
Evidence for sinking along this path is given by intrusions of
cold water and freshwater observed at 500-rn (section II) and
1,400-rn (section III) depths (figures 2 and 3).

The temperature and salinity maximum over the conti-
nental slope characterizes the core of Weddell Sea's coastal
current, which, as the southern limb of the cyclonic circula-
tion, provides to the Continental Shelf the salt required for
bottom-water production and the heat lost by air-ice-sea
interaction. Comparison with temperatures at the inflow
region (Greenwich Meridian) reveals that the core cools by
approximately 0.6°C as it follows the continental margin
toward the 15W-i area (Gordon et al. 1993b). The dilution
with underlying water masses produces Antarctic Bottom
Water, which carries the characteristics of Weddell Sea Bot-
tom Water into the world oceans' abyss.
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Figure 3. Same as figure 2 for helicopter section III at 67040'S.
Comparison between helicopter sections II and Ill shows the
importance of close station spacing. The smooth V-shape near the
continental break in the salinity distribution of section II might be
only the result of lower resolution.

Salinity variations in Weddell Sea pack ice
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T
he formation, growth, and decay of sea ice leads to trans-
port processes for the liquid phase (brine) within the ice

that are unique to earth materials. Sea ice probably represents
the only natural system where the liquid and solid phases are
composed of the same material and, therefore, undergo com-
plex thermodynamic transformations that feed back into the
transport of the fluid phase. The liquid phase is determined
by the salinity and temperature of the ice and controls elec-
tromagnetic, mechanical, thermal, and more indirectly, its
biological properties (Ackley and Sullivan in press; Weeks and
Ackley 1986). In a previous study, Eicken (1992) compiled sea-

ice salinity data from cruises in the eastern and western Wed-
dell Sea and provided interpretation of the processes of salini-
ty transformation in the region's sea ice. A variety of these
processes are active in the Weddell region, including winter
thermodynamic growth, rafting and ridging, surface flooding,
bottom melting, summer decay, and autumn freezeup of sec-
ond-year ice. The salinity is an integral response to these
processes, and these processes are difficult to determine or
deconvolve without knowledge of the sequence and nature of
events (Eicken 1992). These events could only be inferred pre-
viously from the one-time samples obtained in transects.
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Figure 1. A. Profile of ice structure, salinity, temperature, and density, from site J at Ice Station Weddell 1, 13 March 1992. B. Profile of ice
structure, salinity, temperature, and density, from site J at Ice Station Weddell 1, 12 April 1992.

The 5-month lifetime of Ice Station Weddell 1 (ISW-1),
however, enabled revisits to several sites. Studies were made
of the evolution of the salinity distribution in the ice cover
with simultaneous collection of information on the thermal
and morphological events that affected the salinity (Gordon
1993; Ackley and Lytle 1992). During the ISW-1 recovery
cruise on the R/V Nathaniel B. Palmer, additional sites were
measured for ice salinity, temperature, and structure (Gow et
al. 1992) to provide a regional context for the ice station mea-
surements. Here we describe the salinity features of some ice-
station sites in relation to the regional setting.

Figures 1A and lB show two core profiles taken from a
new ice growth area adjacent to the ISW-1 floe (site J, Ackley
and Lytle 1992). The two cores were taken within 2 meters (m)
of each other, 30 days apart on 13 March and 12 April 1992
(julian day 73 and 103, respectively). The area was open water
in the early life of the camp and began freezing as air temper-
atures dropped in early March. The ice-surface-layer salinity,
averaged over a 5-centimeter (cm) depth, is about 24 parts
per thousand (ppt) and is higher than usually seen for ice of
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Figure 2. Average salinity vs. total core length, Ice Station Weddell 1
cores (letters) and RN Nathaniel B. Palmer cores (+s).

this thickness (Eicken 1992; Weeks and Ackley 1986). The
structural profiles indicate the site has almost 60 cm of granu-
lar ice on the top. This initial growth occurred as an accumu-
lation of frazil ice at the former lead edge probably advected
there under windy subfreezing conditions. The low tempera-
ture conditions that prevailed during March (-19°C average
temperature from 3-hour observations) then caused rapid
solidification of the ice-water slurry. The rapid freezing of the
top surface characteristically leads to an enhancement of the
salinity as brine is pushed by expulsion both up and down in
the early growth stage. The particularly high values seen here
may result from both structural conditions and the high
growth rate. Downward brine rejection may have been hin-
dered by the thick frazil accumulation present at the time of
final solidification.

The freezing rate was also enhanced by the partially
frozen state of the ice cover. Temperatures warmed during
April, as can be seen by the rise in surface temperature in fig-
ure lB. The secondary maximum in salinity (16 ppt at 35-cm
depth) is unusual relative to previous observations, because
mid-depth salinity generally lowers in time as the ice thick-
ens. Below about 60-cm depth in the later core, columnar ice
structure occurs, indicating the growth of the ice by extrac-
tion of heat by vertical conduction through the existing sheet
(Weeks and Ackley 1986). Salinity values here are nearly con-
stant, consistent with the slower growth and some brine
rejection with time at these depths.

In figure 2, we plot mean salinity of these cores for this
site (shown as Js), for the ISW-i second-year floe (sites A, B, D,
G, and V), and for the Palmer transect (+). The lines on the fig-
ure are the regression lines for arctic winter first-year ice sum-
marized in Weeks and Ackley (1986). The site I cores are high-
er salinity than arctic ice of similar thickness. The ISW-i sec-
ond-year ice salinities (other letters in figure 2) are, however,
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generally lower than arctic ice of comparable thickness. The
Palmer cores, reflecting the mix of first-year and second-year
ice sampled, correspond to either the first- or second-year ice
sampled at ISW- 1. Some Palmer samples, presumed also first-
year, correspond in average salinity to arctic values.

The site J cores of first-year ice show behavior at variance
with arctic ice of similar age primarily because of their anom-
alously high near-surface salinities. This results from an initial
thick layer of frazil ice and fast freezing of the resulting ice
slurry that apparently both contribute to the high surface
salinity. Regional examples as shown by the Palmer cores are
found of both the site I and arctic behavior for the first-year
ice.

For the second-year ice at 15W- 1, the mean salinity falls
below that of the arctic winter ice, reflecting some transfor-
mation during the summer warming. These values are still
above the values found for arctic first-year ice during the
summer season (Weeks and Ackley 1986). Generally, colder
conditions prevail in the summer in the Weddell Sea, com-
pared to the Arctic, retarding the brine flushing by surface
melt, as also indicated by the relatively intact snow cover we
observed at ISW- 1 at the end of summer. The snow cover typi-
cally disappears on arctic pack ice during the summer.

Comparison with Eicken's (1992) analysis indicates that
the variability in salinity seen here is typical of the range of
Weddell Sea values previously observed and is a manifesta-
tion of the complexity of processes observed here relative to
some arctic regions. Although Eicken (1992) showed that a
salinity maximum was obtainable by either upward expulsion
or by surface flooding, the flooding mechanism accounted for

the highest values. We suggest, however, that the fast freezing
of the frazil accumulation is responsible here for the high
salinity observed at the surface. Subsequent brine drainage
also appears to be related to structural features, warranting
additional study of the relationship of ice structure and salini-
ty, especially in newly forming ice.

We thank Chris Fritsen, Bruce Elder, and Dave Bell for
their assistance in the coring and salinity analysis programs.
The support of our colleagues on ISW- 1, field technicians and
logisticians of Antarctic Support Associates, and the crew of
the R/V Nathaniel B. Palmer during these expeditions is also
appreciated.
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Carbon isotopic composition of particulate organic carbon in
Ross Sea surface waters during austral summer

JENNIFER C. ROGERS and ROBERT B. DUNBAR, Department of Geology and Geophysics, Rice University,
Houston, Texas 77251-1892

M
arine organic matter isotopic carbon-13 (8 13 C) is
increasingly used in studies of the global carbon cycle.

8 13C of particulate organic carbon (POC) typically increases
from values of -19 to -22%o at the equator to values of -26%
to -31%o in polar regions (Sackett et al. 1965; Fontagne and
Duplessy 1978; Rau et al. 1991b). Rau et al. (1989) and others
have suggested that this latitudinal trend is caused by an
increase in aqueous carbon dioxide (CO 2) concentration in
cold polar waters, leading to proposals that sedimentary
organic matter 8 13C can be used to reconstruct past oceanic
and atmospheric particulate CO 2 levels (Jasper and Hayes
1990; Rau et al. 1991a). Such reconstructions involve several
assumptions, including the following:
• there is a CO 2 equilibrium between ocean and atmos-

phere;

• the influence of past temperature variations on aqueous
CO2 levels can be independently resolved; and

• sedimentary and diagenetic effects in the water column
and at the seafloor do not overprint the original isotopic
signature.

As part of the Ross Sea flux experiment, we began a systematic
survey of 8 13C in total dissolved CO 2 (CO2) as well as sinking,
suspended, sea-ice, and seafloor organic matter in the Ross
Sea to assess the degree of uniformity of 13C depletion in a
polar "end-member" setting. We expected low and highly uni-
form 813C values because Ross Sea water temperatures range
from -2°C to 0°C and the input of terrestrial carbon is negligi-
ble. We have previously reported the existence of a large range
in Ross Sea marine POC 813C, from -8%o to -34%o, and sug-
gested that open water and sea-ice phytoplankton blooms uti-
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