
40°50.713'W). Together, these sites provide an almost continu-
ous sequence of carbonate sediments through the Eocene/
Oligocene boundary (figure).

The planktonic foraminifers analyzed from site 511 were a
mixed assemblage of Glohigernia angiporoides and Globigerina aff.
linaperta in varying ratios for each sample. From site 512,
Glohigernia angiporoides and Glohigerina linaperta were used. The
benthic foraminifers from site 511 were a mixed assemblage of
several different genera. The benthic foraminifers analyzed
from site 512 were Cihicidoides parki. Each foraminiferal sample
was analyzed by standard procedures (Williams, Sommer, and
Bender 1977).

Sh ..leton's (1974) equation was used to derive the isotopic
paleotemperature scales shown in the figure, because it is con-
sidered to be more accurate at the low temperatures. These
paleotemperatures are by no means absolute in view of the
various assumptions that must be made regarding the isotopic
composition of oceanic water and potential vital effects in the
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Oxygen isotope variations in benthic and planktonic foraminiferal records in the middle Eocene section of site 512 and late Eocene-early
Oligocene section of site 511, leg 71, South Atlantic. Fairly stable isotopic values characterize the middle Eocene. A clear isotopic enrichment
(inferred temperature drop) occurs in the earliest Oligocene section accompanied by a distinct decoupling between the benthic and planktonic
records (Muza, Williams, and Wise in press).
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foraminifera. Beginning in the middle Eocene (site 512), pal-
eotemperatures derived from oxygen isotopes fluctuated in a
narrow temperature range between 8°C and 12°C (figure) with
no appreciable difference between bottom- and surface-water
temperatures. For the late Eocene and earliest Oligocene of site
511, isotopic paleotemperatures from both planktonic and
benthic foraminifers indicate relatively warm temperatures sim-
ilar to those in the middle Eocene of site 512 (figure). From core
18-1 through core 17-1, latest Eocene surface- and bottom-water
temperatures dropped from about 12.5°C to 8°C (figure). Be-
tween cores 16-1 and 12-1, early Oligocene surface-water iso-
topic temperatures remained at about 11°C, but bottom-water
temperatures at the site dropped sharply from 11°C to less than
3°C, at least an 8°C temperature difference (figure). The drastic
drop in bottom-water temperatures probably reflects the initial
development of the present-day system of bottom waters
known as the psychrosphere (Kennett and Shackleton 1976).
The largest change in bottom-water temperature values oc-
curred within the early Oligocene rather than across the
Eocene/Oligocene boundary as suggested by Keigwin (1980).
An expansion in the antarctic water mass could perhaps explain
the sharp drop and divergence of bottom- and surface-water
temperatures at site 511. The isotopic records at sites 511 and 512
can be correlated with the foraminiferal and radiolarian data
which also suggest a cooling of surface- and bottom-waters at
site 511 and 512 (Basov and Krasheninnikov in press;
Krasheninnikov and Basov in press; Weaver in press).

This research was supported by National Science Foundation
grants DPP 80-23696 to Douglas F Williams and DPP 80-20382 to
Sherwood W. Wise, Jr. The three authors did the field work for
this study in 1981.
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Diachronous niche expansion and
morphological adaptation by

Globorotalia truncatulinoides in Late
Quaternary sediments

R. BAXTER PHARR, JR., DOUGLAS F WILLIAMS, and NANCY
HEALY-WILLIAMS

Department of Geology
University of South Carolina

Columbia, South Carolina 29208

G. truncatulinoides is a rather unique planktonic foraminiferal
species. It originally evolved in tropical-warm subtropical wa-
ters from its ancestor, Globorotalia tosaensis (Takayanagi and
Saito) near the Plio-Pleistocene boundary. Over a million years

later, G. truncatulino ides diachronously expanded its bio-
geographic range into subantarctic and antarctic waters at ap-
proximately 0.5 to 0.2 million years ago, respectively (figure 1)
(Kennett 1970; Vella and Watkins 1975; Williams 1976a). Appar-
ently, the southern boundary of G. truncatulinoides' pal-
eobiogeographic range prior to isotope stage 13 (approximately
0.5 million years ago) was restricted by the subtropical con-
vergence (5TC), a major water mass boundary between sub-
tropical and subantarctic regions and a potential barrier pre-
venting the dispersal of peripheral populations. Determining
how and why this expansion occurred has important implica-
tions for biostratigraphy as well as the paleobiology of for-
aminifera. In addition, documentation of an environmentally
controlled morphological trend in Globorotalia truncatulinoides
(Healy-Williams and Williams 1981; Kennett 1968; Takayanagi,
Niitsuma, and Sakai 1968) has led to interest in determining the
establishment of this trend in the fossil record. The present
study attempts to determine, using Fourier shape analysis
(Ehrlich and Weinberg 1970; Scott 1974, 1975), whether a specif-
ic morphotype or morphological adaptation within this species
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Figure 1. A schematic representation of migrational history and
expansion of G. truncatulinoides' southernmost range boundary
during the Quaternary period as a function of the glacial-interglacial
climatic history of the southern ocean. The southernmost extent of
its paleobiogeographic range was constructed from bio-
stratigraphic range charts from Kennett (1970, 1973, 1975), Vella and
Watkins (1975), Williams (1976a) and from personal sampling of
USNS Eltanin cores E48-28, E48-03 and E49-18 (table). The STC and
PF designate the approximate present-day positions of the sub-
tropical convergence zone and Polar Front Zone, respectively. The
nine cores used in this construction are USNS Eltanin cores E48-28,
E48-03, E49-18 (table), E49-51 (39 000'S 99057'E), E21-14 (49001'S
120004'W), E21-15 (52001'S 120°03'W), E20-14 (53°41'S 102056'W),
E21-16 (54°05'S 119 057'W), DSDP site 265 (53032'S 109057'E) and
DSPD site 207 (36058'S 165026'E). The glacial/interglacial isotope
stages (right axis) and their approximate timing in million years
before present (M.Y.B.P.) (left axis) are taken from Emiliani (1981).

accompanied its niche expansion into higher latitudes. (Cores
used in this study were taken in the 1960s.).

Fourier shape analysis was performed on specimens of G.
truncatulinoides from glacial and interglacial samples over the
last 430,000 years distributed in deep-sea cores located in south-
ern subtropical, subtropical convergence, and central suban-
tarctic regions of the southeast Indian Ocean (table). Bio-
stratigraphic horizons for E48-28 and E48-03 were obtained
from faunal and paleotemperature curves (Williams 1976a,
1976b) and in E49-18 from oxygen isotopic stratigraphy (Hayes,
Imbrie, and Shackleton 1976). Specimens from 20 samples con-
taining an average of 50 specimens per sample were automat-
ically digitized in axial view with a microprocessor-controlled
image analysis system. The digitized outline was used to calcu-
late the first 24 harmonic amplitudes and phase angles of the
closed form Fourier series according to Ehrlich and Weinberg
(1970) and Full and Ehrlich (1982). The second harmonic ampli-
tude is a direct approximation of specimen elongation (Healy-
Williams in press). Maximum entropy histograms (Full, Ehrlich,
and Kennedy in press) show the number of specimens within
various ranges of elongation in glacial and interglacial maxima
over the last 400,000 years (figure 2).

Although G. truncatulinoides occurs 430,000 years ago at sub-
antarctic site E49-18, this species is only present during the
warm interglacial stages 11, 9, 7, and 5. Test elongation is evenly
distributed at the time of its earliest appearances in stages 11
and 9. Approximately 230,000 years ago (stage 7), mean har-
monic 2 amplitude values become more positive, indicating

slightly more elongated individuals. In the core located at the
southern boundary of the STC (core E48-03, 41°S), the initial
morphological characteristics of this species are similar to those
observed in the central subantarctic (E49-18) (figure 2). The
specimens present during intergiacials 11 and 9 exhibit more
conical tests, typical of specimens found north of this region
today (Healy-Williams and Williams 1981). By isotope stage 8,
however (approximately 275,000 years ago), the shape frequen-
cy distributions shift toward more elongated individuals and,
by isotope stage 6, begin to exhibit glacial/interglacial shifts in
the mean harmonic amplitude values similar to those observed
in other late Quaternary cores (Healy-Williams in press). Be-
neath southern subtropical waters (E48-28), frequency distribu-
tions are evenly distributed during isotope stage 10 and exhibit
little or no systematic variation up until isotope stage 7, after
which large systematic shifts occur toward very elongated spec-
imens during glacial intervals (figure 2).

From both these latitudinal and temporal shape frequency
distributions, we can determine that a less elongate, slightly
more conical morphotype was the founding morphotype which
originally expanded into subantarctic waters. Within 200,000
years, the original conical morphotype developed into the elon-
gated morphotype which typifies the subantarctic today. Once
the elongate morphotypes were established in the subantarctic
by approximately 230,000 years ago (stage 7), the next pal-
eobiogeographic range expansion into antarctic waters at 0.20
million years ago (figure 1) was possible. Perhaps the evolution-
ary attainment of an optimum subantarctic morphotype permit-
ted the further expansion of this species' paleobiogeographic
range. These findings also imply that the most common mor-
photypes within a colonizing population are not necessarily the
morphotypes which ultimately dominate the peripheral areas of
a species' biogeographic range.

This research was conducted with partial funds from Na-
tional Science Foundation grants DPP 80-23696 OCE 81-10167 and
OCE 82-08911, and the authors gratefully acknowledge the Na-
tional Science Foundation for its financial support. We thank
Donna Black for typing the manuscript.
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Three continuously cored Deep Sea Drilling Project (DSDP) leg
71 sites drilled in the high latitudes of the southwestern Atlantic
Ocean (sites 511, 512, and 513; see figure 1 of Parker, Arthur,
and Wise, Antarctic Journal, this issue) yielded thick sections of
nannofossil-bea ring sediments of Late Jurassic, Cretaceous,
and Tertiary age. As noted in a more extended treatment of the
coccoliths in these cores (Wise in press), the Oxfordian-lower

Tithonian, Albian, upper Turonian-Maestrichtian, and middle
Eocene-Oligocene assemblages are reasonably diverse for these
latitudes and generally well preserved. In addition, the acquisi-
tion of long, Santonian to lower Campanian, middle Eocene,
and Oligocene sections adds substantially to the record of nan-
noliferous sediments recovered from this region by ARA Islas
Orcadas piston cores and by the previous Glomar Challenger
cruise to the area, DSDP leg 36 (DSDP sites 327, 329, and 330;
figure 1 of Parker et al., Antarctic Journal, this issue). The
Falkland Plateau (figure 1 of Parker et al., Antarctic Journal, this
issue) has now yielded the most extensive record of Jurassic to
Recent calcareous deposition available for study from this re-
gion. Sequences there are especially attractive for coccolith
studies because favorable lit hologies and the exposure of rela-
tively old stratigraphic units near the surface under low over-
burden pressures have enhanced the preservation of older nan-
nofossil assemblages.

High latitude provincial forms are common in the Cretaceous
and Tertiary sections and have prompted the proposal of new
coccolith zones or subzones for the Barremian-Aptian, Albian,

Age	 Zone	 Subzone	 Datum Level

-	Holocene	Emil/an/a huxleyi
late Pleistocene	.,., ..	. .	.	.	 <,FAD Emiliania huxle.

late Oligocene	_rab/$_<>LD Reticulofenestra b,secta bisecra C

E	 Last common Chiasmolithus altus	P
Chiasmo/ithus altus	 -

LAD Retcu/ofenestra umbilica	C
O	 Reticu/ofenestra davies/i	 -

early Oligocene	Claus/coccus fenestratus	
LAD C/aus,coccus fenestratus	C

Blackitesspinosus	
IAD	mo/a:;::

late Eocene	Reticulofenestra oamaruensis	 -
LAD Reticulofenestra oamaruensis	P

LAD C'hias,nol,rhus so/itus	C
middle Eocene	Reticulofenestra umb/Isca	Discoaster 1,/fax	

FAD Reticulofenestra umbilica	C

. ..	.	 LAD Biscutum coronurn	 P
early Maestrichtian-

early Campanian
	B,scutum coronum	 FAD Blscutumcoronumor	P

early Campanian	Marthesterits furcatus	 -
Santonian	Lithestrinus flora/is	

LAD Lithastrinus f/oral/s	 C
Santonian-	 LAD Thiersteinia ecclesiastica	P
Coniacian	Thiersteinia ecclesiaStiCa	

FAD Marthasterites furcatus	C
late Turonian	Kamptnerius magnificus	

FAD Kamptnerius magnificus	C
2 Turonian-late Albian	Elffe/I/thus turriseiffe/i	 -

FAD Eiffel//thus turriseiffeli	CJa	 Biscutum constans 
LAD So/lasites fa/kiandensis	P

early-middleTrano/ithus orionatus	 -
Albian	Prediscosphaera cretacea	

Sol/asites falk/andensis	
FAD Tranolithus orionatus	C
FAD So/las/tes falk/andensis	P

	

I- early Albian- \ ________________________ 
Rhagodiscus asper	

FAD Prediscosphaera cretacea	C
early Aptian	Rhagodiscus angustus	

FAD Lithastr/nus flora/is	 C
early Apti	 P

FAD Parhabdo//thus emberri	C
Vekshine//a stradner/	 -

early Tithonian-	Stephano/ithion sp.	S. bigoti with short lateral spines)	FAD Vekshine//astradners or	C
FAD Stephanolithion sp.	 P

Oxfordian.	Cyc/age/osphaere margere//	 -
21•	Stephano/ithion bigots	 LAD Stephano/ithion hexum	CCallovian.	 Stephano/ithion hexum	 -

FAD Stephano/Ith/on bigoti	C

Figure 1. Calcareous nannofossil zones used in this report. ("FAD" denotes first appearance datum; 'LAD" denotes last appearance datum.)
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Bukry	 This Study

	

Age Zone-	Site	 Site	 Site	 Site	 Falkland Plateau

	

Subzone	511	 512	 513	 514	 Zone—Subzone

	

CN15	1-1	 1-1	 Emil/an/a hux/eyi

CN14b
CN14a
CN13b

CN13a
1-1/35CC	No zone

	

CN12d   	 (eSaton, correlation)
CN 12c
CN12b
CN12a
CN11b

& CN11a
CN lOd
CN1Oc
CN1Ob
CN lOa
CN9b
CN9a
CN8b

1-1/6-1	____________ ____________	No zone

	

CN7b	 (diatom correlation)

CN7a
CN6
CN5b
CPJ5a
CN4
CN3
CN2
CN1c
CN1b

	

CN1a	 13A-1/14A-2	 Cyclicaegolithus ah,sectuo

	

CP19b	 14A-6/16.CC 	- Reocu/ofenestra b,secta
CP19a

	

CP18	 17A-1/28A-3	 Ch,asmolithusaltus
CP17

o	CP16c	2-3/3CC 	- 28A-4/29A,CC 	Ret,culofenesfra dao,es,,

	

CP16b	4-1/4-3	 30A-1/30ACC	 Claus/coccus fenestratus

	

CP16a	4,CC/16-2	 Black,tessp;nosus

	

- - - 
CP15b	17-1/20-3	 Retco/ofnesta oa,oaruens,s
CP15a

	

CP14b	21-1/22CC1

	

- CP14a	 6-1/19CC 2A	 Q,scoaster bifau

B___________

	

Roth, 1978	 This Study

	

EoroZ/	
Site 511	

FUn

Stages ubzone	 Zone—Subzone	 Stages

Cretaceous

65	 - - - Cnbosphaer/7idn,aeNC 3
NC 22 magnum

70	NC 21

- NC 20

	

23-1/28-6	8,scutu,t? coroou,o
75	8	NC 19a	 a

E	 E
NC 18

80	- 28-2/42-5	Marthas(er,tes furcatus	 -
NC 17

•? Sant,	
43-1/45CC	L,thastr,nus floral,s

85 Con	NC 15	46-1/46-4	Th,e,-ste,nia ecclnn,ast,ca

	

NC 14 47-1/48-1	Kansptoerus magn#f/cus

NC 13
- 90	 48-1/49-3	No data

	

NC 12	 I-

<	Cfl0n15011	 Cenom.

Eiffe/l,thus turriseffel,
49-4150-1

NC 10
100 Albian	

Albian
cutumconstans	( 

	

502/561	Pcethscosphaera	Tranol/thus orlonatos

105	 ___________	
c,efacea	So/las/too falklandensis

	

- NC 7 56-2/58-2 	Rhagodtscus asper	-
Apttan	 Rhagod,scus angustus	 Apttan

	

583/59t	 Tetrapodorhabdus
NC 5b

M,cranthol,thus

115	NC 5a	60-1/60-4	hoschulz,	Ser,biscutw,ssalebrooum

	

1605/6261	No zone	 comae

Jurassic

	

62,CC/67 4	Veksh,nella stradner, Zune,Stephanol/thion sp. Zone

	

67-5-70-3	Stephano/ith,uo	Cyclagelosphaera margereli

bgot

	

70 4!70,CC	 Stophanol,th,on he.ocm	 .2

Figure 2. Zonal and geologic age assignments for the Cenozoic and Mesozoic calcareous nannofossil assemblages in DSDP leg 71 cores.

Coniacian-Turonian, and the Oligocene. Severe climatic condi-	came extinct during the Oligocene, there were no newly
tions limited post-Oligocene coccolith assemblages to fewer	evolved cool-water species to replace them. This trend reflects
than one dozen species; thus zonations remain virtually un-	the deteriorating climatic conditions felt in the polar regions at
workable for that part of the column in this area. A summary of	this time.
the coccolith zonation applied to the leg 71 sediments is given in	This research was supported by National Science Foundation
figures 1 and 2 of this paper. The definitions of these zones are	grant DPP 80-20382.
given in figure 1 and notes and comments on the new or modi-
fied zones plus their reference sections are given in the table.	 References
Some of the zonal markers are based on new taxa described
elsewhere (Wise in press).	 Cepek, P., and W. W. Hay. 1969. Calcareous nanrooplankton and bio-

The Oligocene zones listed in the table are all based on last	stratigraphic subdivision of the Upper Cretaceous. Transactions of the
evolutionary occurrences. In the high latitudes, as forms be-	Gulf Coast Association of Geological Societies, 19, 323-336.

Coccolith zones and subzones

Drilling	Depth	Remarks
site	(in meters)

Hole 513A	198-218	None

Hole 513A	218-326	None

Hole 513A	327-337	None

Hole 511	24-27	None

Era	Zone/subzone

Cenozoic	Reticulofenestra
(Oligocene	bisecta
epoch)

Chiasmolithus
altus

Reticulofenstra
daviesii

Clausicoccus
fenestratus
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Litha strinus
flora/is

Thiersteinia
ecciesiastica

Kamptnerius
magnificus

Sollasites
falk/andenis subzone of
the Prediscosphaera
cretacea zone

Rhagodiscus asper
subzone of the
Prediscosphaera
cretacea zone

Tetrapodorhabdus decorus
subzone of the
Chiastozygus /itterarius/
Micra ntho/ithus
hoschu/zi

Hole 511	336-389

Hole 511	396-399

Hole 511	404-414

Hole 511	446-482

Hole 511	471-482

Hole 511	513-524

zone
Seribiscutum salebrosum	Hole 511	528-533

subzone of the
Chiastozygus Iitterarius/
Micraritholithus
hoschu/zi

Coccolith zones and subzones (continued)

Depth	Remarks
(in meters)

Era	Zone/subzone	 Drilling
site

Mesozoic	Biscutum	 None
coronum

Marthasterites	 Hole 511	266-363
furcatus

Wind (1979) originally defined this zone as the total range of B. coronum.
At that time, little was known about the Santonian to upper Campanian of
the high southern latitudes, therefore the range of B. coronum was un-
known, and no reference section was given. From the present study, it
appears that the FAD of B. coronum is in the lower Campanian (core
section 511-28-5). The record at site 511, however, is incomplete, be-
cause dissolution due to a high calcium carbonate compensation depth
prevented the deposition of nannoliferous sediment during most of Cam-
panian time. Just above the FAD of B. coronum is noted the last ap-
pearance of Marthasterites furcatus in sample 511-28-2 (depth 115
centimeters), which contains only dissolution resistant coccoliths. The
range of that species in this section, therefore, appears to have been
truncated by dissolution. It does seem to overlap to some unknown extent
the range of B. coronum as indicated by their co-occurrence over an
interval of some meters in core 511-28. The preservation of the section is
generally poor, however, and the ranges of these and other potentially
important index species in the middle and upper Campanian is virtually
unknown in this part of the world. Rather than selecting only one marker
for the base of the B. coronum zone, therefore, I chose to specify two.
Both boundaries modified from Cepek and Hay (1969) to meet local
requirements. The topmost portion of this zone is probably not repre-
sented at site 511, because the section becomes barren of calcareous
nannofossils upsection in the lower Campanian.

Parker, M. E., M. A. Arthur, and S. W. Wise, Jr. 1983. Carbonate cycles
in the Aptian-Albian "black shales" of the Falkland Plateau. Antarctic
Journal of the U.S., 18(5).

Roth, P. H. 1978. Cretaceous nannoplankton biostratigraphy and
oceanography of the northwestern Atlantic Ocean. In W. E. Benson,
R. E. Sheridan, et al., (Eds.), Initial Reports of the Deep Sea Drilling
Project, Vol. 14. Washington, D.C.: U.S. Government Printing Office.

Wind, F. H. 1979. Late Campanian and Maestrichtian calcareous nan-
noplankton biogeography and high-latitude biostratigraphy. (Doc-
toral dissertation, The Florida State University). Microfilm number
DEM 80-07527.

The upper boundary is modified from Roth's (1978) zone of the same
name which is at a different stratigraphic level than the K. magnificus zone
of Cepek and Hay (1969).
Modified from Wise and Wind (1977) by alteration of the lower boundary.

A new subzone established from the continuously cored section at hole
511. At DSDP holes 327A and 330, it had not been possible to ascertain
the FAD of S. fa/kiandensis because of discontinuous coring.

Seribiscutum salebrosum is a high-latitude form whose stratigraphic
range is not well established, therefore this subzone is highly tentative.
The form identified here as S. salebrosum may also have undergone
diagenetic alteration. Nevertheless, it is distinctive and readily identified in
the local section.

The base of this zone was not observed in hole 511 due to a barren interval
and possibly to a hiatus.

Wise, S. W., Jr. In press. Mesozoic and Cenozoic calcareous nan-
nofossils recovered by DSDI' leg 71 drilling in the region of the
Falkland Plateau, southwest Atlantic Ocean. In W. J . Ludwig, V. A.
Krasheninnikov, et al., (Eds.) Initial Reports of the Deep Sea Drilling
Project, Vol. 71. Washington, D.C.: U.S. Government Printing Office.

Wise, S. W., Jr., and F. H. Wind. 1977. Mesozoic and Cenozoic cal-
careous nannofossils recovered by DSDI' leg 36 drilling on the
Falkland Plateau, southwest Atlantic sector of the southern ocean. In
P. Barker, I. W. D. Dalziel, et al., (Eds.) Initial Reports otthe Deep Sea
Drilling Project, Vol. 36. Washington, D. C.: U. S. Government Printing
Office.
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Cretaceous cores from Deep Sea Drilling Project (DSDP) leg 71,
site 511, drilled on the eastern Falkland Plateau (51° 00.28' S 46°
58.30' W; figure 1), were examined via carbonate, organic car-
bon, stable isotope, nannofloral, and ultrastructural analysis in
an attempt to determine the mode of origin of thin but discrete
pelagic limestone beds intercalated among the black mudstones
(figure 2) near the top of the extensive Mesozoic "black-shale"

sequence of the Falkland Plateau. The "black shales" are of
interest because of their paleoenvironmental significance and
their potential as a source rock for petroleum in and around the
South Atlantic Basin. This article is a synopsis of a more ex-
tended work that has been submitted for publication elsewhere
(Parker et al. in press).

The Falkland "black-shale" sequence was deposited at shal-
low, shelf-break water depths, probably no greater than 400
meters (Basov and Krasheninnikov in press; Sliter 1977). Black
mudstones are the dominant lithology among the cycles. This is
in contrast to Cretaceous "black shales" developed at more
northerly DSDP sites, which were deposited at bathyal or abyssal
depths. There carbonate beds dominate the cycles in the pre- to
mid-Albian before giving way to multicolored claystones above.
The periodicity of the Falkland Plateau dark/light cycles is at
least 100,000 years, but these cycles do not appear to be as
regular as those at many other Atlantic DSDP sites. The pelagic
limestone beds in the Falkland Plateau "black-shale" sequence
could represent either periodic incursions of normal open
ocean floras during brief periods of ventilation of surface waters
in an otherwise anoxic sedimentary basin, or, alternatively,
episodes of upwelling and overturn of the water column in the
basin, which would enrich otherwise nutrient-poor surface
waters.

Nannotloral analysis revealed that the diversity of the as-
semblages was rather high in both the black mudstones and the
whitish limestones. Opportunistic species were not present in
either in numbers beyond normal background levels. Preserva-
tion of coccoliths was surprisingly good among the black
mudstones and there was little evidence that wholesale dissolu -

Figure 1. Location of DSDP leg 71, site 511, Falkland Plateau.
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tion of the carbonate had occurred. The primary variant was in
the absolute numbers of coccoliths, with the limestones being
coccolith-rich and the black mudstones coccolith poor. Because
both the preservation of the nannofossils and the diversity of
the assemblages indicate that little biogenic carbonate was lost
due to dissolution, the occurrence and abundance of coccoliths
in the sequence must be a function of the productivity of the
surface waters. The simplest explanation for these variations
seems to be short-lived nutrient events resulting from upwell-
ing and overturn in the expanding South Atlantic basin.

Stable isotope measurements of carbonate (i°C) do not ade-
quately constrain the origin of the cyclicity. The 8 11C data sug-
gest that more nannofossil-rich intervals may be due to higher
nutrient supply and overturn of deeper waters at the site. The
overturn of surface and deeper waters could have oxygenated
bottom waters, leading to oxidation of organic carbon and over-
all lower organic carbon values in the lighter-colored, relatively
more carbonate-rich intervals. A corollary of this interpretation
is that periods of lower productivity were due to a more stably
stratified water column, development of low oxygen conditions
in intermediate water masses, and consequent increased pre-
servation of the organic matter that was produced in the surface
layers.

Episodes of upwelling and overturn of the water column,
rather than influxes of well-oxygenated waters into an other-
wise anoxic environment are, therefore, suggested by both the
nannofloral and isotopic analyses as a possible mode of origin of
the thin but discrete pelagic limestone beds intercalated among
the Falkland Plateau Aptian-Albian black mudstones. This in-
terpretation seems reasonable and does not violate the con-
straints of available data.

We thank Chiye R. Wenkam at the U.S. Geological Survey in
Denver for her assistance in running the geochemical analyses.

This research was supported by National Science Foundation
grant DPP 80-20382.

References

Basov, I. A., and V. A. Krasheninnikov. In press. Benthonic for-
aminifers of the Mesozoic and Cenozoic sediments in the south-
western Atlantic and an indicator of paleoenvironment, DSDP leg 71.
In W. J . Ludwig, V. Krasheninnikov, etal. (Eds.), Initial Reports of the
Deep Sea Drilling Project, Vol. 71. Washington, D.C.: U.S. Govern-
ment Printing Office.

Parker, M. E., M. A. Arthur, S. W. Wise, Jr., and C. R. Wenkam. In
press. Carbonate and organic carbon cycles in Aptian-Albian "black
shales" at DSDP site 511, Falkland Plateau. In W. J . Ludwig, V.
Krasheninnikov, et al. (Eds.), Initial Reports of the Deep Sea Drilling
Project, Vol. 71. Washington, D.C.: U.S. Government Printing Office.

Sliter, W. V. 1977. Cretaceous foraminifers from the southwestern At-
lantic Ocean, leg 36, Deep Sea Drilling Project. In P. Barker, I. W. D.
Dalziel, et al., (Eds.), Initial Reports of the Deep Sea Drilling Project,
Vol. 36. Washington, D.C.: U.S. Government Printing Office.

154	 ANTARCTIC JOURNAL



Zone or
Age	Subzone

Iv	o!ui

I c I	>
IIJ

Sample	I
(interval in cm)

Eocene-Oligocene calcareous
nannofossil assemblages from piston
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During April of 1978, a series of ARA Islas Orcadas cruise 16
piston cores were taken along the heavily eroded northern
margin of the Maurice Ewing Bank on the eastern Falkland
Plateau (Wise et al. 1978) in order to trace the outcrop belt of
older (pre-Pliocene) sediments thought to be exposed there
(Ciesielski and Wise 1977). Basal sediments of the thirteen
piston cores taken along the northern margin range from Pal-
eocene to Miocene in age (Jones et al. 1979) and suggest the
presence of a high latitude Paleocene to Oligocene section of
mixed calcareous-siliceous oozes in excess of 200 meters thick.

It was originally hoped that Deep Sea Drilling Project (DSDP)
site 512 could be located at a shallow depth (about 1,500 meters)
somewhere along the steeply sloping northern margin of the
Maurice Ewing Bank so that the exposed Oligocene-Paleocene
section could be sampled by hydraulic piston core. Unfor-
tunately, lack of adequate seismic profiles did not allow suffi-
cient evaluation of potential hydrocarbon hazards, and the site
was eventually relocated some distance to the southeast in
about 1,850 meters of water where the older sediment section is
more abbreviated (see figure 1 of Parker et al., Antarctic Journal,
this issue).

Nevertheless, the Islas Orcadas piston cores in the vicinity of
the initially proposed drill site do provide a valuable insight into
the nature of the sediments higher up on the Maurice Ewing
Bank. Among those cores are four which can be correlated
closely with the middle Eocene and lower Oligocene sections
cored at DSDP sites 512 and 511 respectively. The calcareous
nannofossil stratigraphies of these cores are given in figures 1
and 2. These figures and the following synopsis are taken from
a more extended article by Wise and Mostajo (in press).

Correlation of middle Eocene piston and drill cores from the
Maurice Ewing Bank suggests the following sequence of cal-
careous nannofossil datums within or bounding the Discoaster
bifax Subzone of the Reticulofenestra umbilica Zone in this area
(listed in descending stratigraphic order):

Last appearance datum: Chiasmolithus solitus
First appearance datum: Reticulofenestra hisecta bisecta
Last appearance datum: Sphenolithus furcatolithoides
First appearance datum: Reticulofenestra umbilica

Since the entire Discoaster bifax Subzone was not drilled or cored
at any one locality, we cannot ascertain the reliability of these
datums in this region. Further drilling would be required. Nor
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overgrown; Fl = flow-in. Abundances in lowercase denote reworked or contaminant specimens.a Cyclicargolithus sp.

Figure 1. Distribution of middle Eocene calcareous nannofossils in ARA Is/as Orcadas cores 16-43, 16-44, and 16-46.
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Figure 2. Distribution of early Oligocene calcareous nannofossils In ARA Islas Orcadas core 16-45.

can we ascertain the duration of time encompassed by the
Discoaster bifax Subzone in this region. Based on Bukry's (1973a)
calculations, the subzone spans only about 1 million years. If
that is correct, then the sedimentation rate at site 511 during that
time would have been a phenomenal 70 meters per million
years (Wise in press). An alternative explanation is that the
interval actually spans a greater amount of time. Perhaps
Chiasmolithus solitus persisted longer in the higher latitudes than
in the tropics where Bukry's (1973b) zonation is grounded. If
that were so, then the subzone would encompass a greater
amount of section.

Many of these questions could best be answered by further
drilling in the vicinity of the Is/as Orcadas piston cores discussed
here. The section there is shallower and is far more calcareous in
the Oligocene than the equivalent section at DSDP site 511. In
addition, exposure of progressively older sediments down the
long northern slope of the Maurice Ewing Bank places the entire
Tertiary section within sampling range of the hydraulic piston
corer. The acquisition of such a section would be of great value
to high latitude biostratigraphy.

This research was supported by National Science Foundation
grant DPP 80-20382.
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During 1983, a marine geologic survey of the Marie Byrd
Land continental shelf between 150°W and 160°W was con-
ducted using the usccc Glacier. Twenty-two stations were oc-
cupied, including 20 piston-coring stations and two bottom-
grab sample stations (the table and figure 1). Bathymetric data
were also collected, and a detaited bathymetric map of the area
is presently being constructed.

Three deep basins occur on the continental shelf: Colbeck
Basin, Saunders Basin, and Sulzberger Basin (figure 1). These
basins are deepest near the continent, reaching depths of up to
1,200 meters, and have U-shaped cross-sectional profiles. They
are therefore similar to the glacial troughs that are so wide-
spread on the antarctic continental shelf and are assumed to
have been eroded during past glacial maxima. Piston cores were
collected from these basins to test this hypothesis. Diamictons
recovered in these piston cores will be analyzed for physical
strength, textural properties, stratification, pebble fabric, and

Station Information"'

WATER	PISTON CORE
STATION LATITUDE LONGITUDE DEPTH(m)	LENGTH(m)

14	780 28.8 5	164008.64	601m	 2.79m

7	77043.1'S	159045.54	229m	 0.61m

18	770264S	15900424	376m	 0.80m

19	77019.2'S	I58042.04	770m	 2.25m

21	76°53.6'S	158002.34	157m

22	76°57.3'S	157006.84	530m	 0.88m

23	76059S	1560366W	393m	 0.74m

24	76°55'S	155°34.6W	216m	 107m

25	76°569'S	1550 30.44	915 	 0.25m

26	76°57.2S	1550 36-34	1207m

28	76049.8'S	152030.6'W	1024m	 2.75m

29	76043.5S	1520 39.54	933m	Bag Samples

30	76°35.8'S	1530II.34	643m	Bog Samples

31	76035.8'S	154005.94	713m	 039m

32	76°36S	155033.3'W	373m	 044m

33	76°38.6'S	156021.54	787m	 0.88m

34	76042.7'S	156014.9'W	677m	 062m

35	76°26'S	1570524	549rn	 1.68m

36	76°24'S	1570554	808m	 2.78m

37	7602I.5'S	157°46.7'W	1390m	3.0Im

39	76°28'S	157052'W	347m	Bog Sample

45	76°512S	1750563'E	330m	 035m

a No trigger core samples were taken. Grab samples were taken at all
stations except 35 and 39.

• PISTON CORE STATION

• GRAB SAMPLE STATION

BANK - 2 fl
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CONTOUR INTERVAL IS xIOO METERS

4

(	 GUEST
£ FRONT

LOT OF	 ISLAND

31
8 fl	c

SULZBERGER	
1+.'	,- -___

12j

-

C	 I

A	ALEXANDRA	
4

MOUNTAINS
/

50°
	 45°

24\\,

Figure 1. Piston core and bottom grab sample locations. [Stations 14 and 45 are located in the Ross Sea (table) and are not shown on this map.]
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Figure 2. Surface sediment distribution map for the Marie Byrd Land continental shelf ("cGM' denotes compound glacial marine sediment, "zc"
denotes silty clay, and "s' denotes sand).

mineralogic- and rock-fragment content to determine if they
are, in fact, basal tills deposited by grounded ice. If so, pe-
trographic analyses will be conducted to reconstruct pal-
eoglacial flow lines. Core recovery on the inner shelf was rather
poor, and sediments may have been eroded from the inner shelf
during the previous glacial maxima.

Surficial sediments in the area are of three types: sand, silty
clay, and compound glacial-marine sediments. The latter sedi-
ment type consists of marine current-derived silt and clay and
iceberg-derived silt, sand, and gravel. The ice-rafted compo-
nent of surficial sediments decreases markedly from east to
west away from Sulzberger Ice Shelf (figure 2). This implies that
icebergs calved from the ice shelf contain debris and that these
icebergs drift offshore, rather than to the west. Silty clays of the
area contain less than 5 percent ice-rafted debris and reflect
very quiescent bottom conditions at depths below approx-
imately 300 meters. At shallower depths, sands and muddy

sands blanket the seafloor and indicate much stronger bottom-
current activity (Anderson, Brake, and Myers in press).

Two helicopter flights were conducted in the northernmost
Alexandra Islands. Glacial striations were observed on
nunataks to elevations of approximately 400 meters, or at least
50 meters higher than the present glacial surface.

This research was supported by National Science Foundation
grant NSF-DPP 81-16623. Participants in the piston coring project
include John B. Anderson, Barbara Andrews, Rob Dunbar,
Scott MacDonald, Julie Wiles, and Robyn Wright.
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Occurrence of Pseudammodochium
from the subbottom sediments of the

Ross Ice Shelf
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Occurrence of Lorica or Podarnphora stage is a unique phe-
nomenon among some ebridians (a siliceous protozoans). The
true nature, whether it is part of a developmental (ontogenic)
state or merely a hypersiliceous encystment of individuals,
remained unsolved until now (Deflandre 1932a, 1932b, 1932c;
Gemeinhardt 1931; Hovasse 1932a, 1932b, 1932c). Specimens of
these forms, both with and without Lorica (or Podamphora stage),
were generally reported from the same samples or at the same
time. I also observed and/or documented these specimens from
the circum-North Pacific regions (Ling 1971; Ling and Kim in
preparation), submarine deposits recovered in the North Pacific

Figure 1. Index map showing Ross Ice Shelf Project (RIsP) site J-9
1977-1978 and the drilling location of the McMurdo Sound Sediment
and Tectonic Studies (MssTs) of the Ross Ice Shelf.

and North Atlantic (Ling in press) during the Deep Sea Drilling
Project.

However, during the examination of cored sediments from
the subbottom of the Ross Ice Shelf of Antarctica (figure 1),
specimens that can be referred to as Pseudammodochium dic-
tyoides (Hovasse) are recognized, and they are almost ex-
clusively of those with Lorica or Podamphora stage.

RISP (Ross Ice Shelf Project) samples. Among the cored sedi-
ments from site J-9 (82°22.5'S 168°37.5W) of 1977-1978, 17
samples from the three longest cores (8, 9, and 10) (Webb 1978)
were examined for their siliceous microfossil contents (figure 2,
table 1). Radiolarians were completely absent from these sam-
ples; Miocene age for the sediments of lower lithological unit
was already suggested (Ling and White 1979).

MSSTS (McMurdo Sound Sediment and Tectonic Studies) samples.
This drilling project was proposed and carried out mainly by
scientists from New Zealand after the conclusion of the dry
valley drilling project (DVDP) (McGinnis 1981) with the broad
objectives of unraveling the Earth history of the east antarctic
ice sheet and its possible relationship with the development of
the Transantarctic Mountains. The coring operation was carried
out from 21 October to 22 November 1979, at 77°33'25.83"S
164°23'12.85"E with water depth of 196 meters (see figure 1).
After the drilling reached the depth of 229.6 meters (73 cores),
the operation was prematurely terminated by sea-ice conditions
(Pyne and Waghorn 1980).

Among 32 samples examined for the siliceous microfossils,
only four samples contained silicoflagellates and/or ebrididians
(figure 2, table 2). The microfossils recovered from the samples
were too few and generally too long-range to provide any defi-
nite geological age for the sediments; however, based on the
RISP results, I suggest a minimum age of Miocene for the basal
part of the cored sediments where these siliceous microfossils
were encountered.

Investigations of these subsurface sediments from the Ross
Ice Shelf record the southernmost occurrence of genus
Pseudoammodochium for the first time. Furthermore, it is inter-
esting to note here that the specimens referred to the present
genus are all double skeletons of unequal size, and all are with
Lorica or Podamphora stage. This is a sharp contrast to the pre-
vious records by Deflandre (1932a, 1932b, 1932c) and Hovasse
(1932a, 1932b, 1932c) where the majority of specimens in the
illustrations are generally without Lorica or double skeleton of
equal size.

Special thanks are due to Dennis S. Cassidy of the Antarctic
Research Facility of the Florida State University for providing
the RISP J-9 cored samples. Special thanks are also due to New
Zealand scientists who kindly invited me to participate in the
MSSTS project and furnished the samples upon which the study
was based. This research was supported by National Science
Foundation grant DPP 79-11304.
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Figure 2. Sliicofiageilates and ebridlans from the subbottom of the Ross ice Shelf. Taxonomic names, core numbers, depth intervals, slide
numbers, loca locations with England Finder coordinates, and magnifications are: (1) Dlstephanus speculum Ehrenberg (short spine)-core
number 77-8, depth intervals 40-43 centimeters, slide number L-2, ioca location 045/0, magnification x 500; (2) MesocenapappllBachmann-
core number 77-8, depth Intervals 83-86 centimeters, slide number L-2, ioca location D14/3, magnification x 500; (3) Mesocena pappil
Bachmann-core number 77-10, depth intervals 16-19 centimeters, slide number L-2, ioca location J21/4, magnification x 500; (4)
Pseudammondochium dictyoldes Hovasse-core number 77-10, depth intervals 80-83 centimeters, slide number L-2, loca location D18/0,
magnification x 640; (5) Pseudammodochlum sp. cf. P. dictyoldes (?) Hovasse-core number 77-10, depth interval 80-83 centimeters, slide
number L-2, ioca location H17/0, magnification x 640; (6) Pseudammodochium sp. cf. P. dlctyoldes (?) Hovasse-core number 77-10, depth
Intervals 16-19 centimeters, slide number L-2, loca location P11/1, magnification x 640; (7) Dictyocha fibula Ehrenberg-core number 59-5,
depth Intervals 17-19 centimeters, slide number L-2, ioca location K8/3, magnification x 500; (8) Dlstephanus speculum Ehrenberg (short
spine)-core number 71-4, depth intervals 41-45 centimeters, slide number L-2, ioca location Y32/2, magnification x 500; (9) Dlstephanus
speculum Ehrenberg (normal form)-core number 71-4, depth intervals 41-45 centimeters, slide number L-4, loca location R18/4, magnifica-
tion x 500; (10) Ammodochlum rectangulare Schulz-core number 59-5, depth intervals 17-19 centimeters, slide number L-4, loca location
M39/2, magnification x 640; (1 1) Ammodochlum rectangulare Schulz (double skeleton)-core number 71-4, depth intervals 41-45 centimeters,
slide number L-4, ioca location 020/0, magnification x 640; (12) Pseudammodochlum dlctyoldes Hovasse-core number 71-4, depth intervals
41-45 centimeters, slide number L-3, loca location J8/4, magnification x 800; (13) Pseudammodochlum sp. cf. P dlctyoides(?) Hovasse-core
number 59-5, depth intervals 17-19 centimeters, slide number L-2, ioca location M30/4, magnification x 640.
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Table 1. Distribution of silicoflagellates and ebridians from the Ross Ice Shelf Project RIsp	coresa

Core number
(interval in

centimeters)

Distephanus
speculum

Distephanus	Mesocena
speculum	pappii

(short spine)

Taxa

Pseudammodochium
dictyoides

Pseudammodochium sp. cf.
P dictyoides

8 (14-17)
8 (27-30)
8 (40-43)
8 (57-60)
8 (67-70)
8 (75-78)
8 (83-86)
8 (90-93)
9 (8-11)
9 (35-38)
9 (63-66)
10 (5-8)
10 (16-19)
10 (30-33)
10 (52-55)
10 (72-75)
10 (80-83)

a Based on a 200 specimen count. "A" denotes abundant, "C" denotes common, "F" denotes few, 'R" denotes rare, "+" denotes single specimen.

Table 2. Occurrence (number of specimens) of silicoflagellates and ebridians from the McMurdo Sound Sediment and Tectonic Studies (MssTs)

Taxa
Interval	Subbottom

Core	(in centi -	depths	Dictyocha	Distephanus	Ammodochium	Pseudammodochium	Pseudammodochium
number	meters)	(in meters) fibula	speculum si.	rectangulare	dictyoides	sp. cf. P dictyoides

53-1	29-31	159.79-159.81	-	 2	 -	 -	 -
59-5	17-19	185.45-185.47	3	 2	 4	 1	 2
69-2	55-58	215.54-215.57	-	-	 1	 -	 -
71-4	41-45	222.25-222.29	-	 8	 4	 2	 2
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The primary purpose of the antarctic circumnavigation cruise
was to enable a four-person team of U.S. antarctic observers to
visit foreign scientific stations in East Antarctica, a part of the
continent only occasionally visited by U.S. ships and person-
nel. This aspect of the cruise is described by Chapman (Antarctic
Journal, this issue). The cruise track (figure 1) was of much
interest because it offered opportunities for continuous scien-
tific observations at high latitudes, in contrast to most cruise
tracks in the Antarctic which are usually parallel to a meridian
(i.e., in a north-south direction). This cruise track gave scientists
on board four rare opportunities for study. (1) The cruise track
included the southern Pacific and Indian Oceans, areas which
are seldom traversed by U.S. research vessels. (2) We spent
much time over the continental shelf, making some transects
across the shelf break into deep waters. (3) Biological studies
could be correlated with ice cover, because although we trav-
elled close to the ice edge most of the time, we also made some
transects through heavy pack ice (1 to 2 meters) and some
through open water far from the ice edge. (4) The cruise track
was generally in or close to the Antarctic Divergence Zone and
the East Wind Drift.

There were five scientific programs on board the vessel: dis-
tribution of marine mammals, bird observations, chemical
oceanography, microbial studies, and marine mammal detec-
tion using a towed acoustic array. These programs are briefly
described in other articles in this issue. In addition to these
programs, we also collected air samples once or twice a day off
the bow of the ship for analysis of total carbon dioxide by the
National Oceanic and Atmospheric Administration (NOAA) lab-
oratories in Colorado. This is part of NOAA's long-term program
of monitoring worldwide levels of carbon dioxide and deter-
mining the possible consequences on human life.

From the time the ship departed McMurdo (21 January 1983)
until we stopped at General Belgrano Station (southernmost
station in the Weddell Sea) on 19 February, the scientific teams
could make only relatively minor changes in the cruise track or
ship speed because of the observer team's need to accomplish
the primary mission of the cruise. During this time, the scien-
tific programs were able to use the hydrographic winch to get
samples from a depth of 200 meters at three stations. Beyond
General Beigrano Station, however, the ship was at the disposal
of the scientific group, and much work was accomplished in the
Weddell Sea.

Two other research vessels were encountered by the USCGC
Polar Star during its circumnavigation cruise. On 13 February we
met Polar Circle (Norwegian ownership with Canadian regis-
try), which has been leased by India to support their antarctic
operations, and we had the opportunity to meet with the chief
scientist from the Indian base and some of his colleagues. On 20
February Polar Star "parked" on a large ice floe at about 77° 12' S
and 38° 34' W (figure 2) and was soon joined by FS Polarstern, the
new icebreaker-research vessel from the Federal Republic of
Germany. Scientists and crew members from both vessels had
the opportunity to visit the others' ship.

15O	 tSO

Figure 1. Cruise track of the USCGC Polar Star which departed Pal-
mer Station 27 December 1982 and returned 69 days later on 6 March
1983. The 14 circles Indicate scientific bases visited by the observer
team.
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Figure 2. Photograph of the LJSCGC Polar Star parked on an ice floe in
the southern Weddell Sea, affording all on board a little ice-freedom
and, for some, a little golf and soccer.

Polar Star dropped anchor in Arthur Harbor, Anvers Island,
on 6 March thus completing the circumnavigation of the con-
tinent in 69 days. We left Palmer Station on 7 March with 11
additional scientists on board and disembarked at Punta
Arenas, Chile, on 10 March.

We were fortunate throughout the entire cruise to have had
calm seas, much sunshine, and no serious breakdown of equip-
ment. We gratefully acknowledge the splendid help and coop-
eration of Captain Joseph Smith and all officers and crew of Polar
Star who made this cruise successful and enjoyable.
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whales observed during the 1983

circumnavigation of antarctica by the
USCGC Polar Star
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From 21 January to 6 March 1983, seal and whale censuses
were conducted in the southern ocean during the circum-
navigation of Antarctica by the USCGC Polar Star. The whale
censuses were conducted from the loft conning tower of the
Polar Star located 105 feet above the water surface. The censuses
were conducted continuously during all daylight hours except
during periods when sea conditions exceeded a Beaufort 4 sea
state (see table 1). Team members alternated as observers at 2- to
3-hour intervals. Counts of whales were limited to transects
extending to either side of the ship's course dependent upon
sea-state conditions. Sea-state transect widths to either side of
the ship are shown in table 1. Transect distances were deter-
mined by sighting boards (Siniff, Cline, and Erickson 1970).

Censuses of seals were confined to pack-ice areas and in-
cluded shipboard surveys and aerial surveys by helicopter. The
shipboard surveys consisted of counts of seals observed in
transect strips extending to '/8 nautical mile on either side of the
ship's passage through pack-ice areas. Aerial censuses consis-
ted of transect strips flown directly south from the ice edge into

the ice pack. Aerial transect strips measured ¼ nautical mile to
either side of the survey helicopter and were flown at an eleva-
tion of 250 feet. Erickson conducted all counts from the co-
pilot's seat, and another team member recorded the observa-
tions and conducted ice classifications along strips.

Seventeen aerial transect surveys were flown, and 584 square
nautical miles of pack ice area were censused (table 2). Totals of
2,727 seals, 1,188 penguins, and 31 minke whales (Balaenoptera
acutorostris) were observed during these censuses. Seal density
was 4.7 per square nautical mile; species composition was 70.5
pecent crabeater seal (Lobodon carcinophagus), 24.7 percent Wed-
deli seal (Leptonychotes weddelli), 3.5 percent leopard seal
(Hydrurga leptonyx), and 1.3 percent Ross seal (Ommatophoca
rossi).

Shipboard censuses of seals totaled 445 square nautical miles
distributed over 33 geographic areas (table 3) and yielded
counts of 2,005 seals, 5,027 penguins, and 121 minke whales.
The average seal density in these censuses was 4.5 per square
nautical mile; species composition was 87.1 percent crabeater
seal, 7.8 percent leopard seal, 3.7 percent Weddell seal, and 1.4
percent Ross seal.

Table 1. Beaufort sea state conditions and transect widths

Sea condition
Port & starboard

Beaufort	Wind velocity	Wave height	transect widths
sea state	(in knots)	(in feet)	(in nautical miles)

0—i	 0	 1.50
1-3	 1	 1.00
4-6	 2	 0.75
7-10	 3	 0.50

11-16	4-5	 0.25
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47.90
29.50
26.55
44.30
35.75
23.80
25.45
18.65
43.80
57.45
26.65
34.25
36.55
37.25
30.30
33.15
33.00

584.30

124
96
49

536
408
214
486
166
75
47
68

113
120
151

18
7

49
2,727

2.59
3.25
1.85

12.10
11.41
8.99

19.09
8.90
1.71
0.82
2.55
3.30
3.28
4.05
0.59
0.21
1.48

4.67

Table 2. Seals, whales, and penguins observed during aerial pack ice surveys during the 1983 circumnavigation of Antarctica by the USCGC

Polar Star

Midcensus

	

position	 Seals	 Penguins

Census Date	 Crab-	 Minke
number (1983)	Longitude	Latitude eater Leopard Weddell Ross Unknown whale Adélie Emperor

1/30	113°30'E	65030'S	53	23	42
	

6
	

0
	

4
	

0
	

0
2/3	8323'E	65048'S	84	7	4

	
0
	

2
	

3
	

0
2/8	47029.0'E 6642.9'S	4	2	36

	
2
	

5
	

7
	

25
	

28
2/9	45030.7'E	67027.4'S	328	5	202

	
0
	

192
	

10
2/12	18025.5'E	69032'S	392	3	6

	
7
	

0
	

0
	

195
	

5
2/14	040 12.6'E	70000.7S	182	16	6

	
8
	

2
	

2
	

27
	

3
2/16	08007.7'W 70031.9'S	445	26	8

	
7
	

0
	

0
	

31
	

333
2/19	35058.2'W 77039.8'S	0	0	166

	
0
	

0
	

0
	

0
2/21	39057.5'W 77004'S	47	0	28

	
0
	

0
	

0
	

0
	

0
2/21	39023.4'W 76°58.8S	19	0	27

	
0
	

0
	

0
	

2
2/22	34008.5'W 75006.3'S	31	0	36

	
0
	

0
	

0
	

56
2/22	34039.9'W 74°46.1 'S	99	3	9

	
0
	

2
	

43
2/22	34046.8'W 74023.7S	19	1	100

	
0
	

0
	

52
	

66
2/23	2836.5'W 71 049.2'S	146	3	0

	
2
	

0
	

5
	

34
2/23	29023'W	71029'S	15	3	0

	
0
	

0
	

6
	

10
	

2
2/23	30013'W	71033'S	4	3	0

	
0
	

0
	

4
	

3
2/24	39053.0'W 69059.7'S	48	0	0

	
0
	

0
	

50
	

3
Total	1,916	95	670

	
36
	

10
	

31
	

622
	

566

	

Species density per square	3.28	0.16	1.15
	

0.06
	

0.05
	

1.06
	

0.97
nautical mile

Seals
Area	 per

censused	square
(in square	naut-
nautical	Total	ical
miles)	Seals	mile

The seal density data developed by the aerial and shipboard
censuses were essentially the same; however, the species com-
position of the two types of census was different. The higher
observed density of crabeater seals and leopard seals in the
shipboard census is the result of the concentration of these
censuses along the outer ice limits, a region of higher crabeater
and leopard seal densities (Siniff et al. 1970; Gilbert and
Erickson 1977).

As shown in tables 2 and 3, the gross seal density and species
composition data developed in 1983 for sample areas dis-
tributed around the antarctic continent showed considerable
variation. These characteristics have been observed in previous
surveys including intensive surveys limited to specific regions
of antarctic pack ice such as the Weddell Sea (Siniff et al. 1970),
the Amundsen and Bellingshausen Seas and the Oates and
George V Coasts (Gilbert and Erickson 1977), and the Adélie,
Clairie, and Banzare Coasts (Erickson et al. 1974). Additional
analysis and comparison of the several bodies of data will be
required to discern possible changes in the abundance and
species composition of seals observed between census periods
for specific antarctic areas. Overall, however, it appears that the
density of seals observed in the 1983 surveys tends to be lower
than observed in surveys conducted earlier. This difference is
believed to be largely attributable to the fact that the census data
of the earlier periods resulted from specifically designed cen-

suses which were limited to specific areas and conducted at
particular times of the day. By contrast, the 1983 surveys were
conducted as time and opportunity permitted. The most sig-
nificant factor influencing the 1983 census results was the fact
that very few of the censuses were centered on the midday
period when the peak haulout of seals on the ice occurs. Correc-
tion of the data for this factor is expected to raise the current
overall density figures to values approximating the norms of
previous years.

A total of 5,937 square nautical miles of whale census was
performed during 42 census periods. These surveys yielded a
count of 626 whales representing seven species (table 4). Whale
density was one whale per 9.5 square nautical miles. By species,
80.3 percent were minke whales, 10.2 percent killer whales
(Orcinus orca), and 6.7 percent humpback whales (Balaenoptera
novaeangliae). The remaining whale species observed on survey
included seven southern bottlenose whales (Hyperoodon
planifrons), two blue whales (Balaenoptera musculus), one sei
whale (Balaenoptera borealis), and one bull sperm whale (Physeter
macrocephalus). A number of other whales were observed during
nonsurvey periods including an observation of two groups of 30
to 40 pilot whales (Globicephala sp.) observed on 4 March at
latitude 60°44.9S and longitude 55°51.2'W.

This research was supported by National Science Foundation
grant DPP 82-10588.
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0
2
5
0

2
3

3
0
7
9
0
0
0
0

3

0
2
0

0
5
5

4
0
6
0

63

0.14

0
0

0
0
4
0
0
0
0

3
0
0
0
0
4

0
2
0
0
0
0
0
0
0
0
2
0
0
9

27

0.06

0
0
0

0
2
4
0
0
0

0
0
0
0
0
2
0

0
0
2
0
0
0

4

0
2
0

22

0
3

12

8
2
8
7
6
0
9

34
0
2
0
6
0

20
4

5
0
0

0
56

8
7
8
0

12
0

220

0.49

2:10
0:50
6:20
9:00
9:00
4:40
1:00
2:20
2:00
6:00
3:00
7:00
1:00
1:10
1:00
1:40
3:20
4:40
3:00
3:00
1:00
3:00
2:20
4:20
8:00
9:20

11:40
11:20
14:20
3:20

10:00
3:20

154:00

6.35
2.60

12.6
22.9
30.8
13.4
4.0
6.0
9.1

21.0
19.1
23.9

3.3
3.1
1.9
5.2

11.1
14.9
4.8
6.1
1.3

11.2
8.0

13.2
17.4
23.5
27.9
32.5
37.3
12.6
26.3
11.7

445.0

Table 3. Seals, whales, and penguins observed during shipboard pack-ice surveys during the 1983 circumnavigation of Antarctica by the USCGC Polar Star

Midcensus position	 Seals	 Penguins	 Seals per
Total

census Area censused	Square
Census	Date	 Crab-	 Minke	 (hours:	(in square	 nautical
number	(1983)	Longitude	Latitude	eater Leopard Weddell	Ross	Unknown	Total whales Adélie Emperor	minutes)	nautical miles)	Hour	mile

'.0

1/21	16605.0'E	770 19.1'S	0	0
2
	

1/21-22	16932.2'E	75032.6'S	0	0
3
	

1/24	16054.5'E	6911.1S	0	0
4
	

1/25	160055.7'E	6850.9'S	8	2
5
	

1/26	15656.3'E	6556.2S	96	5

6
	

1/30	11331.8'E	6517.2'S	11	9
7
	

1/31	109019.2'E	65049.6'S	5	4
8
	

2/1	9854.0'E	6418.0'S	2	1
9
	

2/2	90051.7'E	6538.3'S	1	1
10
	

2/3	8111.1'E	6542.4'S	26	3
11
	

2/4	7608.4'E	67056.1'S	12	1
12
	

2/4	77032.7'E	67040.7'S	7	0
13
	

2/5	77025.5'E	6651.3'S	1	1
14
	

219	45027.7E	670 16.4'S	40	0
15
	

2/9	45026.7'E	67021.0'S	13	0
16
	

2110	4013.2'E	68007.6'S	4	0
17
	

2/11	3057.6'E	68047.3'S	32	0
18
	

2/12	1302.4'E	6925.5'S	47	3
19
	

2/14	346.8'E	70001.7'S	51	3
20
	

2/15	239.3'W	6956.9'S	100	7
21
	

2/16	8°09.1'W	70°30.1'S	12	0
22
	

2/17	20043.3'W	7306.3'S	5	0
23
	

2/18	32046.0'W	7649.7'S	0	0
24
	

2/20	39036.6'W	77002.3'S	0	1
25
	

2/21	40052.0'W	7653.1 'S	0	0

26
	

2/22	33012.8'W	75024.4'S	68	0
27
	

2/23	30013.1'W	720 19.7'S	57	1
28
	

2/24	41013.9"W	7020.2'S	22	3
29
	

2/25	4802.0'W	68046.2'S	185	4
30
	

2/26	45028.8'W	6553.5'S	9	0

31
	

3/2	5503.0'W	6358.1'S	346	41
32
	

3/3	5622.1'W	63036.0'S	574	64

	

Total 1,734	154

Species density per
square nautical mile	3.90	0.35

	

0	0	142

	

2	0	5

	

6	1	5

	

11	1	53

	

102	17	50

	

28	21	21

	

16	4	141

	

4	0	12

	

5	4	80

	

29	23	187

	

22	0	201

	

20	3	192

	

2	0	0

	

40	4	17

	

13	0	10

	

4	4	45

	

37	0	181

	

54	0	76

	

57	4	17

	

111	0	2

	

12	0	0

	

7	0	1

	

2	0	0

	

2	0	0

	

0	0	1

	

73	8	7

	

64	20	172

	

30	1	516

	

196	2	2,004

	

9	0	0

	

395	0	664

	

647	0	3

	

2,000	117	4,807

	

0.26	10.80

0	0
2.40	0.77
0.97	0.47
0.82	0.48
1.89	3.31
6.00	2.09

16.00	4.00
1.81	0.67
2.50	0.55
4.83	1.38
7.33	1.15
2.86	0.84
2.00	0.61

31.9	12.9
13.0	6.8
2.4	0.76

11.1	3.33
11.6	3.62
19.0	11.88
37.0	18.20
12.0	9.23
2.30	0.63
0.91	0.25
0.46	0.15
0	0
7.85	3.11
5.48	2.29
2.65	0.92

13.71	5.25
2.73	0.95

39.3	15.02
194.29	55.30

12.99	4.49

(11



0	0	0:30
0	0	2:30
0	0	5:10
0	38	4:00
0	7	10:30

2 Blue	3	7:40
0	3	1:20
0	0	3:20
0	14	2:20
0	12	12:40

1 Sperm	6	11:00
0	14	4:40
0	60	14:00
0	0	3:40
0	0	3:20
0	53	9:20
0	1	11:40
0	2	8:40

2 Unidentified	51	15:20
0	39	2:40
0	31	15:00

2 Unidentified	3	14:00
0	0	1:20
0	107	9:00
0	2	3:00

2 Unidentified	6	3:00
2 Unidentified	2	2:00
5 Unidentified 103	13:00
3 Unidentified	38	5:40

0	0	1:40
0	0	2:00
0	0	1:00
0	0	2:00

1 Sei	5	5:40
0	2	14:20

5 Bottlenose	5	14:00
2 Bottlenose,	9	14:00
1 Unidentified

0	0	1:00
0	4	2:40
0	0	4:00
0	6	3:40
0	0	3:20

28	626	269:40

12.6
48.8

123.8
129.6
274.7
142.2
26.4
27.7
37.2

276.1
233.9
102.0
415.3

46.9
61.4

291.0
279.0
197.4
306.3

68.6
376.7
408.2

39.4
202.0

73.2
84.3
59.8

321.5
156.4
28.3
14.0
15.4
51.4
38.1

212.6
273.4
235.1

20.7
37.6
35.8
71.0
80.9

5,936.7

0.083	0.007	0.010	 2.32
	

0.105

0
0
0

38
7

3
0

14
0
5

14
43

0
0

53

2
41
24
28

0
85

2
4
0

98
15
0
0
0
0
4
2
0
6

0
4
0
0
0

495

0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
8
0
3
0
0

22
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
6
0

41

0
0
0
0
0
0
0
0
0
12
0
0

15
0
0
0
0
0
0

15
0
0
0
0
0
0
0
0

20
0
0
0
0
0
0
0
0

0
0
0
0
0

62

0
0
0
9.50
0.67
0.40
5.26
0
6.00
0.95
0.54
3.00
4.29
0
0
5.68
0.08
0.23
3.33

14.61
2.07
0.21
0

11.89
0.67
2.00
1.00
7.92
6.71
0
0
0
0
0.88
0.14
0.36
0.64

0
1.50
0
1.64
0

0
0
0
0.29
0.02
0.02
0.11
0
0.38
0.04
0.03
0.14
0.14
0
0
0.18

Trace
0.01
0.17
0.57
0.08
0.01
0
0.53
0.03
0.07
0.03
0.32
0.25
0
0
0
0
0.13
0.01
0.02
0.04

0
0.11
0
0.08
0

Table 4. Whales observed during the 1983 circumnavigation of Antarctica by the uscc Polar Star

Midcensus position

Census Date
number (1983)	Longitude	Latitude

Whales

Hump-
Minke	back	Killer	Other

Area	Whales per
censused

Total	(in square	Square
census	nautical	 nautical

Total	hours	miles)	Hour	mile

1/21	16645.0'E	7706.4'S
2
	

1/21-22	16947.1'E	7516.4'S
3
	

1/22	171004.8'E	74014.8'S
4	1/22	17116.0'E	72027.7'S
5
	

1/23-24	16501.8'E	6950.9'S
6
	

1/25	160035.4'E	67041.7'S
7
	

1/26	154058.6'E	6510.2'S
8
	

1/26-27	14612.6'E	65025.9'S
9
	

1/28	13936.6'E	66003.4'S
10
	

1/28	12928.9'E	65000.4'S
11
	

1/29-30	115°33.3'E	64049.9S
12
	

1/31	109019.2'E	65049.6'S
13
	

1/31	101057.5'E	64026.7'S
14
	

2/1	94019.3'E	65049.1'S
15
	

2/2	92015.0'E	6602.4'S
16
	

2/3	8426.5'E	65025.8'S
17
	

2/5	73009.0'E	6652.3'S
18
	

2/7	61020.3'E	6626.1'S
19
	

2/8	4905.8'E	6625.8'S
20
	

2/9	4454.9'E	67003.9'S
21
	

2/11	3401.7'E	68008.5'S
22
	

2/12	1538.9'E	6907.4'S
23
	

2/13	1201.2'E	6956.5'S
24
	

2/14	610.7'E	6948.5'S
25
	

2/14	0005.5'W	68046.6'S
26
	

2/15	342.0'W	70003.3'S
27
	

2/16	8042.4'W	70023.9'S
28
	

2/17	2516.6'W	7500.9'S
29
	

2/18	29040.7'W	76009.7'S
30
	

2/20	36020.2'W	77039.1'S
31
	

2/21	3923.3'W	7650.1'S
32
	

2/22	33024.6'W	75048.1'S
33
	

2/23	3121.0'W	7225.1'S
34
	

2/26	4630.3'W	6629.9'S
35
	

2/27	43006.3'W	6136.4'S
36
	

2/28	43045.9'W	6036.7'S
37
	

3/1	4651.6'W	6037.7'S

38
	

3/2	5255.3'W	6329.8'S
39
	

3/3	5703.7'W	63006.5'S
40
	

3/4	55007.5'W	6121.8'S
41
	

3/6	6335.1 'W	64050.1'S
42
	

3/7	6451.0'W	64048.3'S
Total

Species density per square
nautical mile
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Marine bird distribution in antarctic
waters

GEORGE L. HUNT, JR. and RICHARD R. VEIT

Department of Ecology and Evolutionary Biology
University of California
Irvine, California 92717

As part of the Arms Control and Disarmament (ACDA) cir-
cumnavigation cruise of the antarctic continent from 21 January
to 6 March 1983, we studied bird species distribution and abun-
dance in the East Wind Drift off Antarctica and off southern
South America aboard the USCGC Polar Star. We were especially
interested in examining the variation in bird species composi-
tion and density between distinct hydrographic boundaries
such as the fronts associated with the antarctic continental slope
(Ainley and Jacobs 1981), or the interface between the open
ocean and the pack ice. We also sought data on the geographical
distribution of bird species in the sectors of the southern ocean
which to date have received little ornithological coverage.

Between Anvers Island and McMurdo Station, Veit con-
ducted 101 counts, each of 10 minutes duration and separated
by intervals of 1/2 to 1 hour. From McMurdo Station westward to
the Antarctic Peninsula, however, we took continuous, or near-
ly continuous, 10-minute counts for up to 22 hours per day,
depending upon daylength. We thus accumulated a total of
2,701 10-minute counts over a 41-day period. Between Val-
paraiso, Chile and Anvers Island 101 additional counts were
taken, 16-24 December 1982 between Anvers Island and Rio de
Janeiro, Brazil 469 additional counts were taken between 7-18
March 1983.

Counts were taken from either the flying bridge (16 meters
above the sea surface) during fair weather or from within the
pilot house (13 meters above the sea surface) during inclement
weather. All birds within an arc of a 300-meter radius extending
out from the beam to the bow of the ship were recorded as
"within zone." Ship-following birds were recorded when they
first appeared within the transect zone but were excluded from
all subsequent counts. We recorded all large concentrations of
birds and uncommon species regardless of their location or
distance from the ship; however, birds seen outside our transect
zone will be excluded from calculations of density and biomass.
Our data are being prepared for automatic data processing, and
estimates of density and biomass should be available by late
1984. We summarize here our most interesting observations.

Concentrations of birds. Our observations suggest that seabird
distribution in the East Wind Drift is extremely patchy. We saw
several very large concentrations of birds but also traversed
extensive areas where birds were scarce. Off Adélie Land (near
66°S 140°E) we saw approximately 500,000 sooty shearwaters
(Puffinus griseus), 500 light-mantled sooty albatrosses (Phoebetria
palpebrata), 500 mottled petrels (Pterodroma inexpectata), and 150
white-headed petrels (Pterodroma lessoni). There were two Jap-
anese krill trawlers fishing in the immediate vicinity. Although
we could not determine on what the birds were feeding, they
were not taking refuse from the trawlers.

On the shallow continental shelf off Enderby Land (near 66°S
51°E), we saw an aggregation of feeding antarctic petrels which

we estimated to contain on the order of 1 million birds. Russian
trawlers were fishing in the vicinity and Fanning and Vargo
(personal communication) reported seeing krill drawn in
through the Polar Star's sea chests at the same time that we
observed this flock. It is possible that the birds had aggregated
to feed upon a krill swarm.

We conducted two transects in the western portion of Prydz
Bay (68° 75'E), an area which has been reported to support large
populations of marine mammals but few birds. We noted un-
usually high densities of Adélie penguins, snow petrels,
Wilson's storm-petrels, and cape pigeons over ice-covered wa-
ters but few birds to the north of the ice over open water.

During late February, we observed large flocks of emperor
(Aptenodytes forsteri) and Adélie penguins (Pygoscelis adeliae) on
ice floes in the Weddell Sea. We counted nearly 500 emperor
penguins, including one flock of 365 on thick multi-year ice of 80
percent cover near 74°18'S 34°26'W, about 50 miles from open
water. We saw thousands of Adélie penguins concentrated
along the northeastern edge of the pack ice between 69°58S
39°31'W and 68°10'S 48°51'W, usually within 10 miles of open
water. The Adélie penguins were mostly clustered in groups of
10-100 birds near pressure ridges and were reluctant to enter
the water at the approach of the ship. The penguins were molt-
ing and flocks were surrounded by dense patches of feathers
and excrement. These observations support those of Cline,
Siniff, and Erickson (1969).

Distribution patterns. We found that Adélie penguins, snow
petrels (Pagodroma nivea), and arctic terns (Sterna paradisaea)
were characteristic of waters with substantial ice cover (30 per-

5
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Figure 1. Antarctic petrel (Thallasoica antarctica). (Photo by R. R.
Veit.)
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cent to 80 percent) and were fairly evenly distributed around
the entire continent. Both antarctic petrels (Thalassoica ant-
arctica) and antarctic fulmars (Fulmarus glacialoides) were abun-
dant, but they seemed to be segregated such that large numbers
of one species occurred where the other was scarce. Thalassoica
was most numerous in the Ross Sea and just north of the ice
edge between Enderby Land and the Weddell Sea, while
Fulmarus was the dominant species in waters near the Antarctic
Peninsula and in the Bellingshausen Sea. Wilson's storm-petrels
(Oceanites oceanicus) were patchily distributed and were never
encountered in large concentrations.

We noted an apparent segregation between the distributions
of three closely related species of gadfly petrel, Pterodroma inex-
pectata, P. brevirostris, and P. mollis, which significantly modify
the pelagic ranges of these species as described by Watson
(1975, pp. 132-137). Pterodroma inexpectata was numerous near
(but not south of) the edge of the pack ice between 137°W and
55°E while P. brevirostris was found over waters of similar tem-
peratures and salinities as P. inexpectata between 60°W and 80°E.
P. mollis was found over slightly warmer and more saline waters
north of the Antarctic Peninsula, where we observed it in con-
siderably larger numbers than have previously been reported
(cf. Brown et al. 1975).

Birds and oceanography. Our observations of the influence of
the pack-ice edge upon the variation in bird density largely
agree with those of Ainley and Jacobs (1981). We noted a pro-
nounced increase in bird numbers (mainly Adélie penguins,
snow petrels, and arctic terns) near the interface of the pack ice
and the open water in regions where the water was 30-60
percent covered by floes. We had several opportunities to con-
duct transects across the shelf break around the continent in
areas that were sufficiently ice-free to allow an investigation of
the effects of the shelf-break in isolation of ice effects. Although
we have yet to analyze our data statistically, we did not observe a
pronounced change in bird density in the vicinity of the shelf
break front, except around the South Orkney Islands.

We noticed a clear transition in species composition between
cold (- 2° to - 1°C) waters of low (approximately 31 parts per
thousand) salinity associated with the pack ice and the warmer
(0° to 2.5°C), more saline (31 to 34 parts per thousand) waters
10-30 kilometers seaward of the ice edge. On each of the trans-
ects that we conducted between these habitats, we noted an
appearance of such subantarctic species as wandering (Di-
omedea exulans) and black-browed (Diomedea melanophris) al-
batrosses, white-chinned petrels (Procellaria aequinoctialis),
white-headed petrels, and antarctic prions (Pachyptila desolata)
associated with a rapid increase in surface temperature and
salinity.

South Orkney Islands. We had the unique opportunity at the
end of the ACDA cruise to conduct a series of five radial transects
around the South Orkney Islands from 28 February to 2 March
1983. The ship made five transects, each from 90 nautical miles
offshore to within 5 nautical miles of the shore to the southeast,
northeast, northwest, and southwest of the islands. We
dropped a series of expendable bathythermographs on one
transect (to the northeast) in order to determine the presence of
a front associated with the shelf break. On each crossing of the
shelf break, we observed a pronounced concentration of birds.
The species composition of these concentrations on each trans-
ect was distinct; antarctic fulmars were most numerous to the
southwest of the islands, black-browed and gray-headed (D.
chrysostoma) albatrosses to the northwest, antarctic prions to the
northeast and chinstrap penguins (P. antarctica) and antarctic

Figure 2. Antarctic prion (Pachyptiia desolata). (Photo by A. R. Veit.)

prions to the southeast. We also recorded a marked decline in
chinstrap penguin density roughly 60 nautical miles offshore
from the islands. In some instances this drop-off in numbers
corresponded to the location of the shelf break.

Mammals and birds. We have the impression that there may be
a negative association between bird and cetacean abundance in
the East Wind Drift. However, north of Elephant Island (66°S
55°W), we observed a pod of about 40 pilot whales (presumably
Globicephala melaena) which were closely pursued by a cluster of
seabirds including black-browed, grey-headed, and wandering
albatrosses; southern giant petrels (Macronectes giganteus); cape
pigeons (Daptian capensis); and antarctic fulmars.

South America. On the transect between Punta Arenas, Chile
and Rio de Janeiro, Brazil, Veit made a series of 10-minute
counts which revealed significant concentrations of seabirds
associated with hydrographic fronts and pronounced changes
in bird species composition between distinct water masses. A
concentration of approximately 50,000 immature black-browed
albatrosses was observed feeding on offal around 25 trawlers
over the Argentine continental slope at 43°50'S 59°10'W. There
was a clear transition between species associated with shallow
(60-80 fathoms) shelf waters (Puffinus gravis, P. puffinus, P.
griseus, Eudyptes chrysocome, Sterna hirundinacea) and warmer,
deeper, more saline waters (Pterodroma incerta, P. mollis, P. mac-
roptera, Calonectris diomedea, and Stercorarius longicauda). An ob-
servation of 42 long-tailed jaegers between 43°10'S 58°00'W and
38°00'S 54°30'W suggests that this species winters in waters
over the shelf break of eastern South America. This observation
represents the only winter concentration of long-tailed jaegers
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yet recorded, aside from storm-blown birds seen from land
(Murphy 1936, p. 1039; Bartle 1983).

This research was supported by National Science Foundation
grant DPP 82-06052 to George L. Hunt, Jr. We thank the officers
and crew of the USCGC Polar Star for a most enjoyable and
productive cruise.
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Nanoplankton and microplankton
studies during the circumnavigation

cruise

CHRISTOPHER D. HEWES and OSMuND HOLM-HANSEN

Polar Research Program
Scripps Institution of Oceanography
University of California-San Diego

La Jolla, California 92093

EGIL SAKSHAUG

lnstitut for Mann Biokjemi
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NTH Trondheim, Norway

Although the environmental conditions that control the rate
of photosynthesis (nutrients, light, temperature) are fairly uni-
form in waters south of the Antarctic Convergence, there ap-
pears to be much patchiness in phytoplankton distribution. The
antarctic circumnavigational cruise (27 December 1982 to 6
March 1983) offered a unique opportunity to document phy-
toplankton concentrations around the entire continent and to
correlate these observations with observed bird and mammal
concentrations. Our specific objectives were: (1) to document
the biomass and cell-size distribution of phytoplankton in sur-
face waters as related to water depth (shelf versus deep waters)
and to degree of ice cover, (2) to determine the ratio of hetero-
trophic to autotrophic biomass in the microbial fraction, (3) to
estimate the magnitude and effects of the grazing pressure
exerted by heterotrophic microplankton organisms on the spe-
cies composition and biomass of the nanoplankton, and (4) to
determine the chemical composition and growth rates of phy-
toplankton as a function of light intensity. Except for four sta-
tions where we obtained water samples down to 200 meters, all
water samples were obtained close to the surface with polyvinyl
chloride (Pvc) samplers which could be used when the ship
steamed at 16 knots.

Phytoplankton biomass and distribution. Only three areas of phy-
toplankton blooms (over 2.0 micrograms chlorophyll a per liter)

were encountered during our entire cruise: (1) a Phaeocystis
dominated bloom in shelf waters at about 92°E longitude, (2) a
diatom bloom in shelf waters close to Davis Station (77°08'E),
and (3) extensive diatom blooms over most of the shelf waters
traversed in the Weddell Sea. A total of approximately 350 water
samples were analyzed for both total chlorophyll a content and
chlorophyll a content in the nanoplankton fraction (cells pass-
ing through a 20 micrometer nylon mesh net). These data are
shown in the figure, together with water depth. The mean
chlorophyll a concentration for all samples between McMurdo
and the Greenwich meridian was 0.41 micrograms per liter (0.26
± 0.19 in the nanoplankton fraction and 0.15 ± 0.28 in the
microplankton fraction); for all stations between 00 longitude
and Palmer Station, the total chlorophyll concentration was 1.12
micrograms per liter (0.65 ± 0.56 in the nanoplankton and 0.47
± 0.61 in the microplankton).

Five intensive sampling routines (560 samples) were per-
formed for periods of 6 hours each to determine the degree of
patchiness of the phytoplankton, especially in regard to trans-
ects across the continental shelf break. In both the Weddell Sea
and in transects north and south of the South Orkney Islands,
phytoplankton biomass was high (greater than 1.0 microgram
chlorophyll a per liter) in shelf waters and decreased dramat-
ically to low values (about 0.2 microgram chlorophyll a per liter)
when the depth exceeded 1,000 meters. Similar results have
been recorded in the Ross Sea (El-Sayed, Biggs, and Holm-
Hansen in press).

The primary mission of the circumnavigational cruise placed
some constraints on scientific studies, so we were unable to
conduct any ice-sampling studies; however, we noted that the
biomass of phytoplankton associated with ice cover was visu-
ally impressive. This was true for the epontic layer on the
underside of the ice, as well as for the layers of algae contained
within the ice. On three or four occasions, we saw large num-
bers of krill awash over the bottom side of these algae-covered
ice floes when the floes were turned over by the force of the
USCGC Polar Star's passage. In the shelf portions of the southern
Weddell Sea, very high phytoplankton biomass (greater than
100 micrograms chlorophyll a per liter) was found to be associ-
ated with the very thin, newly formed nilas ice. This is reminis-
cent of the extensive blooms reported in this area by El-Sayed
(1971). Our data do not show, however, any significant enhance-
ment of phytoplankton biomass in waters close to the ice edge.

Ratio of heterotrophic to autotrophic biomass. Once or twice a day
larger volumes of water were collected for chemical analysis of
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Chlorophyll a content in the nanopiankton (less than 20 micrometers) and in the mlcroplankton (greater than 20 micrometers) together with
water depth during the circumnavigation cruise. Station 1 was at approximately 159 0E longitude, and station 42 was at 56 0W longitude.
(Chlorophyll a was measured in micrograms per liter.)

the particulate matter and for determination of the number and
cell-size distribution of both heterotrophic and autotrophic
cells. The trophic mode studies were done by concentration of
all cells by a filter-transfer-freeze technique (Hewes and Holm-
Hansen 1983), followed by examination by a combination of
transmission and epifluorescence microscopy. Most of these
samples, together with the samples for chemical analysis (aden-
osine triphosphate; organic carbon, nitrogen, and phosphorus;
and biogenic silicon) remain to be analyzed.

Culture experiments. Water samples were incubated in 4.0-liter
glass bottles on the 0-1 deck under controlled conditions of light
and temperature. Cultures for growth rate (sampled daily) and
chemical composition measurements were allowed to grow for
1-2 weeks. Cultures for studies of grazing effects by hetero-
trophic microbial cells were maintained for 1 or 2 days. Most of
these samples remain to be analyzed. Preliminary microscopic
observations, however, revealed that the long-term cultures
showed a domination by microplankton-sized diatoms, in con-
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trast to the original water sample which was usually dominated
by nanoplankton.

All three authors participated in the cruise. This work was
supported by National Science Foundation grant DPP 82-12362.
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Circumpolar acoustic surveys for
marine mammals using a towed

hydrophone array

SHELDON R. FISHER, LISA M. FERM, and JEANETTE A. THOMAS

Hubbs Sea World Research Institute
San Diego, California 92109

Hubbs Sea World Research Institute has developed an array
of hydrophones with a broad frequency response 50 hertz to 20
kilohertz) designed to be towed behind a survey vessel and
used for detecting sounds from marine organisms (figure 1).
This array has been used successfully on three cruises in the

eastern tropical Pacific (Anderson 1980; Thomas, Evans, and
Fisher 1982; Thomas, Fisher, and Ferm 1982). A variety of ma-
rine mammals were acoustically detected and on one cruise
(Thomas, Fisher, and Ferm 1982) as many as 32 percent of the
encounters of marine mammals were detected by the array but
not by observers using 25-power binoculars. These results indi-
cated that studies on the distribution and abundance of marine
mammals will be much more useful if acoustic monitoring were
used in conjunction with visual surveys.

Past studies by Thomas and Kuechle (1982), Stirling and Siniff
(1979), and Awbrey and others (1982) have shown that all ant-
arctic seals, killer whales, and minke whales are vociferous
during the austral spring. The application of the towed array for
acoustic surveys of marine mammals in antarctic waters was
tested during the circumpolar navigation of the USCGC Polar Star
from 21 January to 6 March 1983 (figure 2).

Specifically, our objectives were to: (1) test the performance of
the array in antarctic waters, (2) detect acoustically the presence
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Figure 1. Configuration of the acoustic sections of the towed array used on the USCGC Polar Star. ("m" denotes meter, "Hz" denotes hertz, and
"kHz" denotes kilohertz.)
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Figure 2. Acoustic array of hydrophones used on the circumpolar
navigation of the USCGC Polar Star

of marine mammals, (3) compare acoustic data with standard
sighting data of marine mammals, (4) collect ambient acoustic
data throughout the cruise track, and (5) correlate ambient
acoustic levels with other measures of productivity.

The array was towed successfully in open water (up to 18
knots) and in as much as 8 tenths ice cover (up to 12 knots).
Towing depths were dependent on ship's speed and ranged
from 6 to 15 meters.

Visual contacts of marine mammals varied from occasional
periods during which large concentrations were sighted to long
periods of no sightings, yet they occurred throughout the track.
However, during 200 hours of towing, marine mammals were
detected acoustically only once.

There are probably several reasons why so few marine mam-
mals were acoustically detected. (1) The circumpolar cruise was
made after the spring breeding season when marine mammals
have reduced their vocalizations. There is some evidence to
support this idea. W.. E. Evans sampling the same area con-
currently onboard the World Discoverer also did not detect vo-
calizations from Weddell seals, crabeater seals, leopard seals, or
killer whales using a single hydrophone. During a survey on
the USCGC Glacier in January to March 1981 few marine mam-
mals were detected using sonobuoys (Thomas et al. 1981). Sim-
ilarly, Thomas and others (1978) noted a dramatic decrease in
vocalizations of Weddell seals after breeding in McMurdo
Sound. (2) The properties of large icebreakers may inhibit
sound production by marine mammals. On the USCGC Polar Star,
the ship's three shafts with variable pitch propellers provide a
high amplitude sound field (actual measurements are not avail-
able). Of the four ships from which the array has been de-
ployed, the USCGC Polar Star had the loudest self-noise and this
may inhibit vocal activity of the animals nearby. Similarly, the
sight of the ship may cause marine mammals to cease calling. If
a ship's noise or appearance affects the distribution of marine
mammals around the ship, data collected during shipboard
surveys must be used cautiously. [A study by Leatherwood,
Awbrey, and Thomas (1982), however, indicated that the dis-
tribution of minke whales was not affected by the presence of
the USCGC Polar Star or the USCGC Glacier. Whether or not their
vocal activity was altered was not tested.] (3) Fresh water from
glacial melt, because of its lower salinity, can significantly refract
sounds and limit the range at which sounds near the surface can

be detected by several orders of magnitude. This effect has been
documented in the Arctic. (4) Because the backwash from the
three propellers of the USCGC Polar Star is much greater than
from other vessels that have used the array, there may have been
a larger baffling effect around the array. Limited tow cable
prevented us from dropping the array below this backwash
zone. (5) The possibility that the array was not working properly
can be dismissed because: pilot whales were detected clearly,
the 12 kilohertz pinger from the ship's depth recorder was
detected during the entire trip, and on the return trip the array
was calibrated on acoustic range off the coast of Brazil.

Sounds from about 30 pilot whales Globicephala c.f. melaena
(Brownell 1974) were monitored for a 10-minute period near
Elephant Island (60°44.O'S 56°02.5'W) on 4 March 1983. A vari-
ety of whistles, screams, and pulses were heard (figure 3).
Because there are no other recordings of southern hemisphere
pilot whales, this information is valuable for comparing region-
al dialects (Taruskii 1976) and for clarifying taxonomic
relationships.

Samples of ambient noise were taken hourly during all tows
of the array. In some areas, increases in ambient sounds at
certain frequencies can be correlated with the presence of ma-
rine organisms (Fish 1964; Payne and Webb 1971). Whether or
not this is true in the Antarctic is under study.

Field work was conducted by S. Fisher and L. Ferm during
the circumpolar navigation. Further research was done by W.
Evans and J . Jehl, Jr. on the return trip near Brazil. We thank the
Captain, officers, and crew of the USCGC Polar Star for their
enthusiastic support of our project. We also appreciate the
support from the Polar Star during the Brazil work.

This research was supported by National Science Foundation
grant DPP 82-05761.
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Antarctic plankton and the marine
geochemistry of radium-226, barium,

and germanium

GABRIEL A. VARGO,

KENT A. FANNING, and
LINDA M. BELL

University of South Florida
Department of Marine Science
St. Petersburg, Florida 33701

Vertical distributions of radium-226, barium, and germanium
in the world's oceans show surface depletions and deep-water
enrichments similar to the major nutrients required by phy-
toplankton. Linear correlations between silica concentrations
and radium-226, barium, and germanium concentrations
(Broecker, Goddard, and Sarmiento 1976; Chan et al. 1976; Ku,
Huh, and Chen 1980; and Froelich and Andreae 1981) suggest
that diatoms may be very important in the removal of these
elements from surface water. Our preliminary data and the
work of Shannon and Cherry (1971) show that radium-226 is
concentrated several thousandfold above water column levels
by diatom-dominated phytoplankton in temperate and sub-
tropical regions. Because there is no known biochemical re-
quirement for radium, barium, or germanium, it is likely that
these elements are incorporated into frustules during silicifica-
tion. Siliceous radiolarian tests may also contain radium-226,
barium, and germanium.

Sedimentation and burial of biogenic silica could therefore
constitute a major removal mechanism of radium-226, barium,
and germanium from the ocean. The largest marine deposit of
siliceous ooze lies between the antarctic convergence and diver-
gence, covers 1.9 x 10 11 square centimeters, and receives 60-80
percent of the biogenic silica deposited on the sea floor (De-
Master 1981). The calculations in table 1 demonstrate that the
incorporation of radium-226, barium, and germanium by ant-
arctic phytoplankton could be important. However, there are
large ranges in the amounts potentially affected, primarily due
to uncertainties in the incorporation ratios radium-226 to sil-
icon, barium to silicon, and germanium to silicon.

The circumnavigation of the antarctic continent by the USCGC

Polar Star during the austral summer of 1982-83 provided an
excellent opportunity to investigate the role of antarctic
plankton in the biogeochemistry of radium-226, barium, and
germanium. Our primary objectives were (1) to determine the
distribution and standing stock of dissolved and particulate
radium-226, barium, germanium, and silicon in four size frac-
tions of plankton near the ice edge and (2) to estimate growth
rates of the dominant diatoms in the same region.

Plankton samples were obtained directly from one of the
ship's sea chests located 8 meters below the water line. Hydro-
static pressure fed seawater directly into a series of three spe-
cially designed, nested Nitex(R) plankton nets (202 micrometers,
73 micrometers, and 53 micrometers) seated above a reservoir.
The water was then pressure-filtered using diaphragm pumps
through a 5 micrometers, 293 millimeters tortuous-path filter
(Nuclepore')).

The filter system was operated along 15 portions of the cruise
track between the Ross Sea and the Weddell Sea (figure).
Planktonic size fractions from each filter run were frozen for

Table 1. Impact of the production, dissolution, and deposition of biogenic silica in the Antarctic Ocean

Input to the entire ocean

Source	Amounta

7 x 10'
3.2 x 1012b

10 >< 109d
2.5-6.1 x 109d

230-240
3-11
2.1 x 107h

5.1 x 107h

Element or
isotope

Silicon
	River

Hydrothermal
RiverBarium	
Hydrothermal
SedimentRadium-226	Hydrothermal
RiverGermanium	Hydrothermal

a In moles per year.
b From DeMaster (1981).

Amount affected by antarctic biogenic silica

Uptake into frustules in	Net accumulation in	Released from frustules back
surface watersa	siliceous sedimentsa	into water column"

194-36.8 x 1012c	 4.2 x 1 012	 15.2-32.6 x 1012

1-40.5 x lOge
	

0.2-4.6 X 109e
	

0.8-35.9 x 10

3•9_74	 0.8-80
	

3.1-660

14.2-26.9 X 107h	 3.1 x 10'
	

11.1-23.8 x 10

Area of antarctic siliceous sediments taken as area of uptake into frustules = 1.9 x 10 17 square centimeter from DeMaster (1981); rates of uptake and
accumulation per unit area from Nelson and Gordon (1982).

d From Edmond et al. (1979).
Using the silicon uptake or accumulation rates calculated just above and a range of Ba/Si ratios of 0.5-11 x 10 mole/mole from Dehairs, Chesselet, and
Jedwab (1980), Martin and Knauer (1973), and Li et al. (1973).
Based on estimates of Broecker, Goddard, and Sarmiento (1976).
Based on Ra/Si ratios in South Atlantic phytoplankton from Li et al. (1973) and Krishnaswami, Lal, and Somayajulu (1976): 0.2-2 x 1012 mole/mole.
Ge/Si ratio of 7.3 x 10 mole/mole from Froelich and Andreae (personal communication).
Krishnaswami and Turekian (1982).
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later analysis. The incorporation ratios (radium-226 to silicon,
barium to silicon, and germanium to silicon) will be determined
in the size fractions. Ratios of dissolved radium-226, barium,
and germanium to silicon will also be measured in filtered
seawater collected throughout each run for comparison with
ratios in the plankton. Efficiencies will be calculated as the
percentage of chlorophyll a, particulate silica, and particulate
organic carbon retained on the nets and filters. Subsamples of
each size fraction were preserved for a qualitative assessment of
species. Net tows (0.5 meters, 80 micrometers) were taken to
complement the filter runs.

An average of 10,700 liters were filtered during each run.
Input chlorophyll a concentrations ranged from 0.1 to 2.7 micro-
grams per liter. Maximum phytoplankton biomass was found

on run 13 in the southern Weddell Sea (figure) and consisted
primarily of the ice-associated diatoms Fragilariopsis and
Nitzschia. Preliminary retention efficiencies from chlorophyll
measurements aboard ship ranged from 68 to 94 percent and
were highest near ice or when diatoms predominated. Zoo-
plankton biomass appeared to be low, but krill were captured
during several runs.

Diffusion cultures of natural populations were incubated in
dialysis tubing (12,000 molecular weight cut-off) on a rotating
wheel in a plexiglass tank to estimate phytoplankton growth
rates (Sakshaug and Jensen 1978) and the incorporation rates of
radium-226, barium, germanium, and silicon. Light levels were
maintained at 15 percent and 30 percent of incidence irradiance
using neutral density screens. Seawater in the tank was re-
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placed periodically with surface water. Growth rates were esti-
mated from cell counts (Sedgewick-Rafter cell) and chlorophyll
(Holm-Hansen and Riemann 1978). Incorporation rates of radi-
um-226, barium, and germanium will be calculated from cel-
lular carbon estimates (Eppley, Reid, and Strickland 1970), par-
ticulate silica and carbon-to-silicon ratios from the four size
fractions of the filter runs, and the element-to-silicon ratios in
the size fractions. A separate large-volume experiment was
conducted to measure incorporation rates using a community
composed of several Chaetoceros, Rhizosolenia, and Fragilariopsis
species. Growth rates (table 2) from several experiments were
low compared to those of phytoplankton in temperate water
(Furnas 1983; Vargo 1979).

Table 2. Growth rates, as divisions per day (1092), for selected spe-
cies or groups of species based on shipboard counts; (unless other-
wise noted all data are from dialysis encapsulation of natural

populations)

Experiment	Species or group	Dates	Divisions
number	 per day

R03	Fragi/ariopsis spp.	 2/7-2/16	0.37

	

2/16-2/23	0.61
Rhizosolenia hebetata	2/16-2/23	0.25

Total population	 2/7-2/16	0.08

	

2/16-2/23	0.16
Chactoceros criophilum	2/11-2/14	0.38

	

2/14-2/18	0.31

R04	Fragilariopsis spp.	 2/19-2/22	0.42

R05	Fragilariopsis spp.
dialysis tube	 2/16-2/19	0.64

	

2/19-2/22	0.21

	

2/16-2/22	0.43
Polycarbonate	 2/16-2/19	0.51

bottle	 2/19-2/22	0.41

	

2/16-2/22	0.46

Species of the ice diatom Fragilariopsis were the most common
phytoplankton present during the cruise. Fragilariopsis spp.
have a circumpolar distribution and division rates of approx-
imately 0.5 day- 1 . Though additional research is required, our
initial data suggest that ice flora, and particularly Fragilariopsis
spp., may represent a major contribution to antarctic carbon
production and to the geochemical cycling of radium-226, bar-
ium, and germanium in the ocean.

Field personnel (17 January to 10 March 1983) included
Gabriel A. Vargo, Kent A. Fanning, and Linda M. Bell.

This research was supported by National Science Foundation
grant contract DPP 82-14213.
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Marine biology

The influence of light on development
and growth of sea-ice microbial

communities in McMurdo Sound

C. W. SULLIVAN, A. C. PALMISANO, S. KOTTMEIER,
S. MCGRATH GRossI, R. MOE, and C. T. TAYLOR

University of Southern California
Departrnen t of Biological Sciences
Marine Biology Research Section

Los Angeles, California 90089-0371

Sea ice in McMurdo Sound forms every year and usually
persists for 9 months or more. Initial freezing occurs in March or
April and by November annual ice throughout the sound is
about 1.5 to 3 meters thick. The lower surface of the ice at the ice-
seawater interface is physically, chemically, and biologically
dynamic. This interface varies spatially and temporally. At sev-
eral locations sampled over 3 years, we have observed an inter-
face consisting of a hard congelation ice surface with numerous
brine channels in the bottom 20 centimeters and abundant ice
stalactites extending 1 meter or more into the water column. On
other occasions we have found an interface much as Bunt (1963)
described, a loosely consolidated layer 0.5 to 1 meter thick made
up of underwater platelet ice (Lewis and Weeks 1970) with large
chambers of interstitial water between lamellar crystals. At our
major study site near Cape Armitage the interface was hard
congelation ice during the field seasons of 1980 and 1981. Dur-
ing the 1982 season, however, the 2-meter congelation ice had a
0.25- to 1-meter thick platelet layer beneath it. We studied the
sea-ice microbial community (SIMCO) which inhabited both
brine channels of the congelation ice and interstitial waters and
crystal surfaces of the platelet ice layer.

Our field season activities covered the period 7 October 1982
to 7 January 1983. During this time we documented a cycle of
microbial development in the sea ice which may include: seed-
ing and early development, active growth to bloom conditions,
decline, release to the water column, and sedimentation to the
benthos. Special areas of emphasis for this investigation were
the responsibilities of individual field personnel: Grossi, algal-
bacterial interactions and algal growth rates; Kottmeier, bacteri-
al growth rates; Palmisano, under-ice light spectra, photo-
synthesis-light relationships, and algal heterotrophy; Moe, un-
derwater sampling and photography; Taylor, protozoa; and
Sullivan, sources and sinks of amino acids and overall program
coordination.

A large-scale light attenuation experiment was carried out on
the sea ice near Cape Armitage during the 3-month field sea-

son. The purpose of the experiment was to determine the influ-
ence of light on development and growth rate of the SIMCO and
in turn to determine the influence of the SIMCO on the under-ice
light field (irradiance and spectral composition). The experi-
ment was constructed by field personnel, with the assistance of
ITT/Antarctic Services, Inc. who prepared dive holes and dive
huts. The U.S. Navy provided a D-6 bulldozer and an operator
to move large amounts of snow. Irradiance under ice of uniform
thickness was manipulated using various depths of snow,
which has a high light extinction coefficient. Five pairs of quad-
rats 100 square meters each were prepared with the following
snow depths: 0, 5, 10, 25, or 100 centimeters. The natural snow
cover was 25 centimeters and these quadrats were left un-
disturbed to serve as a control. Since inorganic nutrient levels in
the water column are high and temperatures relatively constant
(-1.86 ± 0.2°C), we were able to conduct a highly controlled
experiment in nature by regulating light levels with various
snow covers.

The quadrats were surveyed by SCUBA divers Moe and Taylor
to determine the irradiance and spectral composition of light
under each quadrat during the course of the experiment. Mea-
surements of incident and under-ice irradiance were made with
a MER-1000 spectroradiometer with cosine collector (Bio-
sperical Instruments, San Diego, California; figure 1). We ob-
served in situ growth of the SIMCO during a 3-month period at
approximately 10 percent to less than 0.01 percent surface irra-
diance. In addition, we were able to measure how the growth

Figure 1. Spectroradiometer deployed in underwater platelet ice
layer to collect downwelling irradiance and spectral composition
data near Cape Armitage in McMurdo Sound.
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and accumulation of SIMCO attenuates the under-ice light field.
Under the snow-free quadrats, by 7 November the platelet ice
layer turned a rich golden-brown color characteristic of diatom
dominated communities. Sequentially, in order of increasing
snow depth, the remaining quadrats developed color except for
the quadrat covered with 100 centimeters of snow which re-
mained colorless throughout the study period. The pattern of
sequential increase was also found for algal and bacterial cell
numbers, chloropyll a, photosynthetic rate and 3H-thymidine
growth rate. Late in the season, numerous ciliates and micro-
flagellates appeared in some quadrats.

Growth of the SIMCO, especially within the platelet layer, had
two significant effects on the physical character of the ice. As
the season progressed, the irradiance was attenuated and spec-
tral composition of the under-ice light field was altered. Figure 2
illustrates typical light spectra and photosynthetically active
radiation (PAR) of downwelling irradiance at the ice surface,
under 2 meters of congelation ice, and under congelation ice
plus platelet ice containing the SIMCO. The spectrum depicted at
the bottom of figure 2 shows that light passing through ice
containing SIMCO has a maximum transmission between 540
nanometers and 620 nanometers. These data are not unlike
those presented by Maykut and Grenfell (1975) for arctic ice, but
here light attenuation is much stronger. We suspect that the
spectrum of transmitted light is largely a function of absorption
by the photosynthetic pigments of the sea-ice algae as indicated
by differences in the bottom two curves of figure 2. We predict
that the spectral composition of the under-ice light field will
vary depending upon the nature of the microalgal flora of the
SIMCO and their associated primary and accessory photo-
synthetic pigments. Studies are currently underway to compare
absorption spectra of intact sea-ice algae measured in the labo-
ratory with absorption spectra of the sea ice plus SIMCO

measured in situ by SCUBA divers.
Several reports indicate that the dominant microflora of sea

ice is spatially and temporally variable in both the Antarctic and
the Arctic (Ackley, Buck, and Taguchi 1979; Homer and
Schrader 1982; Hsiao 1980; Sullivan et al. 1982). Thus, we pre-
dict that under-ice light fields vary in spectral composition at
different times and in different regions of the polar oceans.

Irradiance and spectral composition have profound implica-
tions for photoautotrophic growth of ice algae as well as for
phytoplankton in the underlying water column. Forcing func-
tions of photoadaptation by these organisms are low irradiances
and altered light spectra. We are endeavoring to understand the
mechanisms which underlie photoadaptation of photosynthetic
organisms growing within the unique sea-ice habitat as well as
in the underlying water column.

The second major effect of the SIMCO was on the integrity of
the underwater platelet ice. Melting of the platelet layer ap-
peared to be mediated by the presence of. , darkly pigmented
algae growing on the ice-crystal surfaces. It was first observed
under the snow-cleared quadrats where algal growth was most
rapid. As growth became dense, the algae absorbed some light
energy passing through the ice, and the platelet layer became
loose and less consolidated. The layer then began disintegrating
from the center of the quadrat toward the edges and completely
disappeared over a 3-4 week period. Most of the algal contents
from the melting platelets were released to the water column
where they rapidly sedimented to the benthos in large aggre-
gates. Some of the algal colonies remained attached to the
underside of the ice as long strands, apparently anchored by
cells which grew within the brine channels of the congelation
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Figure 2. Spectral downweiiing irradiance and total photo-
synthetically active radiation (PAR) at sea-ice surface, under 2
meters of congelation ice. and under 2 meters of congelation Ice
plus platelet Ice layer containing sea-ice microbial community (sIM-
co). ("A" denotes wavelength in nanometers and "tiE M -2 S" de-
notes microElnstelns per square meter per second.)

ice. The surrounding ice with a natural snow cover of 25 cen-
timeters and all other quadrat areas retained the platelet layer.

Our continuing studies have demonstrated that SIMCO's are
not only a significant source of primary and secondary produc-
tion (Palmisano and Sullivan in press; Sullivan and Palmisano
1981, in preparation) but that they also influence the physical
environment of polar ecosystems in important ways.

This research was supported by National Science Foundation
grant DPP 81-17237.
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Studies of ice-algal communities in
the Weddell Sea

DAVID L. GARRISON, KURT R. BUCK, and
MARY W. SILVER

Center for Coastal Marine Studies
University of California

Santa Cruz, California 95064

In 1980 we began a study of algae in sea ice and in the water
column of the Weddell Sea (Ackley et al. 1980; Foster et al. 1980).
We have previously described our sampling methods and our
studies of algal biomass and nutrient distributions in these
environments (Garrison and Buck 1982; Garrison, Buck, and
Silver 1982). In the present report, we summarize the results of
our population studies, indicating a close coupling between
algal assemblages in ice and water and suggesting the source of
ice-algal populations.

We identified and counted species of major algal groups in
both ice and water using light and electron microscopy (Buck
and Garrison 1982, in press; Mitchell and Silver 1982). We iden-
tified species associations by using a species affinity index and
cluster analysis and compared algal assemblages in ice with
those in the water column using a percent similarity analysis
(Garrison and Buck in preparation).

Many algal species were common to both ice and water, but
none were exclusively associated with ice. Phaeocystis pouchetii
and several diatom species were the numerically important
algae (table). Differences between algal assemblages in ice and
water resulted from altered relative abundance of these few
species rather than from changes in species composition. Our
similarity analysis identified groups of open-water stations, ice-
edge stations, and under-ice stations that possessed similar
species assemblages (figure 1). Algal assemblages in ice floes
were distinct from those in the water column and could be
urther divided into upper and lower floe populations (figure 2).

Species arrays in newly forming ice were not significantly dif-
ferent from those in the water column (in their relative abun-
dance relationships), but algal populations were considerably
more concentrated.

Our observations on newly forming ice suggested that algal
populations in these samples were initially entrapped but also
concentrated during frazil ice formation (Ackley 1982; Garrison,
Ackley, and Buck in press). Because growth of in situ popula-
tions could not account for the very high biomass (up to 50 times
more concentrated than water) that rapidly accumulates in day-
old ice, the algae must be concentrated by some physical pro-
cess. Ackley (1982) and Garrison, Ackley, and Buck, (in press)
describe how frazil ice crystals, which form around suspended
algal cells in the water column and harvest algal cells on the ice
crystal surface as crystals rise to the surface, could explain the
dense populations we observed in new ice. This hypothesis is
further supported by our nutrient studies, which indicated that
there was no nutrient reduction by algal uptake in the brine of
newly forming ice, and by our population studies, which indi-
cated that populations in newly forming ice were nearly identi-
cal with those in the water column. Accumulation by frazil ice
may be important in the formation of ice-algal populations in
the Weddell Sea, since studies by Cow et al. (1981) indicate that
ice floes from this region are primarily composed of frazil ice,
suggesting that frazil ice is continually produced. We have
suggested that sustained frazil ice production may account for
internal algal populations in floes from the Weddell Sea (Gar-
rison, Ackley, and Buck in press) and may be an important
mechanism to ensure that resting stages of pelagic forms are
seasonally incorporated in sea ice (Mitchell 1982).

We conclude that planktonic algae are regularly incorporated
into sea ice, that they overwinter in ice, and that they are
released into the water column during ice melting in the spring
and summer over a prolonged period, thus explaining the
marked similarity between ice and water column assemblages
in this region.

This study was supported by National Science Foundation
grant DPP 80-20616 to M. W. Silver and J. S. Pearse. Field per-
sonnel were Buck and Garrison; dates in field were January and
February 1980.
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Summary of species groups formed by cluster analysis (Garrison
and Buck in preparation) and the relative abundance of these
groups in the water column and in ice floes (Clusters are groups of
species formed by cluster analysis at affinity levels greater than or
equal to 0.5; the relative abundance of a cluster is the sum of the

relative abundances of individual member species)

Cluster	 Species	 Relative	Abundance (%)

Water column	Ice floes

Corethron criophilum	 34	85
Nitzschia curta
Chaetoceros dichaeta
Dactyliosolen antarctic
Nitzschia angulata
N. ritscheri
N. sublineata
Rhizosolenia alata f. inermis
Thalassiothrix longissima
Actinocyclus actinochilus
Nitzschia kerguelensis
N. turgiduloides
N. closterium
N. cylindrus
Chaetoceros gracile
Amphiprora kjellmanii
Tropidoneis glacialis	 —1	<1
Nitzschia pseudonana

1111
	Eucampia antarctica	 <1

Leptocylindrus mediterraneus
Distephanus speculum
Chaetoceros convolutum
C. neglectum
C. atlanticum
Thalassiosira gravida
T gracilis
Coscinodiscus oculus-iridis

lv
	Nitzschia obliquecostata	 <1

N. vanheurckii
V	Coscinodiscus furcatus	 <1	—1

Thalassiosira ritscheri
Porosira pseudodenticula

VI	Odontella weissflogii	 4	—1
Haslea trompii

VII	Nitzschia subcurvata	 56
	

8
Phaeocystis pouchetti

VIII	Tropidoneis fusiformis	 <1
	<1

Navicula criophila
Ix	Chaetoceros curvisetum	 <1

	<1
Chaetoceros flexuosum
Thalassiosira tumida
Rhizosolenia styliformis
Asteromphalus hooked

X	Rhizosolenia alata f. indica	<1
	<1

R. imbricata v. shrubsolei
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Relative abundance of diatoms in
Weddell Sea pack ice

D. B. CLARKE and S. E ACKLEY

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

In previous studies of algal communities in antarctic sea ice, it
has been shown that pennate diatoms are generally numerically
dominant to centric forms (Burkholder and Mandellj 1965;
Fukushima and Meguro 1966; Richardson and Whitaker 1979).
Ackley, Buck, and Taguchi (1979), Bunt and Wood (1963), and
Watanabe (1982) are the only authors to have found centric
species "in abundance" in sea ice. These comprised five genera
and six species and were found in both frazil (fine-grained,
equiaxial) and congelation (coarse grained, columnar) ice.

Among the pennates, five genera and fourteen species have
been reported in abundance in both ice types.

We sampled sea ice in the Weddell Sea during the October
-November 1981 joint U.S.-U.S.S.R. (wEP0LEx) Expedition
(Gordon and Sarukhanyan 1982). (See Antarctic Journal, 17 (5)
1982, Weddell Polynya expedition chapter, for cruise report of
the expedition). We recovered both ice cores [drilled with a 7.6-
centimeter U.S. Army Cold Regions Research and Engineering
Laboratory (CRREL) ice coring auger] and chunks of snow ice
floating in the water cleared by the ship or at the bases of ridges.
These samples were taken between 59°09. 1' and 62°12.4'S lati-
tude and 0014.2 and 3°24.9'E longitude. Diatoms from several
cores (table) were examined under a scanning electron micro-
scope (SEM) and an inverted light microscope to determine the
species composition and relative abundances (see Clarke and
Ackley in preparation for additional information on ecology and
relationships to sea-ice structure). Diatoms were found
throughout the length of the cores, the average length being 75
centimeters (Ackley, Clarke, and Smith 1982) while snow cover
on the cores ranged from 10 to 30 centimeters with an average of
20 centimeters (Clarke and Ackley in preparation).

Ice sample depth, location, ice type, and percentage of each abundant species

Core
number

3-24/0
4-24/0
9-1/N

14-4/N

17-8/N

22-10/N

23-10/N

24-11/N

26-13/N

Ice chunk
10—N/K

Longitude	Abundant species

3 024.9'E	Nitzschia prolongatoidesa
3 024.9'	Nitzschia prolongatoidesa
2053.8'	Nitzschia subcurvata

Nitzschia turgidu/oidesa
Nitzschia prolongatoidesa

1003.5	Nitzschia prolongatoidesa
Nitzschia cylindrusa
Chaetoceros dichaetaa'

0043.5	Nitzschia prolongatoides
Nitzschia closterium

00 15.3'	Nitzschia closterium
Tropidoneis glacialisa

00 15.3'	Tropidoneis glacialisa
Nitzschia cylindrusa
Nitzschia prolongatoidesa
Nitzschia closterium

0014.2	Nitzschia cylindrusa
Navicula speciesa
Nitzschia closterium

0045.6	Nitzschia closterium
Navicula speciesa

Percentage
of total	Ice type

	

89
	

Frazil

	

85
	

Frazil
39

	

24
	

Frazil
14
35

	

28
	

Congelation
10

	

54
	

Congelation
31

	

52
	

Frazil
28
24

	

21
	

Frazil/

	

21	congelation

	

36
	

Frazil/

	

15	congelation
10

	

48
	

Frazil/

	

12	congelation

	

94
	

Snow ice

Depth interval
(in centimeters)	Latitude

	

55-63	 59053.7'S

	

33-49	 590537

	

17-36	 62011.20'

	

44-58	 62'12.4'

	

23-53
	

60°57.7'

	

0-54	 60°17.0'

	

0-59	 60'17.0'

	

32-69	 60005.1

	

0-54	 59'091'

60017.0	0015.3'	Tropidoneis glacialisa

a Not previously reported as being abundant.
b Centric form, all other species listed are pennate forms.

1983 REVIEW 181



As in previous studies, we found that the pennate forms were
dominant. The centric to pennate ratio ranged from 1-to-6 to 1-
to-34 with an average of 1-to-16. Chaetoceros dichaeta Ehrenberg
was the only centric species which was "abundant" (we have
defined "abundant" as greater than 10 percent of the sample
composition) in our samples, and it has not previously been
reported as abundant. Of the pennate species that we found in
abundance, three have been found in abundance by other au-
thors. These are Nitzschia ciosterium (Ehrenberg) W. Smith and
Nitzschia cylindrus (Grunow) Hasle found by Ackley et al. (1979)
and Nitzschia subcurvata Hasle found by Buck and Garrison (in
preparation). In our samples, we also found Nitzschia pro-
ion gatoides Hasle, Nitzschia turgiduloides Hasle, Tropidoneis
giacialis Heiden, and an unidentified Navicula species to be
numerically significant. The table lists the dominant species in
each sample and their relative abundances. As indicated by the
footnote in the table, five of these species have not previously
been found in abundance in antarctic sea ice.

The figure, an SEM micrograph from ice chunk 10-N/K, shows
a typical assemblage dominated by a single pennate, T. glacialis.
The other pennates present are N. ciosterium and Nitzschia curta

1!
1

,
VIP

 444

Xft

*
*

V' 	
6Q, RAW

01797 20KV 50U

Scanning electron microscope photo of ice chunk 10-N/K showing
typical assemblage: Chaetoceros dlchaeta, Nitzschia closterium,
Nltzschla curta, Rhizosolenia alata, and Tropidoneis glacialis. (Bar-
line represents 5 micrometers.)

(Van Heurck) Hasle. The centrics are Ch. dichaeta and Rhi-
zosolenia alata Brightwel!.

There are several possible reasons for the variable species
compositions in these samples. To start with, the incorporation
mechanisms which exist in frazil and congelation ice are dif-
ferent. Frazil ice formation tends to concentrate algal cells
through scavenging and/or nucleation (Ackley 1982; Garrison,
Ackley, and Buck in preparation), while congelation ice forma-
tion tends to reject material. As the ice forms over a period of
several hours to several weeks, the water mass below it—and
hence its biological components—may change slightly. Lastly,
when the light intensity increases in the spring, the diatoms
generally begin to reproduce within the ice. The total cell vol-
ume and the species composition then is in part dependent on
the amount of snow cover overlying the ice floe since it limits
light penetration. For these samples, representing an end-of-
winter population, it appears that ice-formation processes and
water-column composition have the greatest impact on diatom
composition and abundance in sea ice. This is described more
completely in Clarke and Ackley (in preparation).

We wish to thank Motoi Kumai for the excellent SEM

micrographs which aided our species identifications. We would
also like to thank our American and Soviet colleagues and the
crew of the NES Mikhail Sotnov. This research was supported by
the National Science Foundation grant DPP 80-06922.
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Effect of prolonged darkness on the
patterns of photosynthesis in antarctic

diatoms

THOMAS W. JONES and
IAN MORRIS

Horn Point Environmental Laboratories
Center for Environmental and Esturine Studies

University of Maryland
Cambridge, Maryland 21613

Recent investigations by Smith and Morris (1980a, 1980b) on
the end-products of photosynthesis in antarctic phytoplankton
demonstrated an unusually high percentage (80 percent) of
newly fixed carbon to be associated with the lipid cellular frac-
tion at three stations on a cruise of ARA Islas Orcadas during
September-October 1978. The stations at which this was ob-
served were characterized by low photon-flux densities (20
micro Einsteins per square meter per second) and low tem-
peratures (- 1.8° to 0.2°C). This phenomenon of increased lipid
synthesis has not been observed in other studies of temperate,

tropical, or polar waters where similar methods were used
(Barlow and Henry 1982; Li and Platt 1982; Morris, Clover, and
Yentsch 1974; Morris and Shea 1978; Morris, Smith, and Clover
1981).

The phytoplankton samples used by Smith and Morris came
from waters just recently cleared of ice, and therefore, had
experienced an extended period of darkness. To investigate the
effect of prolonged darkness on short-term photosynthetic end-
products of phytoplankton brought back into the light, labora-
tory experiments were conducted using antarctic diatom iso-
lates (Bigelow Laboratory Culture collection). The temperate
diatom, Thalassiosira pseudonana (3H), was also used for com-
parison purposes.

The diatoms were cultured in a 18:6 light/dark cycle with
photon flux densities of 20 and 90 micro Einsteins per square
meter per second at both - 1.8° and 5°C for the antarctic isolates
and 5°C only for T. pseudonana. Exponentially growing cultures
were placed in the dark following an initial uptake experiment.
The procedure was: (1) A 20 milliliter aliquot of the culture was
placed in a 250 milliliter flask followed by the addition of 10
microcuries of sodium bicarbonate. (2) At 0.5, 1.0, 2.0, 3.0, and
4.0 hours a 1 milliliter aliquot of the culture was filtered for
radioassay of total carbon-14 uptake. (3) The remainder of the
culture was filtered at 4.0 hours onto a glass fiber filter and
subjected to the biochemical fractionation procedures of Morris
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Figure 1. Effect of extended darkness on patterns of photosynthesis between (A) an unidentified antarctic isolate and (B) Thalasslosira
pseudonana (3H). Cultures were held at 5°C at a photon flux density of 20 microEinsteins per square meter per second. [Carbon-14 ( '4C) is
plotted against days of darkness.]
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and others (1981) yielding lipid, protein, polysaccharide, and
low molecular weight (LMw) metabolite fractions. This three-
step procedure was repeated periodically by taking 20 milliliters
from the same culture held in continual darkness for several
weeks.

An increase of fixed carbon into the lipid fraction following
extended periods of darkness was observed in an unidentified
antarctic isolate* but not in T. pseudonana (figure 1). Instead T.

pseudonana incorporated more newly fixed carbon into the LMW

component. In both cases, the fraction that was negatively
effected by prolonged darkness was protein.

Figure 2 demonstrates the effects of photon flux density and
temperature in the incorporation of carbon into lipid by the
unidentified isolate upon return to light from extended periods
of darkness. Decreased light intensity increased the effect of
darkness on incorporation into lipid. However, low tem-
perature (- 1.8°C) apparently reduces the effect.

To determine species variability, three other antarctic diatom
species were tested using the same method used with the
unidentified isolate. There was considerable species-to-species
variability (figure 3). The only consistent result was the de-

* The majority of experiments conducted used an antarctic species
originally identified as Thalassiosira sp. (clone AA-3). There is some
question as to the correct name of the organism and therefore, the
label "unidentified isolate" is used in this report.

creased amount of newly fixed carbon in the protein fraction. Li
and Platt (1982) found no significant increase incorporation of
carbon into lipid in their arctic study and concluded that possi-
bly the species differences between arctic and antarctic phy-
toplankton could account for the differences. It is also possible
that species-to-species variations in carbon fixation patterns
within the arctic population sampled by Li and Platt could
modulate the results of bulk-water carbon-uptake experiments.

Time-course experiments performed in our lab (unpublished)
have indicated that there is considerable apparent protein syn-
thesis during the dark period of a normal light/dark cycle at the
expense of lipid and/or LMW compounds in these algae. It is
conceivable that this apparent synthesis would continue in
extended darkness until all available carbon was exhausted leav-
ing the lipid and/or LMW components depleted. The de novo
synthesis of lipid and/or LMW upon return into the light from
extended darkness may be driven by the need for these com-
pounds. Further analyses have shown that the increased carbon
incorporation into lipid is associated with polar lipids, most
likely membrane components. Visual examination of cultures
held in the dark as well as chlorophyll analyses showed the cells
to have shrunken protoplasts and reduced chlorophyll content.

Investigations are currently underway to ascertain if there
may be polar lipids or lipid precursors that are extracted with
the LMW fraction as an artifact of the extraction procedure. If this
were so, it might account for the variability seen between these
two fractions as to which one dominates the carbon assimilation
upon return to the light from extended darkness.

Figure 2. Effect of extended darkness on patterns of photosynthesis for an unidentified antarctic isolate held at (1) 5°C in two light intensities
and (2) two temperatures at a photon flux density of 90 microEinsteins per square meter per second. [Carbon-14 ( 14C) is plotted against days of
darkness. "L-M-W" denotes low molecular weight.]
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Phytoplankton from the southwestern
Atlantic and Indian Oceans

GRETA S. FRYXELL, KURT R. BUCK, and
EDWARD C. THERIOT

Department of Oceanography
Texas A&M University

College Station, Texas 77843

Our work has involved field and laboratory studies of phy-
toplankton in order to relate to on-going krill studies and learn
more about the biology of the organisms in the waters sur-
rounding Antarctica.

Cooperation with the British Antarctic Survey (BAs) yielded
valuable phytoplankton collections on the RRV John Biscoe, cruise
3, from the vicinity of the South Georgia Island in 1981-1982
(Fryxell, Johansen, and Doucette 1982) Analysis of these sam-
ples is underway with early attention being given to the 100-0-
meter vertical phytoplankton net (37-micrometer mesh) hauls.
The same diatom species generally occurred at all stations but in
different relative abundances. Nearshore areas and offshore
stations with high chlorophyll a concentrations (data supplied
by R. B. Heywood, BAS), were dominated by Thalassiosira scotia
G. Fryxell et Hoban and Chaetoceros socialis Lauder. Offshore and
midwater areas with low chlorophyll a concentrations weri
dominated by several species of Nitzschia that form ribbon colt
nies, including N. kerguelensis (O'Meara) Hasle and N. sublinci

Hasle, and by Rhizosolenia hebetata forma semis pina (Hense
Gran. Examination of cleaned and mounted samples ak.
provided an opportunity in our laboratory to test a key to ti
antarctic Thalassiosira species (Johansen and Fryxell in prepai
tion). It will also be tested in the field by J . Priddle, BAS, on a hit
austral winter cruise (1983) on board the RRV John Biscoe.

Cleaned and mounted net collections aid identification ol
different water masses, but small noncolonial diatoms are un-
derrepresented; phytoplankton species without siliceous ele-
ments are completely destroyed by the acid-cleaning methods
employed. To augment net collections, we are analyzing dis-
crete whole water samples from the water column from selected
stations. This method is more time consuming, and identifica-
tion of many cells in water amounts is imprecise, but the actual
and relative abundance of soft algae and small diatoms is more
accurately represented. Species dominance patterns in these
samples resemble those in the net collections except that micro-
flagellates (about 5 micrometers or less in diameter) represent
about 25-50 percent of the total cell count in the settled water
counts (Theriot, in preparation*) . There is little variation with
depth (within the upper 50 meters), but differences exist in the
kinds and amounts of phytoplankton from 9tations with high or
low chlorophyll a values. Cooperative analysis with R. B.
Heywood, J . Priddle, and T. M. Whitaker, BAS, on interactions
among phytoplankton, krill, and physicochemical factors is
underway.

An earlier report dealt with Thalassiosira scotia dominating in
an early spring bloom (1978) in a transect north of South

* Work is in progress; draft copy not yet available.

Georgia (figure 1). In a few stations both north and south of
South Georgia, large numbers of cells were seen again and
resting spores of T. scotia abounded. The concept of evolution-
ary advantage of the costly process of resting spore production
has been interesting to explore (Fryxell 1983b). There are many
cell divisions "lost" to vegetative reproduction, plus the vege-
tative theca, and eventually the heavier resting spore theca is
also cast off (Fryxell 1983a). If the resting spores are produced at
the terminus of a bloom, then sinking of the resting spore could
carry the population into other regimes. The predominant west
wind, a real factor on South Georgia, could not account for
similar currents that could maintain what may be annual
blooms of Thalassiosira on both sides of the island but could
account for the northward extension in 1978.

Figure 1. Thalassiosira scotia, diatom resting spore (top), still en-
cased in vegetative epitheca (bottom) from ARA islas Orcadas cruise
1977-1978, station 34 (51 047'S 39030'W) 5 October 1978. Scale = 10
micrometers. Scanning electron micrograph.

Collections from the RRV John Biscoe, as well as from the
Norwegian Antarctic Expedition 1976-1977 and Brattegg cruise
(1947-1948), the HMNZS Endeavour (1957), together with the
Combined Antarctic Expedition of the M/V Ob (1955-1959) re-
sulted in a study of two species of Thalassiosira (Fryxell and
Hasle 1983). One of the species is unusual in that some lines of
areolae are extended, sail-like, out from the valve in some cases
(figure 2). The Soviet samples, studied by the late Olga G.
Kozlova, to whom the Fryxell and Hasle paper is dedicated,
were taken utilizing industrial separators that allowed even the
smallest cells in the water column to be concentrated in num-
bers large enough for study. Work continues on other interest-
ing species, especially those that now give evidence of resting
spore production and had been overlooked previously.

In a related project, analysis of water-column samples col-
lected in 1981 on board the SA Aguihas by M. A. Meyer (figure 1
in El-Sayed and Hampton 1981) are being analyzed. Water
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Figure 2. Thalassiosira dichotomica diatom valve with sail-like ex-
tensions of areolae walls as first seen in her light microscope by
Kozlova from collections on the Ob, (approximately 65 0S 930E) 9-10
January 1957. Scale 10 micrometers. Scanning electron
micrograph.

samples from seven depths at each of eight stations along two
transects, one oriented east-west at about 69°S and the other
north-south at about 30°W, are being enumerated on an inver-
ted microscope after settling. Preliminary results indicate that
the phytoplankton population is dominated by small pennate
diatoms [e.g., Nitzschia cylindrus (Grunow) Haste and N.
pseudonana (Hasle) Haste] and by unidentified microflagellates,
although cryptomonads, prasinophytes, and other larger soft-
bodied autotrophs were consistent components. Heterotrophs
were numerically dominated by loricate choanoflagellates
(Acanthoecidae) [Buck in preparation (a)*], although this com-
ponent of the settled samples was usually present at con-
centrations an order of magnitude less than the autotroph num-
bers (figure 3). These findings are contrary to data obtained
from the Weddell Sea ice edge (Buck and Garrison in press)
where Phaeocystis pouchetii (Hariot) Lagerheim (Prym-
nesiophyceae) was usually the dominant autotroph, and
choanoflagellates were, at some locations, the dominant pro-
tists. The findings of both studies support the emerging para-
digm of the importance of autotrophic and heterotrophic
nanoplankton to the trophodynamics of antarctic waters.

Visual inspection of this cruise's data revealed no marked
differences in species assemblages among stations. Planned
statistical analyses of these data include correlation with pro-
tists, krill, and physicochemical data [Buck in preparation (b)*]
as well as a comparison of these data from the oceanic waters
north of Queen Maud Land during the late summer and early
fall to those over the Georgia Rise and coastal waters around
South Georgia during late spring and early summer.

* Work is in progress; draft copy not yet available.

From samples shared with us from the laboratory of C. W.
Sullivan, preliminary work has been done on samples growing
in and under the ice at McMurdo Sound (Medlin and Hasle in
preparation*) . This flora contains many interesting pennate di-
atoms and is in marked contrast to ice samples previously
reported from the Weddell Sea (Buck and Garrison 1982), per-
haps in part because of the different manners of ice formation
(Garrison and Buck 1982).

Cultures of antarctic species have proved interesting to main-
tain, and work is continuing. Although resting spores have
rarely, if ever, formed in our cultures at temperatures close to
that of sea ice in clones of Thalassiosira antarctica Comber and
Porosira glacialis (Grunow) Jorgensen, morphological dif-
ferences have been noted in the scanning electron microscope,
all dealing with the siliceous structure of the frustule thus far
[Villareal and Fryxell in press (a)]. There is no evidence of a
slow, gradual change with reduction of temperature but rather a
discrete change with reduced or missing external tubes and
greatly constricted openings on the valves in what we now
recognize as the "cold-water form." We are looking for evidence
of these forms in ice algae.

Both field and culture material has been used to study the
diatom genus Actinocyclus [Villareal and Fryxell in press (b)],
which includes the antarctic, ice-associated diatom A. ac-
tinochilus (Ehrenberg) Simonsen (same as Charcotia actinochilus).
The degree of symmetry would indicate that it possesses at least
some primitive characters, although the presence of a single
pseudonodulus at the edge of the valve face introduces dissym-

* Work is in progress; draft copy not yet available.

DIATOMS DINO- MLCFQ- CHOANO-
FLAGELLATES

Figure 3. Range of cell concentrations for the four major groups of
protists enumerated from the water column In the southwest Indian
Ocean. 1981 SA Aguihas cruise.
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metry. The combination of field and culture work provides
insight we can obtain in no other way.

This research was supported by National Science Foundation
grant DPP 80-20381.
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Phytoplankton studies in the sector
between Africa and Antarctica

SAYED Z. EL-SAYED
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Department of Oceanography
Texas A&M University

College Station, Texas 77843

Two cruises aboard the South African research vessel SA
Aguihas (28 February to 2 April 1980 and 10 February to 20
March 1981) have provided a suite of valuable information on
the phytoplankton, krill, and physicochemical environment of
the oceanic waters in the sector between Africa and Antarctica
(see El-Sayed and Hampton 1980, 1981 for details). We report
here on two aspects of this data set which have been analyzed
during the past year, namely, phytoplankton species and con-
tainment effects.

Discrete water samples collected and preserved during the
1980 Aguihas cruise (figure) were subjected to quantitative phy-
toplankton species analysis using a Zeiss inverted microscope
(Utermöhl method). Samples were collected from depths corre-
sponding to 100, 54, 30, 16, 8, 1, and 0.1 percent of surface light
intensity. Three to seven depths were analyzed for each of the
25 stations occupied. Mean water-column cell densities were
significantly (p=0.0001) greater for diatoms in antarctic than

* Present address: Department of Polar Research, Institute of Ecology, Polish
Academy of Sciences, Dziekanow, Lesny, Poland.

subantarctic waters but were significantly less for dinoflagel-
lates and the group of monads plus flagellates (table 1). Four
antarctic stations exhibited diatom concentrations of greater
than 1.1 x 106 cells per liter. Two of these were located in open
waters north of Queen Maud Land (stations 3 and 5) and two
were in oceanic waters to the southeast of Bouvet Island (sta-
tions 17 and 18). Cell counts at most depths at these stations
exceeded 1.0 x 106 cells per liter. The group of monads plus
flagellates occurred in high abundance at only one antarctic
station (station 3), where a maximum of 2.0 x 106 cells per liter at
the 0.1 percent light level increased the mean water-column
concentration of this group to 1.1 x 106 cells per liter. Total cell
counts at the remaining stations were relatively low and usually
exhibited a fairly uniform distribution in the water column.

Of the approximately 100 species of diatoms identified, the
most frequently encountered species were: Chaetoceros atlanticus
Cleve, C. criophilus Castracane, C. dichaeta Ehrenberg, and C.
gracilis Schutt; Corethron criophilum Castracane; Dactyliosolen ant-
arcticus Castracane and D. tenuijunctus (Manuin) Hasle; Rhi-
zosolenia alata f. inermis (Castracane) Hustedt and R. hebetata f.
semis pina (Hensen) Gran; Thalassiosira gracilis v. expecta Fryxell

Table 1. Water-column cell concentrations (mean cells per liter ± SD

from samples collected during SA Aguihas cruise
(28 February to 2 April 1980)

Antarctica	Subantarcticb

Diatoms	 6.0 ± 4.4 x 105	2.3 ± 2.3 x 10
Dinoflagellates	 2.1 ± 3.1 x 104	6.7 ± 4.9 x 10
Monads plus flagellates	1.8 ± 2.5 x 105	6.1 ± 4.4 x 10

a Total number of samples: 102.
b Total number of samples: 29.
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Tracks of the 1980(A) and 1981(B) SA Aguihas cruises.

et Hasle; and Nitzschia angulata Hasle, N. curta (Van Heurch)
Hasle, N. cylindricus (Grunaw) Hasle, N. Kerguelensis (O'Meara)
Hasle, N. pseudonana Hasle and N. turgiduloides Hasle.

In conjunction with the carbon-14( 14C) primary productivity
studies done on the 1981 Aguihas cruise, an experiment was
carried out to determine how containing natural phytoplankton
communities affects phytoplankton standing stock and meta-
bolic activity. Surface seawater was collected from three dif-
ferent water masses: the antarctic (stations A and B), suban-
tarctic (stations C and D), and subtropical (stations E and F)
regions of the southwestern Indian Ocean (see figure). One-
hundred-and-fifty-milliliter aliquots were contained in Whirl-
Pak bags and incubated on deck at sea-surface temperature

under natural sunlight. The experiment was designed as a 2 x 5
x 6 factorial consisting of two treatments (control or 14C-la-
beled), five incubation periods (0, 2, 4, 8, or 24 hours), and six
stations. Three replicates were measured for each parameter in
each cell of the factorial. Analysis of variance showed that 80
percent or more of the variability in nearly all the measured
parameters [i.e., photosynthesis, extracellular excretion of dis-
solved organics, chlorophyll and phaeopigment concentration,
chlorophyll to phaeopigment ratio, adenosine triphosphate
(ATP), and total adenylate concentration] was accounted for by
the station location and the period of incubation. For energy
charge the model had an R2 value of 0.60. Inoculation of a
sample with 14C-labeled sodium bicarbonate (NaHCO 3) ap-

Table 2. Coefficient of determination (R 2) and level of significance (p) for the general linear models procedure testing whether or not the
parameters measured at each station were a function of incubation period

Experiment
Variable	 A	 B	 C	 D	 E

	
F

R2	p	R2	p	R2	p	R2	p	R2	p
	R2	p

Photosynthesis	 .93	.0001	.65
	

03	.89	.0003	.79	.004	.57	.07	.84	.002
Extracellular excretion	.14	.76	.89

	
0003	.49	.13	.46	.16	.39	.24	.34	.31

Chlorophyll	 .44	.01	.88
	

0001	.89	.0001	.36	.04	.91	.0001	.49	.004
Phaeopigments	 .46	.01	.38

	
03	.27	.13	.37	.03	.81	.0001	.43	.01

Pigment Ratio	 .15	.46	.38
	

03	.38	.03	.66	.0001	.61	.0002	.15	.44
ATP	 .23	.20	.23

	
19	.45	.01	.23	.21	.35	.05

Total adenylates	 .77	.0001	.18
	

32	.55	.001	.50	.003	.30	.09
Energy charge	 .46	.03	.63

	
0002	.26	.14	.16	.41	.20	.30

a	denotes not measured.
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peared to have little or no effect on the phytoplankton. When
examining each station individually, we found the period of
incubation had variable, and seemingly unpredictable, effects
on the parameters considered (table 2). The most striking obser-
vation was a consistent exponential decrease in chlorophyll over
time, so that the average concentration after 24 hours was only
50 percent of the initial value. At one station in each water mass,
this decrease in chlorophyll was significant (p < 0.05) at each
time increment.

Results of this experiment confirm that, similar to tropical
phytoplankton (Venrick, Beers, and Heinbokel 1977; Gieskes,
Kraay, and Baars 1979), high latitude phytoplankton commu-
nities are sensitive to containment even for short periods of
time. This again suggests that incubation times for phys-
iological rate measurements should be held to a minimum, and
that obtained rates must be interpreted with caution.

The large data set from the two Aguihas cruises is presently
being subjected to spectral and multivariate analysis. We antici-
pate that the results will lead to a better understanding of the

complex interrelationship between phytoplankton, krill, and
the physical/chemical environment.

This research was supported, in part, by National Science
Foundation grant DPP 81-11107.
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Oceanography of the antarctic
marginal ice zone
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The waters near the receding ice edge in the southern ocean
have been reported to be sites of intense biological activity. This
activity includes large accumulations of marine mammals,
birds, and phytoplankton and seems to be in contrast to the
relatively low primary productivity measured over much of the
southern ocean (Holm-Hansen et al. 1977). In January-February
1983 we conducted an investigation of the causes and spatial
extent of ice-edge phytoplankton blooms. The study was con-
ducted onboard the USCGC Glacier in the area north of McMurdo
Sound (figure 1). A total of 37 stations were completed in the
region during leg II as well as seven additional stations off the
Ross Ice Shelf in leg III. Surface samples were also collected at
selected locations between full stations. Water samples were
collected using specially constructed polyvinyl chloride
samplers, and subsamples were collected for: salinity; nutrients
(nitrate, nitrite, ammonium, silicic acid, and phosphate); chlo-
rophyll a; particulate carbon, nitrogen, and silicon; and phy-
toplankton taxonomy. Additional samples were collected for
analysis of primary productivity and nutrient (nitrate, am-
monium, and silicic acid) uptake rates. Conductivity and tern-

perature profiles were made using an Applied Microsystems,
Ltd. CTD.

The sampling program was designed to test a number of
hypotheses, each of which could be a factor in the establishment
of phytoplankton blooms at the ice edge. Our primary hypoth-
esis was that meltwater from the receding ice edge created a
vertically stable region, thereby providing optimum light levels
for phytoplankton growth in the presence of high nutrients.
Other hypotheses that were tested include ice-edge upwelling
(which could provide increased nutrients for growth), de-
creased turbulence (due to decreased wind-induced turbulence
by the presence of ice), and "seeding" of the bloom by epontic
algae which had been released into the water column via melt-
ing. It is important to note that the hypotheses are not mutually
exclusive; that is, ice-edge blooms can be induced by vertical
stability yet seeded by recently released ice algae. We hoped to
determine which process or processes are the major ones in the
initiation and propagation of the blooms.

A massive bloom was observed during the entire cruise, with
maximum water-column chlorophyll concentrations averaging
4.08 ± 1.46 milligrams of chlorophyll a per cubic meter. Al-
though we have not yet been able to analyze the density/chlo-
rophyll distributions, chlorophyll/temperature profiles indicate
that in regions of melting pack ice, a stable surface layer was
created which then became the site of active phytoplankton
growth and accumulation (figure 2). Although ice melt probably
would not result in a warmed surface layer per Se, we feel that the
stable layer created by low-density meltwater was then inten-
sified by the heat absorbed during the constant 24-hour radia-
tion in the austral summer. In contrast, stations along the Ross
Ice Shelf showed no surface modification of salinity or tem-
perature, and phytoplankton biomass was not strongly corre-
lated with water-column density structure (figure 3).

Although data analysis is proceeding, we are confident that
our study will show the importance of the marginal ice edge as a
substantial area of increased phytoplankton biomass and pro-
duction. By further documenting this effect and understanding
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Figure 1. Map of the study area showing station locations sampled during leg II of the Glacier cruise (26 January to 2 February 1983).
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Figure 2. (Above) Temperature and chlorophyll profiles from the
marginal ice zone (station 3, leg II). Temperature data taken from	 100
expendable bathythermograph trace. (Depth is in meters; chlo-
rophyll is in milligrams per cubic meter.)

Figure 3. (Right) Temperature and chlorophyll profiles from a sta-
tion adjacent to the Ross ice Shelf (station 8, Glacier leg Ill; 78°06'S
178036'E). Temperature data taken from conductivity-temperature-
depth profile (courtesy of S. S. Jacobs). (Depth is in meters; chlo-
rophyll is in milligrams per cubic meter.)	 150
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its dynamics we can assess more accurately the overall produc-
tivity of the southern ocean and the role that ice-edge blooms
play in the trophic dynamics of the system.

This study was supported by National Science Foundation
grant DPP 81-19572. J . Elser, P. Whaling, D. Wilson from the
University of Tennessee-Knoxville and M. Carbonell, S. Moore,
and C. Weimer from Oregon State University assisted in the
field study.
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Biomass and caloric studies on
marine invertebrates and algae at
Kerguelen, southern Indian Ocean
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The Iles de Kerguelen, located just below the Antarctic Con-
vergence (figure), are associated with a rich and extensive group
of echinoderms. The distribution and densities of the echi-
noderms in the extensive Baie du Morbihan were reported by
Guille (1977), and their composition and biomass were reported
by Lawrence and Guille (1982a, 1982b).

We were at Kerguelen from 31 December 1982 to 15 February
1983 to study the bioenergetics of echinoderms in collaboration
with Alain Guille of the Museum of National d'Histoire
Naturelle in Paris, who has worked extensively in Kerguelen
and with whom Lawrence had collaborated in studies on Ker-
guelen in the austral summer of 1980.

The large number of echinoderm species on Kerguelen are of
particular interest, because many of them are polar species
occurring in a considerably different environment (Arnaud
1974). An interesting aspect of these species is the higher inci-
dence of direct development of their embryos (which involves
brooding by female) in comparison to echinoderms of the arctic
region (Thorson 1950; Arnaud 1974). The bases for direct de-
velopment of embryos, let alone for brooding, are uncertain.
Energetic considerations are the bases for some hypotheses
(Chia 1974, Strathmann and Strathmann 1982).

To test such hypotheses, we collected females of the heart
urchin, Abatus coradus a brooding starfish. Brooded eggs and
juveniles were counted, weighed, and lyophilized. These dried
samples are being analyzed to ascertain the relative amounts of
protein, carbohydrates, and lipid in the eggs and the changes
which occur during embryonic development. The caloric equiv-
alents of these organic constituents will indicate their relative
contribution to the egg, the investment of the female in the
eggs, and the cost of development. The results will be com-
pared with those for another brooding echinoderm from the
antarctic coast (Turner and Dearborn 1979) and for one from the
California coast (Turner and Rutherford 1976). (Additional spe-

cies of echinoderms were collected, but their reproductive state
and the presence of juveniles indicated that the peak of their
spawning probably had occurred in November.)

Descriptions of the intertidal zonation in the Baie du Mor-
bihan have been given in general terms (Arnaud 1974; Bellido
1982; Delephine 1963; Grua 1971). We did a quantitative transect
of the rocky intertidal area from the lichen zone to the extreme
low water below the Durvillea belt. All macroalgae in quadrats
were removed and weighed. All macroinvertebrates in quad-
rats, except the highly mobile isopods, were counted and mea-
sured. Specimens of each species of algae and invertebrates
were dried. These are being analyzed for organic composition
which will allow both organic and energetic representation of
the components of the intertidal zone.

Highest tidepools contained only encrusting coralline algae
with large numbers of the small chiton, Hemiarthrum setulosum.
Midlevel tidepools had a limited variety of green, brown, and
red macroalgae with large numbers of small mussels (Aulocomya
ater predominating over Mytilus edulis), chitons, and anemones.
Below the Durvillea belt low-growing macroalgae were associ-
ated with extremely high densities of A. ater (up to 336 per

70°E

I 30 km 
1

Iles de Kerguelen in the southern Indian Ocean. Arrow Indicates
location of Port-aux-Françals on the coast of the Bale du Morblhan.
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square meter). The level of the extreme low tide was the only
portion of the transect which had no bare rock surface. The
limpet, Kerguelenella lateralis, was found on exposed rock sur-
faces from low tide to extreme high tide. Although these limpets
may remain in certain locations for extended periods of time,
field experiments indicate that individuals may move considera-
ble distances during a period of immersion.

This research was supported by National Science Foundation
grant DPP 82-12702 and by Territoires Australes et Antarctique
Françaises.
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Echinoderm studies along the
Antarctic Peninsula
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During Wv Hero cruise 83-3, 25 February to 22 April 1983,
University of Maine personnel K. Edwards, D. Fratt, and W.
Zamer conducted field work along the Antarctic Peninsula as
part of a study to clarify the trophic position of selected as-
teroids and ophiuroids (sea stars and brittle stars) within the
antarctic marine ecosystem. Several approaches have been used
to address this problem, including detailed analyses of stomach
contents, observation of feeding behaviors under laboratory
conditions, and scanning electron microscope (sEM) studies of
the morphology of feeding structures. Underwater photogra-
phy with a Benthos (Benthos, Inc., North Falmouth, Mas-
sachusetts 02556) model 371 underwater camera and model 381
underwater flash was used to observe asterozoans under natu-
ral conditions. During this final field season, emphasis was
placed on the collection of several asterozoan species not pre-
viously found in sufficient numbers for reliable diet analysis.
These included the asteroid Granaster nutrix and ophiuroids
Astrotoma agassizi (figure), Ophiosparte gigas, and Ophiurolepis
ge/ida.

I

A euryalld brittle star Astrotoma agassizii (disc diameter 45 milli-
meters) clinging to the stand pipe in a laboratory holding tank at
Palmer Station. This species uses its flexible arms to capture small
zooplankton, primarily copepods. (Photo taken 15 March 1983 by
Kelly C. Edwards.)

1983 REVIEW	 193



Sampling localities ranged from the Argentine Islands in the
south, to the Bransfield Strait and Hope Bay (Bahia Esperanza)
in the north. A total of 17 trawl stations were made at depths
ranging from 30 to 676 meters. At three of these stations, intact
sediment samples were obtained with a grab sampler. Analysis
of this sediment will provide information on bacterial and meio-
faunal abundance and on the composition of the diatom flora.
Comparisons of environmental sediment with sediment from
stomachs of organisms taken at the same sites will help to
determine the diets of a number of deposit-feeding
echinoderms.

Eight camera stations were made at depths ranging from 52 to
676 meters. A total of 15 rolls of film was used. These pho-
tographic data provide information on the distribution, orienta-
tion, and associations of echinoderms and other
macroinvertebrates.

A total of 153 whole or dissected specimens of asteroids and
ophiuroids was taken for morphological study with SEM. Two
fixatives were used in processing these samples. Some spec-
imens were fixed in a phosphate buffered solution of 4 percent
formalin, 1 percent glutaraldehyde. Others were fixed in 2
percent glutaraldehyde in 77 percent seawater. All specimens
were retained in the fixative solutions for transport and subse-
quent storage.

At each trawl station, extensive collections of echinoderms
were preserved for later analysis of stomach contents. Some
large asteroids such as Pilaster charcoti, Bat hybiaster loripes obesus,
and Diplasterias brucei were measured, sexed, and dissected
aboard ship. Stomach fullness was noted and gut contents pre-
served for complete analysis in Maine. Smaller asterozoans
were preserved whole. Representative collections of selected
invertebrates were also preserved from most localities as part of
a cooperative program with the Smithsonian Oceanographic
Sorting Center.

In addition to the work conducted aboard IIv Hero, numerous
shallow-water collections in the vicinity of Palmer Station were

made by hand or by traps set from zodiacs. One particular
objective of this local work was the collection of the shallow-
subtidal sea star Granaster nutrix. This little-known asteroid is
abundant on rocky substrates throughout Arthur Harbor, but
can be extremely difficult to collect because of its habit of wedg-
ing itself into crevices and under rocks. Previous attempts at
dip-netting this sea star from zodiacs have met with little suc-
cess. This season a sufficient number of specimens was ob-
tained by wading and SCUBA for reliable analysis of gut contents
and morphological variation.

We succeeded in measuring two fundamental physiological
parameters of Granaster nutrix in the Palmer Station laboratory.
Oxygen uptake rates were determined by Winkler titration on
animals that had been maintained at -0.50C ± 0.5 0, 34.5 %
salinity and starved for 10 days. In two separate experiments 13
animals of the available size range (0.20-0.94 grams whole ani-
mal wet weight) were used to determine the metabolism-size
relationship for this animal. Values of oxygen uptake ranged
from 11 to 64 microliters per gram per hour. The equation
relating the logarithm of oxygen uptake (y) to the logarithm of
whole animal weight (X) is y -0.9298X + 1.0898; r 2 = 0.509.
Ammonia excretion rates were measured using a spec-
trophotometric method. Nine animals were incubated for 90
minutes in 25 milliliters of sea water (34.5 %o salinity) main-
tained at -0.5°C ± 0.5°; all animals were starved for 10 days.
Ammonia excretion rates were 8.7-57.0 nanomoles per gram
per hour. (Whole animal wet weight range was 0.38-0.94
grams.) From the oxygen uptake data and these ammonia excre-
tion rates, oxygen-to-nitrogen atomic ratios have been calcu-
lated. Data were also obtained on the proximate biochemical
composition and ash content for this unusual asteroid.

We are indebted to Capt. Pieter J . Lenie and the crew of the
RIv Hero for excellent field assistance and to personnel at Palmer
Station for laboratory support. Pat Mosier and Mark Olson
carried out the SCUBA operations. This work was supported by
National Science Foundation grant DPP 79-21537.

Superswarms of antarctic krill
(Euphausia superba Dana)

ERIC SHULENBERGER

San Diego Natural History Museum
San Diego, California 92112

In February-March 1981 over 20 U.S. scientists participated
in cruise Vulcan leg 7 (R/v Melville, Scripps Institution of
Oceanography) to the Scotia Sea (figure 1). We originally in-
tended to do a statistical investigation of the open-sea patches of
krill (Euphausia superba Dana) which are well known in the
popular literature, but about which there is disconcertingly
little detailed information. We found no "ordinary" krill swarms
but received reports (from the German R/V Meteor) of a massive

krill swarm near Elephant Island, just off the tip of the Palmer
Peninsula (figure 2). We located the swarm initially due to the
presence of a very large Soviet trawler fleet which was harvest-
ing the krill (we observed over 40 trawlers at one time, by
unaided eye, from the Melville's bridge). We located and map-
ped the patch acoustically (Macaulay, Antarctic Journal, this is-
sue): it was several kilometers wide in both horizontal dimen-
sions, up to several hundreds of meters thick, performed no
diurnal vertical migration, and had no surface manifestation.
The krill patch was nearshore, occurring near "shelf breaks"
(figures 2 and 3). It had very sharp lateral and upper boundaries
(figure 3), and was persistent and mobile. We adopted the term
"superswarm" to describe the phenomenon. Macaulay's acous-
tic estimates gave a total krill biomass for this superswarm of
about 2-10 million tons: up to 10,000 animals (10 kilograms per
cubic meter. If accurate, this is the largest collection of one
species of animal tissue ever discovered on Earth. This super-
swarm phenomenon had basically not been documented or
reported before.
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Figure 1. Region investigated by Fl/V Melville (cruise Vulcan, legs 6 and 7), January—March 1981.

Our limited shiptime forced simple goals upon us: (1) try to
describe the phenomenon as best we could and (2) get net
samples from which we might be able to infer the superswarm's
function in the species' ecology. We used a Multiple Opening-
Closing Net and Environmental Sensing System (nicknamed
"MOCNESS"): it is controlled from the deck and provides real-
time readouts of depth, angle and speed of tow, temperature,
etc. We aimed our towing using Macaulay's simultaneous
acoustic results, and performed 25 tows (8 nets per tow). From
these zooplankton samples all adult krill have been sorted out,
identified, and measured. (For copepod results, see Wormuth,
Antarctic Journal, this issue.)

Abundance of total zooplankton and of krill varied tremen-
dously over the 25 tows: despite this, there is a very strong
tendency toward constancy of numerical rank-order of abun-
dance of various groups (copepods were always most numer-
ically abundant, euphausiids second, etc.). This consistency
extends across times of day, depths, and considerable horizon-
tal distance (scales from about 70 meters up to tens of kilo-
meters). The various taxonomic categories did not, however, co-
vary in abundance: there was no tendency for all groups to be
abundant in the same tows. Apparently the different groups
are responding either (1) differently to the same environment or
(2) to different aspects of the environment.

The superswarm is not composed entirely of euphausiids:
saips, amphipods, and phytoplankton are also included. There
is no evidence that any major category systematically excludes
other categories from subregions within the superswarm (ex-
cept euphausiid larvae, discussed below). The euphausiids in
the swarm are of several species (E. superba, E. crystallorophias,
Thysanoessa sp.). Adult euphausiids of various species co-occur
within the swarm on all spatial scales examined.

We also found that E. superba and Thysanoessa sp. larvae co-
occurred (in all tows) and were highly positively correlated in
abundance: this suggests that the two species' larvae (1) are not
interfering with one another and (2) are responding in parallel
ways to whatever environmental factors influence larval
abundance.

We found that between successive nets, each fished for as
little as 50-70 meters of horizontal travel, there could be up to
1.5 orders of magnitude difference in larval or adult abundance:
clearly there is intense patchiness on these relatively "small"
scales. Combining all eight nets in each tow into a single sample
(with horizontal length 300-2000 meters) we found the same
degree of variation.

Adult euphausiids are omnivorous and can eat their own
larvae. We captured adults and larvae together many times, but
statistical analyses showed that the larvae of E. superba tended
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Figure 3. This 120 kilohertz acoustical record of adult krill superswarm shows local time along the top axis. Vertical bars indicate points at
which MOCNESS nets were opened and closed. MOCNESS path is shown as a heavy horizontal line at a depth of about 75 meters. Samples were
taken at 2.5 knots. The gray areas in the center of the swarm are caused by response characteristics of the dry-paper chart recorder and do not
represent real regions of reduced population density. Tape-recorded data eliminate this apparent problem entirely. Note "shelf break" of the
bottom during nets 6 and 7.
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strongly not to be abundant where adult E. superba were abun-
dant, and likewise with Thysanoessa. The larval vs. adult separa-
tions occurred in both horizontal and vertical directions. All this
makes good ecological sense, but we do not know how such
distributions are generated or maintained.

As yet, our analyses are incomplete, and the samples we
obtained are simply inadequate to answer most of the intriguing
questions: (1) How is such a huge swarm generated and main-
tained? (2) Where does the food come from to support such a
mass of euphausiids? (Or, indeed, are individuals in the swarm
actively feeding? Euphausiids can live for long periods without
eating.) (3) What is/are the function(s) of such a swarm? (Proba-
bly not breeding, for our samples contained not one egg-carry-
ing female euphausiid nor one loose euphausiid egg.) (4) What
percentage of the total antarctic krill population is represented
in these huge aggregations? (5) How many such swarms are
there scattered throughout the Antarctic? And finally, given all
this uncertainty about superswarms, (6) precisely what will be
the consequence to krill (and to the whales, sea birds, squid,
penguins, and seals which depend upon them) of intensive
fishing pressures that seem inevitable given man's need for
protein and his past failure to exploit intelligently marine living
resources?

Many of these questions will be investigated by us during our
next cruise (funded by the National Science Foundation for
February-March 1984 on the R/v Melville), which will be dedi-
cated to an intensive investigation of the Elephant Island
superswarm.

Cruise Vulcan was funded by National Science Foundation
grant DPP 79-21295 to Scripps Institution of Oceanography.
Analyses of krill samples were funded by National Science
Foundation grant DPP 81-20492 to the San Diego Natural History
Museum. I thank M. Macaulay for permission to use some of his
acoustic information, particularly figures 2 and 3.
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Antarctic krill (Euphausia superba)
swarms from Elephant Island

MICHAEL MACAULAY

Northwest and Alaska Fisheries Center
Seattle, Washington 98115

The National Oceanic and Atmospheric Administration
funded a project to participate with a collaborative project sup-
ported by the National Science Foundation. The purpose of the
experiment was to investigate open-sea patches of krill, as well
as to gather other biological and physical data. The observations
presented in this paper were taken on the iIv Melville during the
second survey of the Scotia Sea (cruise Vulcan, leg 7) 26 Febru-
ary to 27 March 1981.

Primary acoustic observations were made by simultaneous
soundings with 50- and 120-kilohertz sounder,  systems. A side-
looking 105-kilohertz system was used to detect the presence of
krill in the upper 5 to 10 meters which would not be detected by
the downward-directed systems. Frequency modulated analog
recordings of the envelope-detected signal from each of the
three frequencies were made in the field.

Analyses were done using the NWAFC Acoustic Research Con-
tainer computer system by echo integration (SCAR 1981). This
method estimates the abundance (weight per unit volume) of
targets present in the water column for any depth interval
where target strength is known or can be estimated by length-
frequency or length-weight relationships. The estimates of

average abundance over the total water column selected was
calculated to 250 meters or to bottom, whichever occurred first.

Transects were subdivided to give a similar number of obser-
vations in each group and combined into blocks of area for
calculation of biomass. These blocks were selected to give a
range of sizes for statistical comparison. The variance associated
with these biomass estimates was computed by two indepen-
dent methods. The first used serial correlation; the second used
the cluster sampling estimator method of Williamson (1982) as
an independent method for comparison.

During the survey, numerous patches and large con-
centrations of krill were found. The average size patch was 100
to 500 meters in horizontal extent by 40 to 60 meters in vertical
extent with mean abundance of 50 to 200 grams per cubic meter
(approximately 75 to 300 individuals per cubic meter). The very
large swarm found northwest of Elephant Island contained
abundances up to 600 to 800 grams per cubic meter, but typ-
ically abundance was 300 to 500 grams per cubic meter. The
large biomass was due to distributions that extended as deep as
250 meters and the large area covered (150 square kilometers).
In the shallow area northwest from Elephant Island, con-
centrations of krill were found in layers associated with the 100-
to 150-meter depth contour.

Two large swarms were observed in the vicinity of Elephant
Island. The first occurred from 1 to 3 March and the second
appeared on 7 March and was being fished by more than 40
Soviet trawlers. The Soviet fleet had also been fishing in the
vicinity of the earlier swarm. After a survey period in Bransfield
Strait, the Melville returned to Elephant Island. This second
occupation was characterized by a lower incidence of patches
with some associated with shallow regions near the island. The
Soviet fleet had also dispersed and only a few vessels remained
in the area.
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Figure 1. Contour plot of data from 5-8 March. (Blocks A, B, and C.)

Biomass as well as 95 percent confidence limits around the
biomass estimates were computed using the two variance mod-
els (table). The variance calculations by area indicate that the
simple variance underestimates the variance associated with
sampling serial data of this type. The intent of the comparison
of variance calculation methods was to demonstrate the need for

Biomass by block and variance estimators (95 percent confidence
limits) for estimated biomasse

Simple	Serial	Cluster
Block	Biomass	variance	correlation	analysis

(N)	 (MMT)	(MMT)	(MMT)	(MMT)

A (396)	0.1221	0.0029	0.0909	0.0620
B (316)	0.2067	0.0119	0.1960	0.2164
C (976)	2.1280	0.0259	2.0890	1.2290
0 (348)	0.0988	0.0017	0.0630	0.0343
E (1288)	0.2059	0.0020	0.2453	0.0861
F (40)	0.1317	0.0121	0.0827	0.1191

a "MMT" denotes million metric tons; N" denotes number of observations
used in calculations. 95 percent confidence interval is 1.96 \/'i?

some type of estimator which includes the effect of serial
correlation.

The potential impact of fishing on such a population (if there
are aspects of reproductive behavior associated with its forma-
tion) make better understanding of the causes and frequency of
occurrence of this phenomenon imperative. This large con-
centration of biomass also demands special treatment during
acoustic surveys. Because of the relatively rare occurrence and
association with adjacent geographic features, such as islands
and ice edges, large swarms must be treated separately from the
usual transect data.

The work was supported by special allocation of funds from
the National Oceanic and Atmospheric Administration.
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Zooplankton associated with
superswarms of antarctic krill

JOHN H. WORMUTH

Department of Oceanography
Texas A&M University

College Station, Texas 77843

A field program involving simultaneous acoustic and net
sampling was undertaken in February-March 1981 (see Mac-
aulay, Antarctic Journal, this issue, for acoustics and Shulen-
berger, this issue, for net sampling details). Both horizontal and
stratified oblique tows were taken in and around a large krill
swarm in the vicinity of Elephant Island. Most tows were within
the upper 80 meters because a large portion of the krill swarm
was in this portion of the water column.

We used a multiple opening-closing net and environmental
sensing system (MocNEss) which collected eight discrete sam-

ples per tow. We positioned the net according to the depth of the
krill "seen" by the acoustics. We took 25 tows and have com-
pleted the taxonomic analysis of all 200 samples (see Shulen-
berger, Wormuth, and Loeb in press, for additional details). The
samples were sorted for krill (Shulenberger, Antarctic Journal,
this issue), and all other specimens were identified. With few
exceptions, copepods dominated the samples numerically. The
copepods consisted mainly of five species (Calanus propinquus,
Calanoides acutus, Metridia gerlachei, Rhincalanus gigas, and Eu-
chaeta antarctica). The rank order of numerical abundance of
these five species was very consistent regardless of depth, time
of day, or horizontal distance. These five species also show a
significant tendency to covary in numerical abundance in the
same tows. This suggests that these copepod species are re-
sponding to the same environmental stimuli.

Within horizontal tows our spatial scale sampled per net was
kept as constant as possible within each tow. This resolution
ranged from about 90 meters to 300 meters. It was not unusual
to see 1-1.5 orders of magnitude variation in the numerical
abundance of copepod species between successive nets (fig-
ure). This variation does not appear to be related to variations in
the numerical abundances of the euphausiid species, except in a
few extreme cases.
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In the stratified oblique tows, we found some layers of very
high krill larvae density. In some of these, we found very low
copepod concentrations, but this pattern is inconsistent. It may
be that these taxa (larval krill, copepod species 1, 2, 3, 4, and 5)

are patchy on a scale smaller than our sampling interval. What
we see in our samples, then, may be the integration of one or
more of these patches. If sampling boundaries are occasionally
coincident with patch boundaries, we then see strong indica-
tions of exclusion. This is particularly likely to happen in this
type of sampling because we were trying to catch acoustic
targets.

Recent unpublished work (Boyd personal communication)
has shown that adult krill are omnivorous and can eat their own
larvae. Presumably they can eat similar-sized copepods as well.
The most abundant copepods, Calanus propinquus, Calanoides
acutus, and Metridia gerlachei are generally herbivores and
should be in competition with the krill for phytoplankton. Yet in
the dense krill swarms we still find relatively "normal" con-
centrations of copepods.

Although the counting of all our samples is complete, the
statistical analysis of the data will require several more months.
We will be bringing together the MOCNESS data and the acoustic
data to gain additional insight into this unique ecosystem.

The Vulcan Expedition was funded by National Science Foun-
dation grant DPP 79-21295 to Scripps Institution of Oceanogra-
phy. The analysis of the zooplankton was funded by National
Science Foundation grant DPP 81-21358 to Texas A&M. Cheryl
Shalan assisted in the splitting, sorting, and counting of the
samples.
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Larval growth and hatching under
pressure of eggs of Euphausia

superba

LANGDON B. QUETIN and ROBIN M. Ross

Marine Science Institute
University of California-Santa Barbara

Santa Barbara, California 93106

Although we conducted both laboratory and field studies on
Euphausia superba during the U.S. Antarctic Research Program
(USARP) 1982-1983, we will confine this report to two facets of
our laboratory work. During austral summer 1983, we con-
tinued our efforts to culture eggs and larvae of E. superba for
physiological and behavioral research. First, we followed the
change in wet weight during development from egg to the

calyptopis 3 stage (third feeding stage). Second, we conducted
preliminary experiments on the effect of increasing hydrostatic
pressure on egg development. The conversion of the science
library to a walk-in, constant-temperature room this past sea-
son greatly increased our culturing success, and allowed us to
conduct experiments at controlled temperatures, unlike the
previous season.

The new Cahn 26 electrobalance at Palmer Station enabled us
to determine wet weights of individual eggs and larvae. We
developed a standardized weighing procedure, because eggs
and larvae continually lost weight once removed from water.
Eggs from individual E. superba were cultured in 2-liter glass jars
maintained at 1.0° ± 0.3°C. Periodically during development
5-10 eggs or larvae from each of 2-6 broods were individually
weighed, except for the calyptopis 3 stage. We removed an
individual from the water with an eyedropper and placed it on a
plastic petri dish. Then we picked it up with a strip of filter
paper which wicked away excess water, before transferring the
egg or larva to a preweighed piece of weighing paper. The
weighing paper containing the individual was immediately
placed on the weighing pan of the electrobalance, and the
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weight was recorded after 10 and 15 seconds. Analysis of the
data indicated that the electrobalance stabilized adequately
within 10 seconds, so we used the wet weights recorded after 10
seconds.

The wet weight of F. superba increases almost five times from
egg (approximately 112 micrograms) to calyptopis 3 (approx-
imately 503 micrograms) in 55 days (figure 1). This increase in
wet weight is not continuous with age, but increase in steps
between larval stages. There is about a 130-microgram gain in
wet weight from metanauplius to calyptopis 1, a 112 microgram
gain from calyptopis 1 to 2, and a 170 microgram gain from
calyptopis 2 to 3 (figure 1). Since the calyptopis 1 stage is
believed to be the first feeding stage the rapid increase in wet
weight when the larvae molt from the metanauplius to the
calyptopis 1 stage is probably due to an increase in body water
content. This data agrees with our observation that E. superba
does not molt until it metamorphoses from metanauplius to
calyptopis 1. We have observed no molts-when larvae change
from nauplius to metanauplius and have found metanauplii
partially within the egg membrane that were unable to com-
plete hatching. From egg through metanauplius, we found only
a slight increase in wet weight and found no increase in wet
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Figure 1. Growth of the eggs and larvae of Euphausia superbaat 1.00
± 0.3°C. Specimens began as eggs on day zero. ("N" denotes nau-
plius; "M" denotes metanauplius; "C" denotes calyptopis; "s' de-
notes mean of larvae fed phytoplankton; "0" denotes mean of lar-
vae not fed; "I" denotes the 95 percent confidence interval. The 95
percent confidence interval was not calculated for the wet weight of
calyptopis 3. Numbers above circles denote the number of
measurements.)
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Figure 2. The schedule of increasing pressure with the' age of the
eggs of Euphausla superba. Eggs were maintained at 0.50 ± 0.1°C.

weight with age within either of the calyptopis 1 or calyptosis 2
stages. We also found no pattern of difference between the wet
weights of starved and fed calyptopis I larvae (figure 1).
However, the lack of difference may be due to cannibalism by
the "starved" larvae. We have collected samples for determina-
tion of dry weight, carbon, nitrogen, protein, lipid, and car-
bohydrate for later analysis to understand better these trends in
larval growth. We compared the wet weights of our live larvae to
dry-weight measurements of preserved larvae (Ikeda 1981) and
calculated that the larvae of E. superba may range from 65-80
percent water during the initial stages of development.

Because the eggs of E. superba sink until they hatch (Hempel,
Hempel, and Baker 1979; Marr 1962; Ross and Quetin 1982),
hydrostatic pressure is one environmental parameter that may
alter the developmental time and/or the sinking rate of these
eggs and thus the deph at which the eggs will hatch. During
USARP 1982-1983 we assembled a system of clear acrylic pres-
sure vessels that will enable us to culture, observe, and deter-
mine the sinking rates of eggs at high hydrostatic pressures.
Our initial efforts at culturing krill eggs at high hydrostatic
pressures produced some interesting results and observations.

Eggs from two separate broods were placed in paired 5-dram
vials at three concentrations: 5, 10, and 20 eggs per vial. The six
pairs of vials were split between two pressure vessels. In one
vessel the pressure was increased twice each day according to a
schedule calculated from the sinking rates of the eggs as deter-
mined by Quetin and Ross (in preparation) (figure 2). The other
vessel was maintained at 1 atmosphere and served as a control.
Eggs from the two broods were also maintained in the standard
2-liter culture jars and the hatching time noted.
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We ended the experiment when we saw no swimming nauplii
in the pressure vessels 18 hours after the eggs hatched in the 2-
liter jars. One potential problem in the small closed vials would
be lack of oxygen. The oxygen concentration in the vials was
below 10 percent saturation and only one live nauplius was
found. However, we were able to stage many of the eggs and
qualitatively compare the two treatments. Stages were deter-
mined for 43 of 70 eggs maintained on the increasing hydro-
static pressure schedule and were as follows: 32 limb bud eggs,
4 nauplius 1, and 7 nauplii that failed to hatch completely. Stages
for 38 of 70 maintained at 1 atmosphere were: 26 limb bud eggs,
1 nauplius 1, and 11 nauplii that failed to hatch completely. The
similarity of the results from the two treatments suggests that
increasing hydrostatic pressure as experienced by krill eggs as
they sink during development has little or no effect on hatching
time. We will continue these experiments in larger glass vials
during USARP 1983-1984.

We would like to thank Elizabeth Kirsch and Stewart Willason
of our field research team for their help, patience, and support,
and also Capt. Lenie and the crew of the RIv Hero, the Palmer

Station support crew, and Don Wiggin for making our USARP

82-83 season a successful one. This research was supported by
National Science Foundation grant OfT 80-20739 to R. M. Moss
and L. B. Quetin of the Marine Science Institute at the Univer-
sity of California-Santa Barbara.
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Field and laboratory studies on the
antarctic krill Euphausia superba in

austral summer 1982-1983

ROBERT Y. GEORGE

University of North Carolina-Wilmington
Institute for Marine Biomedical Research

Wilmington, North Carolina 28403

During the months of January, February, and March 1983
gravid females of the antarctic krill Euphausia superba were cap-
tured from Charlotte Bay in the Antarctic Peninsula. However,
the samples from this Bay and in the waters of adjacent
Bransfield Strait were mainly dominated by juveniles, and ma-
ture krill were always less than 7 percent of the samples. A
careful study on the size frequency pattern of the krill sug-
gested that the Palmer Archipelago is a nursery ground for krill
spawned elsewhere (Fevolden and George in press). A total of
45 egg-bearing krill was transported to Palmer laboratory dur-
ing two cruises of i1v Hero. Embryos developing from the labo-
ratory-spawned eggs were studied closely from the first seg-
mentation of the eggs through the various stages of blastula and
gastrulation to advanced limb-bud stage close to hatching. The
progression of egg development was investigated at 1 at-
mosphere and at increasing hydrostatic pressure simulating the
actual sinking rate of krill eggs. On the basis of measurements
made during this austral summer, it appears that krill eggs sink
at a rate of 150 ± 10 meters per day during the early cleaving
phase and subsequently the vertical velocity is slowed down to
90 ± 10 meters per day during gastrulation. However, the sink-
ing velocity increases again during limb-bud stage of develop-
ment. The data also suggested that pressure does not exert any

profound influence on egg sinking rate. Nonetheless, pressure
appears to accelerate the rate of cleaving as illustrated in the
figure (George and Stromberg in press).

Studies on changes in the biochemical composition of krill
eggs during development indicated that there is significant
depletion in the lipid level from 31 percent in newly spawned
eggs to 20 percent in limb-bud stage. Similarly, the protein
content drops from 57 percent to 38 percent. However, the
carbohydrate level exhibits a slight increase as development
progresses (Amsier and George in press). Research on meta-
bolic performance of various stages of krill at pressures repre-
senting different levels of vertical descent (1-25 atmospheres)
suggests that there is substantial change in oxygen-to-nitrogen
ratio and oxygen uptake rate and ammonia excretion rates in
both adult and juvenile krill (George and Fields in press). Fur-
thermore, the data on ammonia excretion from different on-
togenetic stages of krill indicate that ammonia excretion is some-
what significant reaching peak values as much as 248 micro-
grams of ammonia per gram per hour. Prolonged starvation
appears to depress ammonia excretion rate to extremely low
levels. However, in favorable feeding conditions, the ammonia
flux from krill swarms to ambient environment can be sustained
at high levels and may have trophodynamic implications on the
Antarctic marine food chain (George in press-a, in press-b).

I wish to thank James Fields for technical assistance during
the field study. I am also thankful to S. Frevolden of the Nor-
wegian Antarctic Program and J. 0. Stromberg of Kristineberg
Marine Laboratory in Sweden for their participation and collab-
oration during this field study. This research was supported by
the National Science Foundation grant DPP 80-26535.
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Lipid biochemistry of antarctic
midwater organisms

EDWARD S. VAN VLEET

Department of Marine Science
University of South Florida

St. Petersburg, Florida 33701

The lipid components of marine organisms constitute a major
metabolic fuel reserve in the sea. The importance of lipids to
energy metabolism of individuals and to energy transfer
through marine food webs has been clearly demonstrated for
temperate species (Lee, Nevenzel, and Paffenhofer 1971). Less
attention has been paid to the importance of lipids in energy
metabolism in polar regions, although DeVries (1978) suggests
that lipids are the primary energy reserve in antarctic species
and may also play a role in buoyancy and other bodily
functions.

Several studies have attempted to determine antarctic food
chain relationships on the basis of simple chemical compounds
being transferred from one organism to another (see, for exam-
ple, Ackman and Eaton 1966; Bottino 1974). The isoprenoid fatty
acids constitute a group of compounds that have shown unique
potential as indicators of metabolic processes and food chain
transfers. Ackman and Hooper (1968) examined the con-
centration ratios and stereochemistries of three isoprenoid fatty
acids in samples of 12 fish oils and 14 oils from marine mam-
mals. The ratios of 4, 8, 12-trimethyltridecanoic acid (TMTD), 2, 6,
10, 14-tetramethylpentadecanoic acid (pristanic acid), and 3, 7,
11, 15-tetramethyihexadecanoic acid (phytanic acid) suggested
a correlation with a change in food intake for marine mammals
from a primarily zooplankton diet through a partial fish diet to
an exclusive fish diet. The ratios were based on the "phytanic
index" defined as

TMTD acid	 pristanic acid >< 100.
phytanic acid >( 100 or phytanic acid

Each species was found to have a characteristic set of "phytanic
index" values. The degree to which the pristanic and phytanic
acid molecules had been catabolized during the food chain
transfer was determined by examining the stereochemistry of
the asymmetric carbon atoms in these molecules for each spe-
cies. Ackman and Hooper (1968) determined the LDD/DDD ratios
of the three asymmetric carbon atoms in pristanic and phytanic
acids (later determined to have the absolute stereochemistries
designated SRR/RRR: Cox et al. 1970; Maxwell et al. 1973). The
stereoisomers of pristanic acid are shown in the figure (Kven-
volden 1980). Ackman and Hooper (1968) found that a decrease
in the ratio of LDD/DDD diastereomers correlated with a high
level of TMTD acid and suggested a relationship to fat catabolism.
By examining both the stereochemistry and concentration ratios
of the isoprenoid fatty acids, relationships between different
levels of simple oceanic food chains can be more reliably deter-
mined than by more conventional chemical methods using
single molecules.

In the present research, we are investigating the lipid bio-
chemistry of samples collected from several trophic levels of the
antarctic midwater food web (table). Samples were collected in

)1--1 CO
14	10(D)	6(D)	2(D) OH

	

(R)	(R)	(R)

)L11 '0

14	10(D)	6(D)	2(L) 'OH

	

(R)	(R)	(S)

PRISTANIC ACID
The stereolsomers of pristanic acid.

Croker Passage (64°05'S 61°51'W) and near Palmer Station.
Specifically, amounts and types of wax esters, triacylglycerols,
hydrocarbons, and steryl esters are being determined by gas
chromatography and computer-interfaced high resolution gas
chromatography/mass spectrometry. Wax esters and tn-
acylglycerols are being further analyzed for their individual
fatty acid and fatty alcohol composition. Information on the wax
esters and triacyglycerols is being used to investigate the extent
of fat storage for insulation, primary metabolic energy reserve
units of various species, and the extent to which lipids may
influence the buoyancy of individual organisms. These results
will complement chemical composition studies on total lipid,
protein, and carbohydrate in the fish and crustaceans being
conducted by other investigators (B. Robison, University of
California-Santa Barbara). In addition, individual compounds
or groups of compounds are being studied as potential tracers to
investigate feeding relationships and fat catabolism within the
organisms. In particular, three isoprenoid fatty acids (4, 8, 12-
trimethyltridecanoic, pristanic, and phytanic acids) are being
analyzed to determine the "phytanic index" characteristic of
each species. This information is being compared with predator/
prey relationship studies based on analysis of gut contents

Species collected near Palmer Station by RIv Hero in February 1982
that are being analyzed for lipid composition and isoprenoid fatty

acid stereochemistry

Pelagic fish and crustaceans	 Zooplankton

Electrona antarctica	 Antarctomysis sp.
Electrona carisbergi	 Tomopteris sp.
Euphausia superba	 Sagitta sp.
Lampanyctus achirus	 Thysanoessa sp.
Protomyctophum bolini	 Eusirus sp.
Bathylagus antarcticus	 Cyphocaris sp.
Gymnoscopelus nicholsi	 Three unidentified

amphipod species
Pleurogramma antarcticum	 Mixed zooplankton

(adult and larvae)	 sample
Chaenichthyidae sp.
Unidentified Zoarcid
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(T. Hopkins, University of South Florida). The degree to which
the fatty acid molecules have been catabolized in the organisms
can be estimated by determining the absolute stereochemistries
of the isoprenoid acids. By examining both the stereochemistry
and concentration ratios of these acids, both feeding rela-
tionships between adjacent members of the antarctic food
chains and energy metabolism within organisms are being
determined.

This work is being supported by National Science Foundation
grant DPP 80-23961. I gratefully acknowledge the help of field
personnel Bruce Robison, Tom Hopkins, and Tom Lancraft who
collected the samples during February and March 1982.
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The role of glycoprotein antifreezes in
freezing avoidance of antarctic fish

A. L. DEVRIES and E. J. MOODY

University of Illinois
Urbana, Illinois 61801

The work for this season began in early October with the
establishment of an intensive fishing operation. With the help
of Lisa Crockett and Steve Munsell, three deep-water fishing
stations were established and operated through the end of
December. These stations were located 5 kilometers west of
McMurdo Station. During this time more than 300 specimens of
Dissostichus mawsoni weighing a total of nearly 15 tons were
caught. Several small specimens were transported to the aquar-
ium where they were kept alive for the duration of the season
and used in studies of the physiological and biochemical roles
of the glycopeptide antifreezes in freezing avoidance. The re-
mainder of the fish were too large for experimental use and so
were weighed, measured, tagged, and released. About 2,000
fish have been tagged over the past several years. Three spec-
imens of this tagged population were recaptured this year: a
specimen that had been released 3 years earlier had grown 7
centimeters and gained 4 pounds; a fish from 2 years earlier had
grown 2.5 centimeters and gained 3 pounds; and another fish
from 2 years earlier had grown 4 centimeters and gained no
weight. While there may be significant error in the actual weight
changes depending on whether or not the fish had just eaten,
these three samples tend to indicate that fish in the 60-70 pound
range grow quite slowly; a fact of considerable interest if these

fish were ever to be commercially exploited. When further
tagged specimens of differing sizes are caught, it should be
possible to describe more accurately the growth rate of this
species.

Many species of smaller fish from the families of
Nototheniidae, Bathydraconidae, and Zoarcidae were also caught.
About 20 specimens of Gymnodraco acuticeps were caught
providing a unique opportunity to characterize its antifreeze,
which was found to be identical in composition to that present
in the Trematomus fishes, but different in quantity.

A problem of intensive investigation over the past several
years has been the slow rate of turnover of the antifreeze mole-
cules. Experiments have been difficult because fish must be
maintained for several months and because of the long periods
of captivity the results vary depending upon the nutritional
state of the specimens. Turnover experiments this year were
done using only healthy, feeding D. mawsoni. The fish were
small specimens weighing between 20 and 50 pounds. They
were injected with either antifreeze glycopeptide (AFGP) 8 (mo-
lecular weight of 2,600 daltons) or AFGP 1-5 having a molecular
weight of 10,000-25,000 daltons). The fish were maintained
with an indwelling venous catheter and sampled daily for up to
100 days. The results of this study indicate that the half-time for
circulating AFGP 8 in feeding specimens is on the order of 5
weeks while for AFGP 1-5 the time is 11 to 12 weeks and the
variability within each group was much less than that found in
the previous year with non-feeding specimens. Because anti-
freeze levels are nearly constant in the blood, these values allow
an estimate of the synthesis rate. The experiment this year also
confirmed our previous interpretation of such experiments: that
turnover rates are slow and are greatly dependent upon the
nutritional states of the fish.

The role of antifreeze in the bile and intestinal fluid was
investigated in several species of McMurdo Sound fishes. Isola-
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tion of antifreezes using diethylaminoethly cellulose (DEAE) ion
exchange chromatography followed by gel electrophoresis re-
vealed the presence of only low molecular-weight glycopep-
tides in high concentrations (20 to 40 milligrams per milliliter).
Removal of the gall bladder eliminated the transport of these
glycopeptides from the blood to the intestine. This suggests
that antifreeze is transported from the blood to the bile where it
then flows into the intestinal fluid. Measurements of reabsorp-
lion of labeled antifreeze, both in vivo and in vitro indicate that
reabsorption from the gut does not take place. This suggests
that the intestinal fluid antifreeze is excreted with the feces.
This unusual circumstance of glycoprotein excretion is doubt-
less necessary to prevent the freezing of intestinal fluid. These
results are the first clear evidence that the low molecular-weight
antifreeze molecules have a specific function (O'Grady, Ellory,
and DeVries 1982, 1983) in contrast to the proposed cooperative
function put forward by Osuga et al. (1978). Recent studies have
shown that the low molecular-weight glycopeptides do not
potentiate the activity of the large ones when the samples are
forzen slowly (Schrag and DeVries 1983). Slow freezing more
closely approximates the conditions faced by fishes inhabiting
ice-laden seawater (DeVries 1982, 1983).

A preliminary set of experiments was performed to investi-
gate the distribution of antifreezes into the special fluid com-
partments of the central nervous system. Presumably anti-
freezes should be found in the eye, brain, and associated fluids
because these tissues must be protected from freezing. Cerebral
spinal fluid (csF) was sampled from seven species of fish and
was found to have a freezing point below that of seawater
(- 1.96°C) and the characteristic separation of freezing point
and melting point which indicates the presence of glycopeptide
antifreeze. Sampling of extradural fluid (EDF) and eye fluid
indicated that they too had low freezing points. The antifreezes
of the central nervous system were isolated by DEAE ion ex-
change chromatography followed by gel electrophoresis. The
CSF and eye fluid were found to contain GP glycopeptides 7 and 8
while the EDF contain glycopeptides 1 through 8. This finding is
of interest because CSF and aqueous humor are actively secreted

fluids that are protein free in other species. Thus the presence of
these large molecules in high concentration is a unique dif -
ference between antarctic fish and other vertebrates.

Studies of the structure and function of the glycopeptides
were continued by comparing the structure and activities of the
glycopeptide antifreezes of northern arctic cods with those of
the antarctic nototheniids. Although the northern cod anti-
freezes were found to have slightly different amino acid com-
positions they exhibited the same antifreeze activity as the
antarctic glycopeptide antifreezes (O'Grady et al. 1982; Schrag,
O'Grady, and DeVries 1982).

This research was supported by National Science Foundation
grant DPP 81-16917.
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Preliminary comments on
parasitological collections from

seabirds at Palmer Station, Antarctica

ERIC P. HOBERG

Wildlife Science
College of Forest Resources
University of Washington
Seattle, Washington 98195

Previous studies of parasites of antarctic seabirds have not
focused on a specific locality nor taken an ecosytem approach.
The major studies have been largely taxonomic (Fuhrmann

1921; Johnston 1937; Jones and Williams 1969; Prudhoe 1969;
and others and to date approximately 63 species of helminths
are known from 37 species of birds. However, there are no
previous records of parasites from birds in the Palmer Archi-
pelago, and comprehensive studies of helminths of sympatric
species of antarctic seabirds do not exist.

The present study of helminth parasitism of antarctic sea-
birds was initiated at Palmer Station, Antarctica (64°46'S
64°05'W) from December 1982 through February 1983. An ob-
jective of this investigation was to characterize the helminth
fauna of a diverse assemblage of seabirds breeding at a specific
geographic locality and to attempt to determine factors influ-
encing its ecological and zoogeographic relationships. Of pri-
mary interest was the degree to which differences in helminth
faunas were reflected by dissimilar trophic relations of seabirds
comprising four generalized feeding guilds. The species of
birds included were: (1) zooplanktivores (Adélie penguin,
Pygoscelis adeliae; chinstrap penguin, P. antarctica; gentoo pen-
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guin, P. papua; southern fulmar, Fulmarus glacialciides; cape
pigeon, Daption capense; snow petrel, Pagadroma nivea; Wilson's
storm petrel, Oceanites oceanicus; and south polar skua, Cat ha rac-
ta rnaccomicki); (2) piscivores (blue-eyed shag, Phalacrocorax
atriceps; and antarctic tern, Sterna vittata); (3) intertidal foragers
and scavengers (American sheathbill, Chionis alba, and southern
black-backed gull, Larus dominican us); (4) scavengers and pre-
dators of other birds (southern giant fulmar, Macronectes gigan-
teus; and brown skua, Catharacta lonnbergi). Two other species,
arctic terns, Sterna paradisaea and antarctic prions, Pachyptila
desolata were to be included in the study but were never encoun-
tered at sea.

Birds were collected principally from the waters and islands
of Arthur Harbor and Biscoe Bay adjacent to Palmer Station and
from the Joubin and Wauwermans Islands. All procellariiform
birds (except Macronectes and some Oceanites) were collected
with assistance of R/V Hero in the Bransfield and Gerlache
Straits. Birds were either necropsied immediately following
collection or frozen for later examination. Potential prey items,
including species of nototheniid fishes, gammarid amphipods,
and limpets, were collected for examination for larval parasites.

Collections included 338 birds of 14 species (table), 126
nototheniid fishes, and several thousand amphipods and limp-
ets. The prevalence of infection by helminth parasites of major
groups in seabirds is shown in the table. Final identifications of
helminths are now in progress. At least three previously un-
known taxa were found: a filariid nematode from the sub-
cutaneous tissues of Larus domincanus and the cestodes Later-
iporus sp. and Tetrabothrius sp. from sheathbills and blue-eyed
shags, respectively. Other specimens represent new host- and
geographic records.

The helminth faunas, particularly cestodes, appear to be
highly segregated both among and within guilds. Few species

of helminths except nematodes appear to be shared by these
species of seabirds. This reflects either a well developed host
specificity on the part of the parasites or an indication of defin-
able differences in food-habits among species of seabirds.

Data concerning the occurrence of parasites in young-of-the-
year birds, food habits, and stage of development of adult
parasites indicated that the life cycles of at least nine species of
helminths are completed in the region near Anvers Island.
These included four species of cestodes (Lateriporus sp. from
sheathbills, Microsomacan thus sp. and A nc'motaen ia dominicanus
from black-backed gulls, and Tetrahothrius sp. from shags); a
single species of trematode (Gymnophallus sp. from cha-
radriiform birds); several species of acanthocephalans (Cor-
ynosoma spp., from shags); and three nematodes (Stegophorus
sp., in skuas, gaint fulmars, and penguins, Tetrameres sp. in
penguins, and Desmidocercella sp. in shags). These data are
significant because they show the importance of breeding
grounds in the maintenance of helminth faunas of antarctic
seabirds at least as far south as 65°S and point to the potential
applicability of specific species of helminths as ecological in-
dicators in studies of food webs and trophic ecology. Only two
species of avian parasites, Paramonostomurn antarcticum and M1_
crosomacan thus sheltiandicus, were known previously to com-
plete their life cycles along the Antarctic Peninsula (Cielecka
and Zdzitowieckj 1981; Graefe 1968).

Future studies should concentrate on the complete elucida-
tion of the life cycles of these parasites, because it reflects an
increased understanding of antarctic food webs. Additional
information should be obtained on geographic distribution and
factors which may limit the ranges of some parasites.

This study was conducted under National Science Founda-
tion grant DPP 81-15975 to R. L. Rausch. I should like to thank C.
Shinn for his assistance in the field. This study also would not

Preliminary results of helm inthological collections from antarctic seabirds near Palmer Station

Prevalence of infection by parasites (percent)a

Species

Zooplanktivores
Pygosce/is ade/iae
P antarctica
P papua
Fu/marus glacialoides
Daption capense
Pagadroma nivea
Oceanites oceanicus
Catharacta maccormicki

Piscivores
Phalacrocorax atriceps
Sterna vittata

Intertidal foragers
Chionis a/ba
Larus dominicanus

Scavengers
Macronectes giganteus
Catharacta Ionnbergi

Number collecteda

AD
	

YY

21
	

20
16
	

16
5
	

0
13 b
	

0
22b	0
13b	0
37b	0
20

21	20
21	0

5	0
21	20

20	15
10	2

Cestodes

AD	YY

47	75
100	83
100	0
+ +d
++

++
++

85	C

	

24	70	0

	

20	0	0

	

100	0	80

	

100	100	71

	

100	0	0

	

80	0	0

0	52	75
0	0	0

0	60	0
80	0	5

0	0	0
0	10	0

Nematodes

AD	YY

14	65
50	90
++	0

++
75	0

66	85
10	0

40	0
28	15

65	46
70	50

a "AD" denotes adults; 'YY" young-of-year.
b Necropsies not yet completed.
C Young-of-the-year birds of Catharacta spp. were not collected due to an apparently complete reproductive failure by skuas in the area near Palmer Station.
d 11

	denotes parasite but prevalence unknown.
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