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ABSTRACT

Climate conditions in the Weddell Sea during the
Pleistocene can be inferred from sediment cores by
examining the abundance of foraminifera species and
mineral fragments. In particular, Neogloboquadrina
incompta is a useful temperature proxy and the
abundance of terrigenous sediments is an indication
of ice rafting. Using percent abundances enables
correlation with other climate studies and with a global
0"%0 isotope stack. The proxies examined indicate

at least four oscillations between cold and warm
conditions related to global glacial and interglacial
stages.

INTRODUCTION

Foraminifera and ice-rafted debris (IRD) are important
climate proxies because of the environmental
requirements necessary for their existence. For

IRD to appear in ocean sediments, there must be
terrestrial erosion and ice sheets calving to release
floes into the water. Furthermore, foraminifera
species are often restricted to certain environments
based largely on temperature, salinity, and water
depth. Using these general rules, it is possible to

infer climatic information from the prevalence of
different foraminifera species and the quantity of IRD
in sediments, and this study uses such guidelines in
analysis of a Pleistocene sediment core.

The site used for this study is located in the
southeastern Weddell Sea, off the coast of Antarctica,
a little studied region. While many studies have
focused on ice extent and climate change in the Arctic,
far fewer have explored the high latitudes of the

southern hemisphere, meaning that there is a greater
understanding of the Greenland ice sheet and Arctic
sea ice than there is of their Antarctic counterparts
(Teitler et al., 2010). In particular, it is unclear how
sensitive Antarctic ice sheets are to climatic drivers
such as changes in insolation (McKay et al., 2012).

Poor understanding of the present also means that
there are uncertainties about the past. Some models
propose that global temperature changes caused Arctic
and Antarctic ice to follow similar progressions over
time while others theorize that ice extent and stability
between the two hemispheres were out of phase

with one another due to differing insolation (Raymo
and Huybers, 2008). Some of the reason for such
uncertainty lies in the fact that many records, such as
Lisiecki and Raymo’s (2005) 6'#0 stack are biased
toward the Atlantic and eastern Pacific, with less
attention given to the southern hemisphere (Elderfield
et al., 2012). Such biases in our understanding of
global climate illustrate the need for further research
in the Antarctic to gather data that could be correlated
with Arctic records.

One time period for which such correlations may
prove particularly illuminating is the Pleistocene,
known for its glacial and interglacial intervals. It was
during the Pleistocene in the past 800,000 years that
glaciations changed from a 41,000 year period (Earth’s
obliquity) to a 100,000 year period, corresponding

to Earth’s eccentricity (Raymo and Huybers, 2008).
The reasons for this shift are still unclear, particularly
given that Earth’s eccentricity is the weakest orbital
parameter and that the mid-Pleistocene change in
periodicity was not correlated with any known change
in insolation (Clark, 2012).



The aim of this study is to examine foraminifera

and mineral assemblages over a 5-meter Pleistocene
section of core to see how they might reflect climate
change over time. The data are expected to indicate
sea surface warmth and ice cover in the Weddell Sea
with periodicities potentially responding to insolation
cycles. The hypothesis is that cooler intervals would
see perennial sea ice coverage, while warmer intervals
would harbor more life and contain IRD as a result of
the breakup of ice sheets.

STUDY AREA

This study examines sediments from the Weddell Sea,
off the coast of Antarctica. The sediments come from
cores extracted by Ocean Drilling Program (ODP) Leg
113, Site 693A (70°49.892°S, 14°34.410°W) in a water
depth of 2359 meters, on a northwest-facing slope of
the continental margin. Sedimentation rates were low
during the Pleistocene, measuring less than 10 meters
per million years (Barker and Kennet et al., 1988).
Hall (this volume) estimates sedimentation rates of
4-5 ¢cm/1000 yr, while Grobe and Mackensen (1992)
calculated rates of 2.9 cm/1000yr for interglacials and
0.3 cm/1000yr for glacials. The Weddell Sea has an
area of around 2.8 million km? and experiences both
permanent ice-cover at its southern end and seasonal
sea ice elsewhere. The Weddell Sea is also the primary
location of the production of Antarctic Bottom Water,
a cold and high density water mass that underlies
much of the world’s oceans (Hogan, 2013). The
similarity between today’s environment in the Weddell
Sea and conditions during climate oscillations in the
Pleistocene is one of the questions behind this study.

METHODS

The data for this study come from sediment cores
collected in 1987 by ODP Leg 113, at Site 693A. A
Polarstern expedition collected a piston core at the
same position, core PS1591, and data from analysis
of that core (Grobe et al 1990; Grobe and Mackensen
1992) have been used to supplement data from Site
693A. Sediment samples used in this study were taken
from core 2R in 2013 and 2014. At that time, cores
were also scanned for whole core XRF measurements
and magnetic susceptibility. High-resolution imaging
with RGB data was also taken.
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Sediment samples were washed and sieved into
>500um, 150-500um, 63-150um, and <63pum
fractions, and allowed to dry before being weighed.
This study examines the contents of the 150-500um
fraction with a focus on foraminifera. A total of 21
samples were studied, selected using data on percent
coarse fraction (>150 um) and XRF measurements
of Ca/Fe to determine areas of interest (Fig. 1). The
densest sampling occurred between 7 and 8 meters
below sea-floor (mbsf) due to the greatest amount of
variability in this interval. Each sample was split at
least once, but may have been split as many as four
times to achieve a final weight between 0.02g and
0.05g prior to counting. The two smallest samples fall
below this range at 0.017g (from 6.83 mbsf), and one
at only 0.005g (from 5.00 mbsf) due to a small 150-
500um size fraction.

FAF W a5 s
s B R

Figure 1. Graphs used to assist in selecting samples for counting.
The percent weight >150um (top) includes sample locations.
Also shown are the Si/Fe and Ca/Fe ratios from whole core

XRF measurements. Note how Ca/Fe correlates with weight %
>150um.

Analysis of each sample was performed by identifying
and counting foraminifera specimens until a total of
at least 500 individuals was reached. To help ensure
accurate sampling, the picking tray was divided into
45 equal squares and a random number generator

was used to select the order in which squares were
examined. Upon reaching 500 individuals, the current
square was completed. Four of the twenty-one
samples fall well below the desired count of 500 330
individuals, 238 individuals, 91 individuals, and 9
individuals. In these cases, all foraminifera present in
the sample were counted.



The counting and picking was performed under a
binocular dissecting microscope with magnification 15
to 94.5x. Foraminifera identification was performed
using a list of species found in sediments contained in
the core catcher at nearby ODP Sites 690 and 689 on
Maud Rise. The primary categories of classification
were between Neogloboquadrina pachyderma
(sinistral, which accounted for >90% of specimens),
Neogloboquadrina incompta (dextral), benthic
foraminifera (identified by test texture), foraminifera
fragments (pieces too small to identify and consisting
of at least two test chambers), and mineral grains
(which were further divided into light and dark
minerals). Any other items of interest such as shell
fragments, echinoderm spines, or rare foraminifera
species were noted. The numbers in all of these
categories and their percent abundances constitute the
majority of data for this study.

RESULTS

Core Description

The core section examined in the present study ranged
from a depth of 4.67 mbsf to 9.36 mbsf, covering

a total length of 4.69 meters and corresponding to
sections of ODP Core 693A 2R2 through 2R5. The
sediment is composed of silty and clayey mud, ranging
from dark grayish brown to olive gray and containing
foraminifera and scattered grains of sand (Barker

and Kennet et al., 1988). Color changes appear to
coincide with changes in the foraminifera content and
occur in gradational shifts. Several dropstones occur
throughout the core section.

Foraminifera

Of the foraminifera counted, 98.5% were planktic
species and the remaining 1.5% were benthic species.
The species Neogloboquadrina pachyderma (sinistral)
was by far the most abundant, totaling 93% of the
foraminifera counted. The other dominant planktic
form was dextral Neogloboquadrina incompta
(3.4%), which today is found in more temperate
waters (Encyclopedia of Life). Comparing the ratios
between these two species shows that the foraminiferal
community changed over time, with some periods
favoring N. incompta more than others (Fig. 2). The
abundance of N. pachyderma ranged from 77.8% to
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96.6%, with an average of 92.1%. The abundance of
N. incompta ranged from 0% to 6.1%, with an average
of 3.2%.

The total number of intact foraminifera was also
compared to foraminifera fragments (composed of
more than one test chamber) to study preservation
(Fig. 2). The maximum ratio of complete forams

to fragments was 3.8 and the minimum was 0.33,
resulting in a tenfold difference from the best-
preserved sample to the worst-preserved sample. The
mean foraminiferafragment ratio was 1.8 to 1. There
are three local maxima occurring at 6.29, 7.85, and
9.36 mbsf, and corresponding minima at 6.06, 7.19,
and 8.52 mbsf.

% M. incompta
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Figure 2. Results of sample counting, according to depth (mbsf).
From top to bottom, % N. incompta, a temperature proxy
indicating surface ocean conditions; % Mineral fragments,
which provides information about ice-rafted debris. Other
graphs include % benthic foraminifera, foram-to-fragment
ratios, and % abundance of dark minerals (i.e. biotite,
hornblende, garnet).




MINERAL FRAGMENTS

Mineral fragments were counted and their abundance
analyzed as a percentage of total grains counted, with
grains being the sum of foraminifera and minerals
(Fig. 2). The highest percentage of mineral grains
(96.7%, 5.00 mbsf) occurred in the smallest sample,
and therefore may not be an accurate measure. The
minimum value of 12.4% minerals (9.36 mbsf)
occurred at the end of the core section studied.

The average was 49.1%, with a standard deviation
of 23.3%, indicating that there was considerable
variability but that overall, the percentage of
foraminifera and mineral grains was approximately
equal.

The percent abundance of dark minerals (i.e. biotite,
hornblende, garnet) out of the total mineral grains
counted (Fig. 2) varied from 7.3% (6.06 mbsf) to
32.6% (5.00 mbsf) with an average of 13.5% and a
standard deviation of 6.8%. The percent abundance
of light minerals is an inverse of this. Light minerals
made up an average of 86.5%, reflecting the
predominance of quartz in the samples.
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Figure 3. Correlation between this study (top) and the Lisiecki
and Raymo (2005) global benthic 6180 stack (bottom). Marine
isotope stages 11 through 17 are labeled on the 6180 curve, wit}
proposed corresponding points on the graph of % N. incompta.
The 6180 from 400 to 1000 kya were chosen for correlation
based on estimated ages given by the Grobe et al. (1990) age
model.
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DISCUSSION

Age and Resolution

According to the age model presented in Grobe and
Mackensen (1992) for the core PS1591, the sediments
examined here, with a depth of 4.67 to 9.36 mbsf,
should have ages ranging between approximately 450
ky and 1.5 My. According to the same model, between
6 and 8 mbsf, sedimentation rates were approximately
1 cr/ky. This would give a maximum resolution of
3000 years between samples. Deeper than 8 mbsf,
sedimentation rates were lower and resolution is
therefore poorer. Additional age correlation can be
gained from comparison with the global '*O stack
(Lisiecki and Raymo, 2005), placing the interval 6 to 8
mbsf between approximately 550 to 800 kyr old (Fig.
3).

Temperature

The percent abundance of N. incompta was used

as a temperature proxy, with greater numbers of V.
incompta corresponding to warmer temperatures.
Correlation is limited between this study and Grobe
and Mackensen (1992), due to different coring
methods and different sampling densities (Fig. 4). The
8'%0 and 6"C values suggest potential correlations

at some of the maxima and minima, but precise
interpretation is difficult.
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Figure 4. Comparison with data from Grobe and Mackensen
(1992), core PS1591-1, on the same position as ODP Site 693A.
Top graph is % N. incompta (this study). Middle and lower
curves show 0180 and 613C from PS1591, measured on planktic
foraminifer N. pachyderma. Enrichment in 13C is characteristic
of influx of NADW into the southern ocean, present during
interglacials and suppressed during glacials.
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According to this study, the % N. incompta indicates
warm periods at 6.41, 7.40, 7.61, 7.92, and 8.52 mbsf
(Fig. 2). The time interval between 6.41 and 7.40
mbsf may correspond to a 100-ky cycle, consistent
with Pleistocene glacial/interglacial periods. The
oscillations between 7.40 and 7.92 mbsf are more
difficult to understand, perhaps influenced by shorter-
period orbital cycles. Comparison with a global
oxygen isotope stack (Fig. 3) reveals that these
intervals may correspond to marine isotope stages
(MIS) 17, 18, and 19 from 700-800 kya (Lisiecki

and Raymo 2005). This is a period shortly after the
mid-Pleistocene transition, when glacial oscillations
changed from a periodicity of 41 to 100 kyr.

Terrigenous Sedimentation

The percent abundance of mineral grains follows the
same trend as N. incompta for some intervals, and
deviates from that pattern in others.

Between 9.5 and 8.52 mbsf, the mineral abundance
increases along with temperature (Fig. 2), but

this must be viewed with caution due to the low
density of sampling in this range. The change in
mineral abundance also follows inferred warmth
between 7.28 to 6.06 mbsf. This corresponds well
with the sedimentation model presented by Grobe
and Mackensen (1992) in which increased warmth
contributes to ice calving which carries sediment from
the continental shelf out onto the slope. Elsewhere,
the relationship between temperature and mineral
deposition is more complex and does not align as
clearly. From 8.01 to 7.92 mbsf, mineral deposition
decreases with temperature. This inverse relationship
could be a result of ice retreat further south, away
from Site 693.

The percent abundance of dark mineral fragments
appears to have an inverse relationship with
temperature, with higher percentages of dark
minerals occurring during cooler periods, and lower
percentages occurring during the warm intervals.
(The most significant exceptions are at the very
beginning and end of the core section sampled, which
are points that must be treated with caution due to
their low sample size.) One possible explanation for
this is that there is a relatively constant deposition of
dark minerals, but that warmer periods see a greater

28th Annual Symposium Volume, 25th April, 2015

deposition of quartz grains. It is also possible that ice
rafting carries sediments from a different source area
depending on temperature conditions.

CONCLUSIONS

The data indicate at least three transitions from glacial
to interglacial conditions in the Antarctic, with two of
those corresponding to MIS stages 20 to 19, and 18 to
17. Warmer interglacial conditions are indicated by a
decrease in IRD and an increase in the foraminifera
species N. incompta. These correspond to models
suggesting reduced Antarctic sea ice coverage during
Northern Hemisphere interglacial stages.
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