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Abstract: The Antarctic Peninsula is undergoing rapid climate changes, impacting its
surrounding marine ecosystem. At that site, sea ice plays a crucial role in this ecosystem
by serving as a habitat for organisms and influencing primary productivity. Studying sea
ice variability and primary productivity is essential for understanding environmental
changes in Antarctica. This research focused on Joinville Island, located at the tip of
the Antarctic Peninsula, where meteorological data and glaciochemical analysis were
conducted on snow/firn cores for Cl, Na’, Ca*, Mg”, SO,%, NO,, K', MSA, NH," and F to
retrieve recent past environmental variabilities. The study revealed that Joinville
Island experienced a net accumulation rate of 0.40 meters per year in water equivalent
between 1993 and 2005. In snow/firn cores, Na' correlated with both wind strength and
sea ice extent (r=0.59 and r=0.66, respectively) while correlations were higher for MSA
and Cl with respect to sea ice (r=0.80 and r=0.74, respectively), considering both the
Weddell and Amundsen-Bellingshausen sub-sectors. This analysis contributes to our
understanding of sea ice dynamics and its influence on primary productivity in the area.
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the global climate system due to its impact on
surface albedo and heat exchange between the

The Antarctic Peninsula is experiencing rapid
warming, increasing air and sea temperatures,
and changes in precipitation patterns (Vaughan
et al. 2003). These changes have significant
implications for the marine ecosystem,
particularly for sea ice dynamics and primary
productivity (Ducklow et al. 2007, Montes-Hugo
et al. 2009). Sea ice is essential for providing
habitat, regulating light availability, and
influencing nutrient fluxes, ultimately affecting
the entire ecosystem’s productivity (Arrigo & van
Dijken 2015).

The cryosphere, which includes all-natural
snow and ice on Earth, plays a crucial role in

atmosphere and the underlying terrestrial or
marine environments. Antarctica and Greenland
ice sheets are the primary contributors to the
current ice cover, and polar regions have been
identified as valuable natural observatories
of climate change. However, the rise in global
temperatures over the past decades threatens
these ice deposits and their important records
of climatic history (Alley et al. 2001).

Some recent studies indicate a decline in
seaice extentinthe Weddell Sea region, a critical
part of the Southern Ocean (Zemp et al. 2019,
Jena et al. 2022). In 2022, satellite measurements
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revealed that sea ice levels in the Weddell Sea
were the lowest on record, highlighting the rapid
changes occurring in the polar regions due to
climate change (Jena et al. 2022, Turner et al.
2022, Wang et al. 2022). The decline of sea ice
in this area has significant implications for
the delicate ecosystems and wildlife that rely
on this habitat for survival, such as penguins,
seals, and krill. This alarming trend underscores
the urgent need for global action to mitigate
greenhouse gas emissions and address the
underlying causes of climate change (IPCC 2022).
By understanding and addressing the drivers
of this decline, we can strive toward a more
sustainable and resilient future for our planet.

The impacts of climate change are
widespread across the planet, with over 80% of
observed transformations aligning with warming
trends (IPCC 2022). The Antarctic Peninsula has
experienced significant temperature increases
and substantial changes in physical and
biological systems, which can have far-reaching
effects through teleconnections (Turner et al.
2016). Indirect indicators, known as proxies, are
crucial in reconstructing past climatic signatures
and understanding environmental changes over
time. The polar regions are particularly valuable
for preserving atmospheric gases and other
compounds within their ice layers, making them
invaluable environmental reservoirs for long-
term records. Glaciochemical analysis of snow
and ice cores has become a powerful tool for
reconstructing past environmental conditions
and understanding long-term trends. Chemical
composition analysis of these cores provides
insights into the history of sea ice variability
and primary productivity in a specific region
(Mayewski et al. 1994).

Sea ice in the Weddell Sea and the northern
region of the Antarctic Peninsula plays a
crucial role in the production of the compound
methanesulfonic acid (MSA, CH;SO5H) and its
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subsequentimpacton primary productionandits
relationship with krill (Massom & Stammerjohn
2010, Abram et al. 2013). MSA is a byproduct
of oxidation reactions in the atmosphere
subsequent to dimethylsulfoniopropionate
(DMSP) production by certain species of
phytoplankton (Becagli et al. 2019). The primary
source of MSA is the oxidation of dimethyl
sulfide (DMS), a volatile sulfur compound
produced by phytoplankton (Read et al. 2008).
DMS is oxidized in the atmosphere to form
MSA and sulfate through complex multiphase
photochemical reactions (Rasmussen et al.
2022). This process occurs primarily in coastal
and oceanic regions, where DMS emissions are
prevalent (Johnson & Jen 2023). The oxidation
of DMS to MSA occurs through both gas-phase
and aqueous-phase reactions, with the latter
resulting in the formation of dimethyl sulfoxide
(DMSO) and subsequent MSA (Miller et al. 2019).
Furthermore, MSA and its salts accumulate near
the aerosol surface, making them available for
heterogeneous oxidation at the gas-aerosol
interface by oxidants such as hydroxyl radicals
(Kwong et al. 2018).

The significance of MSA lies in its role as a
biogenic sulfur aerosol and a stable oxidation
product of DMS, which contributes to the
formation of molecular clusters in the marine
atmosphere (Benmerguietal. 2012, Rasmussen et
al.2022). Additionally, MSAis a crucial component
inthe marine sulfur cycle, as itis rapidly oxidized
by hydroxyl radicals in the atmosphere, leading
to the formation of new particles and cloud
condensation nuclei (Marbouti et al. in press).
This process has implications for weather and
climate, as MSA oxidation products participate in
forming cloud condensation nuclei, influencing
global radiation balance (Yu et al. 2019).

MSArelease into the surrounding waters acts
as a natural fertilizer, stimulating the growth of
phytoplankton and other microorganisms (Arrigo
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& van Dijken 2003). The phytoplankton supports
the entire marine food web, with krill being a key
component (Kawaguchi et al. 2005). As primary
consumers, krill heavily rely on the availability
of phytoplankton as their main food source
(Arrigo et al. 2017). The relationship between sea
ice and phytoplankton development is crucial in
understanding the potential impact of climate
change on MSA production and its subsequent
effects on primary production and the krill
population. Sea ice plays a significant role in
structuring Antarctic ecosystems, particularly in
influencing phytoplankton dynamicsand primary
production (Eicken 1993). Evidence suggests that
under-ice phytoplankton blooms may be more
widespread over nutrient-rich Arctic continental
shelves, and satellite-based estimates of annual
primary production in these waters may be
underestimated by up to 10-fold (Arrigo et al.
2012). Furthermore, fully consolidated sea ice
has been observed to support modest under-ice
blooms, while waters beneath sea ice with leads
had significantly lower phytoplankton biomass,
despite high nutrient availability (Lowry et al.
2018)

The decline of sea ice due to climate
change can have profound implications for
phytoplankton development and primary
production. Simulations have highlighted
those environmental processes such as the fall
phytoplankton decline, sea ice advance, and the
development of sea ice microbial communities,
as well as the late winter increase in sea ice
microbial community biomass, control food
availability and the physiological condition of
krill (Lowe et al. 2012).

The presence of sea ice also influences the
size structure and biomass of phytoplankton
communities during the spring bloom period.
Furthermore, sea ice-associated phytoplankton
blooms can critically impact the food web
structure, from lower trophic level production to
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marine fisheries (Jin et al. 2007). Understanding
and monitoring these interactions is crucial
for comprehending the broader implications
of climate change on the delicate Antarctic
ecosystem and implementing effective
conservation measures (Kawaguchi et al. 2013).

Marine primary productivity refers to
converting inorganic carbon into organic
matter through photosynthesis in the marine
environment, whereas phytoplankton is
responsible for approximately 95% of this
productivity (Falkowski et al. 1998). Marine
primary productivity plays an important role in
biogeochemical cycles and energy flow in the
oceans. Various environmental factors, such
as light intensity, nutrient availability, and
physical mechanisms, influence marine primary
productivity in a region. The concentration and/
or flux of MSA is an indicator of marine biological
activityand has been used in paleoclimatological
studies. It can be transported over long
distances, affecting the radiation balance in the
atmosphere-land system (Andreae & Crutzen
1997). Studies have shown correlations between
MSA concentration and the extent of sea ice in
Antarctica (Curran et al. 2003), indicating that
the coastal region of Antarctica shows different
results in terms of marine primary productivity
compared to the continental region.

The dating of stratigraphic layers in snow
and ice cores is achieved through various
methods, including compound concentration
analysis, identification of reference horizons,
and depth-age models (Svensson et al. 2006).
Studies have significantly contributed to
glaciology advancements and understanding
of past climate changes (Thomas et al. 2013,
Mulvaney et al. 2012, Roberts et al. 2017).

Joinville Island, located on the western side
of the Antarctic Peninsula, is an ideal location
for such investigations due to its proximity to
key oceanographic features and accessibility
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to scientific research. Based on the hypothesis
that the reconstruction of sea ice variability
and primary ocean productivity in the Antarctic
Peninsula region can be achieved through the
study of consistent indirect indicators (proxies)
deposited in ice core samples from locations
in this region, the main objectives here are to
investigate the atmospheric record represented
by the snow/firn core deposits on Joinville Island
through the analysis of chemical and physical
variations. By investigating and utilizing the
glaciochemical record of MSA, chloride (Cl'), and
sodium (Na“) in the study of sea ice variability
and primary ocean productivity in the Antarctic
Peninsula region, this study aims to determine
whether these proxies are representative of
the variability of sea ice and ocean primary
productivity in the Antarctic Peninsula region.

Abbreviations

Amundsen-Bellignshausen Seas (ABS)

Cold Regions Research Engineering Laboratory,
U.S. Army Corps of Engineers (CRREL)

National Space Institute of Brazil (INPE)

Institut des Géosciences de l'Environnement
(IGE)

James Ross Island (JRI)

King George Island (KGI)

Laboratoire de Glaciologie et Géophysique de
UEnvironnement (LGGE)

Laboratoire des Sciences du Climat et de
Environnement (LSCE)

Laboratoire des Sciences du Climat et de
Environnement (LSCE)

North Amundsen-Bellingshausen sector (BN)
North Weddell sector (WN)

Brazilian Antarctic Program (PROANTAR)

South Amundsen-Bellingshausen sector (BS)
South Weddell sector (WS)

WS Joinv. (wind speed on Joinville Island)
Southern Weddell Sea (W)
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MATERIALS AND METHODS
Sampling procedure and location site

The samples were collected at the first Brazilian
Glaciological Expedition toJoinville Island during
the Australsummer (17 Novemberto 14 December
2005) (Brazilian OPERANTAR XXIV) supported by
PROANTAR (Brazilian Antarctic Program). A base
camp was established (63°11191" S, 55°23'28.8"
W) on a plateau 70 meters above sea level. Figure
1 shows the sampling site.

Two snow/firn cores named TG1(63°1517.8" S,
55°38'20.6” W) and TG2 (63°15'17.8" S, 55°38'20.6"
W), reaching approximately 8 m and 5 m deep,
respectively, were obtained using a portable
SIPRE auger manufactured by the CRREL (Cold
Regions Research Engineering Laboratory, U.S.
Army Corps of Engineers). TG1 and TG2 were
retrieved at 565 m and 454 m above sea level,
respectively.

Sections of 1T m were cut from the cores
then we proceed with visual stratigraphic
description (i.e. without the aid of a light table
or any magnification instrument) and density
measurement. Each section was cut into
independent samples every 10 cm of depth
using a surgical steel saw. In clean laboratory
conditions, the samples underwent surface
mechanical decontamination by scraping the
outer surface with a plastic saw, were weighed
using a mechanical balance (precision of + 10%),
placed in polyethylene containers, labeled, and
finally stored in Styrofoam or plastic boxes
for subsequent transportation. All tools and
the containers used for sample storage were
previously decontaminated in the laboratory
using ultrapure water (Milli-Q). High-density
polyethylene cylindrical containers (height:
12.5 c¢cm, width: 11 c¢m, volume: 11 cm?®) were
used for storing the collected samples, which
were previously cleaned in the laboratory. After
cleaning, they were placed in a vertical laminar
flow chamber model PA320, class 100 (ABNT
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Figure 1. a) Map indicating Joinville Island (Adapted from the NASA Earth Observatory/the MODIS Rapid Response
Team at NASA GSFC/Public domain Usage) and b) the location of sampling points (TG1 and TG2) of snow/firn cores
and WMO weather station, whereas the snow line altitude variation was indicated by the blue line, representing
the snow line height in 1990 and the red line indicates the snow in 2000.

1996) for drying and subsequent preparation for
transport to the sampling point.

After sampling, the samples were
transported to the laboratory under carefully
controlled conditions to prevent contamination
and maintain their integrity. Quality control
measures were implemented throughout the
samples and analysis to ensure accurate and
reliable results. Calibration standards, blanks,
and replicate samples were included to assess
measurement precision and detect potential
contamination sources.

lon Concentration Analysis

The samples were transported to the LGGE,
handled in a clean room, and prepared for
subsequent analyses. Approximately 95% of
the samples remained preserved in a solid
state until their analysis, maintaining the same
conformation as when they were taken from the
Joinville Island ice cap, while the remaining 5%
experienced partial thawing during transport. At
LGGE, the samples were stored in a cold chamber
at -15°C.

Major ions present in the snow/firn cores,
such as Cl, sulfate (S0,%), nitrate (NO, ), and Na’,
were measured usingion chromatography. These
measurements provide insights into the sources
of chemical compounds and atmospheric
deposition. The samples were only melted and
opened in a clean room, and sample aliquots
were separated under a class 100 laminar flow
bench. Precautions such as wearing antistatic
clothing and changing sterile vinyl gloves were
taken to minimize sample contamination.
The two-chromatography system used in this
study consisted of DIONEX chromatographs
(models DX300 and DX600) conducted at the
Laboratoire de Glaciologie et Géophysique de
UEnvironnement (LGGE), presently the Institut
des Géosciences de l'Environnement (IGE),
Grenoble, France. The DX300 chromatograph
was used for the analysis of cations: Na’, NH,’
(Ammonium), K (Potassium), Mg* (Magnesium),
and Ca” (Calcium). The DX600 was used for the
analysis of anions: F* (Fluoride), MSA, Cl, NO,,
and SO,”.

Isotopic Analysis
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Stable isotopic ratios that constitute the ice
crystals indicate sea ice extent changes, surface
temperature, and distance from the moisture
source. We measured the oxygen isotope ratio
(d®0) of access environmental conditions
at the cores site. The snow/firn core samples
were opened and thawed in a clean room. A
15 mL aliquot from each TG1 and TG2 core was
separated for isotopic analysis at Laboratoire
des Sciences du Climat et de l'Environnement
(LSCE) in Gif-Sur-Yvette, Paris, France. These
samples were stored in a cold chamber at -25°C
until analysis. After thawing under a class 100
laminar flow hood, a 3 mL volume was extracted
from each sub-sample for isotopic analysis. The
0 /™0 (d™0) (Dansgaard 1964) ratio analysis
was performed using a Finnigan MAT 252 mass
spectrometer with two equilibration units. After
instrumental corrections, the associated error
in d"®0 concentration calculation in the samples
was + 0.05%o.

Local Climatology

The meteorological data from Joinville Island
were obtained from the automatic weather
station WMO ID 89253 (63°10'58.8"S, 55°24'00.0"W;
elevation: 75 meters) from 1997 to 2003, except
for 1998, when it was inoperative due to a
technical problem. The Meteorology Project of
INPE (National Space Institute of Brazil, http://
antartica.cptec.inpe.br/) operated the station
at the time within PROANTAR. The data analysis
showed that the mean air temperature in
Joinville Island during the above period was -5.4
+ 6.4°C, with @ minimum temperature of -28.2°C
occurring in 2002 and a maximum of 8.7°C in
2003. During the same period, the average wind
speed was 101+ 7.2 m s™ (~36 km h™), with gusts
reaching a maximum value of 66.7 m s™ (~240 km
h™). The atmospheric pressure ranged from 936
hPa to 1034 hPa, with a mean of 992 + 13 hPa.
Table SI - Supplementary Material shows the
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mean annual air temperature (°C), atmospheric
pressure (hPa), and wind speed (m s™) measured
during the 1997-2003 period in Joinville Island.

Acquisition of Sea Ice Database

Monthly data on sea ice extent and area were
obtained for the period from January 1993 to
November 2005, corresponding to the timeframe
established through the dating of core TG1. The
sea ice extent and area data from the Weddell
and Amundsen-Bellingshausen Seas analyzed
in this study were selected based on the
geographical location of Joinville Island, where
samples were collected. This database was
compiled from readings taken by the Nimbus 7
Scanning Multichannel Microwave Radiometer
(SMMR) satellite and the Defense Meteorological
Satellite Program Special Sensor Microwave
Imagers (SSM/1), and were compiled from the
following web addresses: http://polynya.gsfc.
nasa.gov/datasets/Spfiles_27yrs_78-05_mon.
area.txt for area data and http://polynya.gsfc.
nasa.gov/datasets/Spfiles_27yrs_78-05_mon.
ext.ixt for Antarctic Sea ice extent data.

For correlation analyses using the sea ice
area separated by sectors of the Weddell and
Amundsen-Bellingshausen Seas, monthly raster
images from the period 1993-2005 were used.
These images were acquired from the National
Snow and Ice Data Center (NSIDC) website:
https://nsidc.org/data/seaice_index. After
acquiring the images in 24-bit bitmap format,
they were exported to the IDRISI 32 program,
where they were converted to 8-bit bitmap,
processed to remove unwanted information,
and reclassified. Reclassification was performed
to differentiate between continent areas
(Antarctic and South American) and islands
(Joinville, South Shetland, among others) from
the sea ice areas of the Weddell and Amundsen-
Bellingshausen Seas. Values of zero (0) and one
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(1) were assigned, respectively, to the parameters
in question.

In the IDRISI 32 program, a standard
geometric image was created to be used as
a “mask” over all raster images. Initially, the
geographical location of the island was chosen
as the central point for positioning the mask.
The mask’s shape was chosen so that the entire
sea ice area near Joinville Island was considered
during the analysis. A geometric figure in the
form of four concentric circles, each with a
radius of 390 km, was created. Finally, this figure
was divided into four sectors named: Weddell
Sea, containing Weddell South (WS) and Weddell
North (WN); and, Amundsen-Bellingshausen
Seas (ABS), with Amundsen-Bellingshausen
South (BS), and Amundsen-Bellingshausen
North (BN). Uncertainties in satelital sea ice
areas of this study are provided by NSIDC.
The NSIDC database estimate error based on
accepted knowledge of the sensor capabilities
and analysis of the amount of “noise,” or daily
variations not explained by changes in weather
variables. For average relative error, or error
relative to otheryears, the error is approximately
20,000t030,000 km? thatis a smallfraction ofthe
total existing sea ice. Besides the uncertainties
in the sea ice area report by NSIDC, error due to
image conversion to be accessed by the IDRISI
32, processing and reclassification before using
the data, also add error to sea ice area. In Figure
S1 - Supplementary Material we present sea ice
data output and correlations between NSIDC
sea ice area and processed images (pixels) for
Weddell Sea, Amundsen- Bellignshausen Seas
and Antarctica continent.

Statistical analyses

For each cation/anion dataset analyzed we
applied the Shapiro-Wilk test to investigate
whether or not the datasets are normally
distributed (Shapiro & Wilk 1965). Taking into
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account the relatively small sample sizes
(ranging from 34 samples for TG2 core to 67
samples for TG2 core) the normality test is
appropriate (Mishra et al. 2019). The Shapiro-
Wilk test (W-statistic) is basically a measure of
how well the ordered and standardized sample
quantiles fit the standard normal quantiles.
The W-statistic takes a value between 0 and
1 with 1 being a perfect match. For this test,
null hypothesis states that data are taken
from normal distributed population. Herein we
assume that when p > 0.05, null hypothesis is
accepted and data fits to normal distribution.

From the above, we found that ionic
compositions from TG1 were all non-normally
distributed. However, for TG2, 7 ions out of 10
presented W > 0.7 and were normally distributed.
Although normal and non-normal distributions
were found for our ionic datasets, annual
averages taken from these ions concentrations
were all normally distributed. Due to this fact,
we have only used r-Pearson correlations with
sea ice datasets.

We applied a hierarchical clustering analysis
to the ionic dataset. In this case the Ward'’s
method with Euclidean distance (Hammer
& Harper 2001). Outputs of this analysis are
dendrograms that group components and
may help identify associations among the
glaciochemical compositions of the snow/firn.
The cluster analysis was performed by PAST
(Paleontological statistics) software version
4.03. The Ward’'s method is a classical robust
algorithm that is based on analysis of variance
to evaluate the distances between groups of
data, attempting to minimize the sum of the
squared deviations from the cluster centroid
that is created at each step of the method. The
method or rule of connection between clusters
(amalgamation rule) used in this study is that
of minimum variances, or Ward’s method, with
Euclidean distance, as the connection distance
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(Digby & Kempton 2012). Ward is the method
considered as most efficient in geophysical
studies and uses a more robust algorithm based
on analysis of variance to evaluate the distances
between groups of data, trying to minimize the
sum of the squared deviations from the cluster
mean that is created at each step of the method.

RESULTS AND DISCUSSIONS
The Meteorological Data
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Figure 2 presents the monthly means of wind
frequency (%) and direction measured on
Joinville Island from 1997 to 2003.

As observed in Figure 2, during the studied
period, the main synoptic influence on Joinville
Island isattributed to the meridional component,
which originates from the Weddell Sea and blows
towards the Bransfield Strait, primarily reaching
the Island from the south sector (180°). Winds
from this direction are predominant throughout
the year, approximately 36%, although this

March Figure 2. Monthly means
of wind frequency (%)
and wind direction
(blowing from) measured
by the automatic weather

90" station installed on

Joinville Island from 1997

to 2003. The center of

the wind rose is located
at the geographical

point of the station.

Each concentric circle

represents a 10% interval.
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contribution varies throughout the year. There
is an increase in wind intensity in May and a
decrease in November, corresponding to the
Austral winter.

Winds from the southwest sector (225°)
also occurred with relatively high frequency
(20%). Winds from the west (270°), southeast
(135°), northwest (315°), and east (90°) sectors
contributed 16%, 12%, 7%, and 6% of the total
annual wind reaching the Island, respectively.
The lowest wind frequency contributions
observed in this location were from the north
(1%) and northeast (2%) sectors.

The higher frequency of winds reaching the
south sector of Joinville Island can be explained
by its geographical location. The Island is
influenced by inertial winds, which are cold
and strong, coming from the Weddell Sea. As
these winds travel towards the South Shetland
Islands, they pass between Joinville Island and
the Antarctic Peninsula, causing a decrease
in local temperature (Meredith & King 2005,
Trusel et al. 2013). The high frequencies of winds
reaching the southwest (20%) and west (16%)
sectors of the Island may be related to katabatic
winds originating from the northern end of the
Antarctic Peninsula (Parish & Cassano 2003).

The Joinville is off the northern Antarctic
Peninsula region and exhibits glaciological and
climatic characteristics distinct from those in
the continental Antarctic region. Therefore, a
significant portion of the results obtained in
this study is better compared with findings from
studies conducted in the Antarctic Peninsula
area, particularly those reported for King George
Island (KGI, 62°S - 58°W) and James Ross Island
(JRI, 64°S - 57°W).

lonic concentrations, dating, and stratigraphy
of snow/firn core

GLACIOCHEMICAL ANALYSIS OF JOINVILLE ISLAND FIRN

Figures 3 and 4 show the depth variation (cm
and cm water equivalent) of the concentrations
(ng g and pEq L") of cations and anions in cores
TG1 and TG2, respectively.

The comparison of the depth concentration
variation graphs showed that, in general, there is
a considerable difference between cores TG1and
TG2. This difference may be associated with local
melting patterns, conditioned by temperature
variations at the two sampling points with an
altitude difference of 112 m.

In both cores, TG1 and TG2, a marked
similarity can be observed in concentration
patterns between Cl" and Na" ions and between
Mg* and SO,%, reflecting their oceanic origin. In
general, chemical compounds found deposited
in snow and ice samples from Antarctic regions
are transported through the atmosphere by
primary aerosols (sea salt and continental dust)
and secondary aerosols (produced through gas
emissions from biogenic and/or anthropogenic
sources) (McConnell et al. 2007, Wolff et al. 2010).

Specifically, the behavior of the MSA anion
in core TG2 indicates that this site suffers
intense vertical percolation (Figure 4g). So, the
MSA variability is also a consequence of post-
depositional processes (melting, percolation,
and refreezing) common in the Antarctic
Peninsula, where air temperatures can reach
positive values even during winter.

The melting of snow and firn core results
in the preferential elution of some ions relative
to others, and this phenomenon occurs due to
their physicochemical differences (Grannas et
al. 2007). Several studies have indicated that
MSA is highly susceptible to modifications
resulting from post-depositional processes,
which would lead to a loss of the initial signal
and, consequently, an alteration in the seasonal
pattern of its deposition (Legrand & Pasteur 1998,
Jiankang et al. 2001). In core TG1, MSA, originating
from marine biological activity, appears not to

An Acad Bras Cienc (2024) 96(Suppl. 2) €20230751 9 | 28



ALEXANDRE S. DE ALENCAR et al.

TGI1 - Cations
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Figure 3. Variation of concentration (ng g and pEq L") with depth in the TG1 core for cations: [A] = sodium (Na*), [B]
= ammonium (NH,’), [C] = calcium (Ca*), [D] = magnesium (Mg™), [E] = potassium (K’), and anions: [F] = chloride (CL),

[G] = methanesulfonic acid (MSA), [H] = sulfate (SO,?), [1] = nitrate (NO,), [J] = fluoride (F).

have undergone the same processes observed
in TG2, thus exhibiting a depth variation similar
to that of oceanic ions Cl, Na*, and Mg”.

The dating of the TG1 snow/firn was done
by examining the seasonal variations in d"®0
and the ionic species Na" and SO, (Figure 5).
The TG2 core was not dated due to the intense
melting, percolation, and refreezing, damping
the original seasonal variations.

The d'"®0 data in core TG1 showed a mean of
-11.53 + 1.96%o0, with @ minimum and maximum
of -19.39 %o and -7.30 %o, respectively. This mean

An Acad Bras Cienc (2024) 96(Suppl. 2) €20230751

value is very close to values reported by other
authors for the Antarctic Peninsula region (Ming
1997, Simdes et al. 2004).

Global volcanic eruption records are
commonly used as reference horizons (Vinther
et al. 2006, Sigl et al. 2014) for dating snow and
ice cores. Eruptions such as Pinatubo, in 1991,
released large volumes of SO,”, gases (H,S,
SOZ), dust, and crustal material directly into the
stratosphere (Dixon et al. 2005). Additionally,
glaciological studies in the Antarctic Peninsula
region can use records of eruptions in Deception
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Figure 4. Variation of concentration (ng g" and pEq L") with depth in TG2 core for cations: [A] = sodium (Na*), [B] =
ammonium (NH,), [C] = calcium (Ca*), [D] = magnesium (Mg*), [E] = potassium (K’), and anions: [F] = chloride (Cl),
[G] = methanesulfonic acid (MSA), [H] = sulfate (SO,?), [1] = nitrate (NO,), [J] = fluoride (F).

Island, located in the South Shetland Islands
(Aristarain & Delmas 2002).

Several ice lenses and layers of varying
thicknesses were found in the core sections.
Most of them were within seven discontinuous
zones, as shown in Figure 6 (indicating that the
TG1 core is intercalating snow/firn layers with
refrozen ice layers). No layers containing high
concentrations of microparticles (e.g. volcanic
ashes) were observed, indicating that the core
was not long enough to reach the snow layers

where regional-scale volcanic eruption records
were deposited.

From the surface to a depth of 200 cm (88
cm w.eq.), a marked transition in the type of
snow found in the core was observed. Initially,
a layer of fresh snow was observed, followed by
layers of snow with grains smaller than 3 mm,
becoming larger than this at the bottom.

A depth hoar layer was identified at a
depth of 155 cm (70 cm w.eq.), indicated as Dh
in Figure 6. This kind of layer with a low density
(in this case, 0.3 g cm™is formed when there is a
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Figure 5. Depth variation (cm w. eq.) of d*°0 (in %), Na’, and SO, (ng g" and pEq L") in snow/firn core TG1 from

Joinville Island through the years (years * 2).

marked vertical temperature difference between
two unconsolidated snow layers, which creates
a strong vapor pressure gradient. The snow
sublimates and recrystallizes.

The highest concentrations of ice layers
are 360 cm (194 cm w.eq.) and 550 ¢cm (375 cm
w.eq.) deep, associated with the 2000 to 1998
precipitation years, respectively. This high
number of ice layers is related to intense
melting processes caused by high temperatures
observed on Joinville Island during those years.

The statistics of ions in TG1 and TG2

The statistical method applied for cations and
anions measured are showed in Table I.
Tablelshowsdifference betweenthemajority
of the analyzed elements in the two cores,
indicating that TG1 and TG2, despite suffering
similar processes of dry or wet deposition

An Acad Bras Cienc (2024) 96(Suppl. 2)

(snow or rain) as they are separated by only 1.5
km, are subject to different post-depositional
processes (melting, percolation, refreezing). On
the other hand, the altitude difference between
the two (112 m) is sufficient to maintain TG1 more
preserved than TG2, restring post-depositional
processes that may alter the ionic composition
of the deposits.

In both cores, the Na" and Cl ions exhibited
the highest mean concentration among the
analyzed ions. These two elements together
contribute the largest portion of the total ions
deposited in Joinville Island, accounting for
88% in TG1 and 85% in TG2. These values agree
with the findings of Legrand & Mayewski (1997),
who proposed that sea salt contributes to
approximately 85% of the impurities found in
coastal Antarctic regions.
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Figure 6. Density profile (g cm?) and stratigraphy along the 800 cm depth (490 cm w.eq.) of core TG1. The numbers
(1-7) on the right side of the stratigraphy represent zones with high concentrations of ice layers. “Dh” indicates the
location of the depth hoar layer, and the core dating is presented to the left of the stratigraphy.

At KGI, Jiahong et al. (1998) demonstrated
that these elements contribute to 84% of the
total ionic concentration, while Simoes et al.
(2004) found high concentration values for Cl
and SO,”. According to these authors, the high
relative concentration of these elements in KGI
can be attributed to characteristics that also
apply to Joinville Island: (1) the low altitude of
the core sampling site (566 m above sea level)
and (2) sampling point relatively close to the
sea (~6 km distance), associated with high
wind speed and intense local cyclonic activity,

favoring the formation and transport of marine
aerosols.

Total glaciochemical data from Joinville
cores were submitted to a hierarchical clustering
analysis (Ward's method) in order to search for
association among the different ions measured
(Figure 7).

From Figure 7, one Group of ions and two
Sub-groups were clearly evidenced from the
method: Group 1: Cl and Na"; Sub-group 2.1: Ca”,
Mg* and SO,* and; Sub-group 2.2: NO,, K, MSA,
NH,” and F. Both Group 1 and Sub-group 21
reflect the major constituents of sea spray and
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Table I. Descriptive statistics of concentrations (in pEq L") of Na’, NH,’, Ca*, Mg*, K', Cl', MSA, SO,*, NO,” and F in the
TG1 and TG2 cores in Joinville Island. SD: Standard Deviation.

Descriptive Statistics (uEq L")

F MSA cr

Shapiro-Wilk (W-statistics) | 0.364 @ 0159 | 0167
p-value <0.01 | <0.01 & <0.01

Geometric mean 0.047 | 0459 | 943
Geometric SD 2.067 | 2796 | 2120
TG1 Arithmetic mean 0.069 | 0.724 | 1274
Arithmetic SD 0119 | 0.638 @ 93.50
Minimum 0.016 | 0.044 @ 6.348
Maximum 0.774 | 2401 | 3745

Samples (n) 65 66 66
Shapiro-Wilk (W-statistics) | 0.637 | 0.555 | 0.846
p-value <0.01 @ <0.01 | <0.01
Geometric mean 0.033 1 0.083 | 73.03
Geometric SD 2138 | 5.825 | 1.823
TG2 Arithmetic mean 0.046 & 0.322 | 87.63
Arithmetic SD 0.051 | 0.592 | 56.85
Minimum 0.012 | 0.000 @ 2475
Maximum 0.248 @ 2406 | 2332

Samples (n) 34 48 50

their high influence in the Maritime Antarctica
boundary layer. As demonstrated above and
by several other studies, Cl"and Na" are overall
linked to the sea ice dynamics and the local
winds strengths while Ca*, Mg* and SO,” are
second order major constituents of seawater by
weight (after Cl'and Na“). Unlike the other ions,
sulphate may have other sources in Antarctic
coastal areas like biogenic, from the summer

NO, SO* | Na° NH’ K | Mg® Ca*
0174 | 0120 = 0156 = 0273 | 0150 & 0159 | 0.099
<0.01 | <0.01 & <0.01 | <0.01 = <0.01 | <0.01  <0.01
2483 | 131 | 567 | 0778 | 2028 432 | 522
1914 | 2432 | 2.024 | 4925 | 2129 | 2.653 | 1.538
3.084 | 18.09 | 7393 | 1572 | 2744 6504 5821
2198 | 1352 | 49.35 | 1947 | 2141 | 5323 | 2789
0762 = 1370 | 3.698  0.001 0182 0336  1.654
9.584 | 65.60 | 1779 | 9.398 | 10.53 | 21.63 & 16.64

66 66 66 65 66 66 66

0.707 4 0919 @ 0.859 @ 0.804 @ 0931 @ 0.821 @ 0.533
<0.01 © <0.01 @ <0.01 @ <0.01 | <0.01 | <0.01 | <0.01
1167 | 8.605 | 4419 | 0.582 | 2.099 @ 2923 | 3415
2960 | 1942 | 1787 | 1933 | 2221 | 2270 @ 1949
2.087 | 1054 | 5237 | 0.726 | 2738 | 4.050 | 4493
2.554 | 6570 | 3259 | 0.540 | 1.847 | 3475 | 4949
0125 | 2357 15596 | 0159 | 0.332 @ 0.523 | 1104
12.67 | 28.06 @ 1412 | 2593 | 8.034 | 1465 | 32.35

50 50 50 50 50 50 50

primary productivity, and from polynyas areas
that are formed in sea ice and are considerable
sources of salt flux, mainly in winter (Arrigo & van
Dijken 2003). As mentioned before, volcanism
is also an important source for sulphate in the
global cryosphere. Sub-group 2.2 has a direct
relation with the biogenic aerosols derived from
the primary productivity. MSA is an oxidation
product of DMS while for Antarctica the major
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Figure 7. Dendrograms from hierarchical clustering analysis (Ward’s method with Euclidean distance) using ionic

datasets of cores TG1, TG2 and integrated data of TG1+TG2.

component of the NH," originates from oceanic
emissions produced by diatoms (microscopic
algae) from the Southern Ocean, although very
little influence of long-range transport from
biomass burning could also be present (Legrand
et al. 2021). NO, is the atmospheric precursor of
NH,"

For the coastal Antarctica NO, can be
also emitted penguins due to degradation of
urea (nitrogenous waste that comes from the
degradation of proteins by the liver). In general
seawater NH originates from the degradation
of organic matter or nitrogen fixation form the
water surface and serves as a nutrition source for
phytoplankton (Legrand et al. 1998). The origin
of fluoride in ice core is still uncertain. For the
Southern Ocean, it is found high concentrations
of fluoride in the body parts of several
crustaceans from a variety of marine habits,
especially in the exoskeleton of Euphausia
superba and Euphausia crystallorophias
(Sands et al. 1998), which is abundant in the

Weddell Sea around the Joinville Island. On the
other hand, abrupt increases observed in our
database may also point for a possible long-
range atmospheric transport associated with
volcanism as suggested by Severi et al. (2014)
by several snow pits from the route Northern
Victoria Land to Dome C route, in the framework
of the ITASE (International Trans-Antarctic
Scientific Expedition) program.

Use of Mg”*/Na’ ratio for Melting Investigation

lizuka et al. (2002) proposed, from empirical
observations, that the use of the Mg”/Na’ ratio
behaves as a good indicator of seasonal melting.
They compared Mg /Na" ratios of dry and wet
snow/firn samples from sectors of several cores
obtained in the Arctic region. According to these
authors, the lower the ratio value in relation to
012, the more intense the melting process would
be. The authors attribute that to differential
jon-flushing processes during melting and
percolation in which Mg and Na"are individually
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submitted after surface deposition. From Figure
8 one may observe that TG1 ratios have more
data closer to 012 value than TG2. This suggest
that despite possible melting affecting both ice
cores, TG1 better preserve its natural conditions.

Correlation Between Glaciochemistry and Sea
Ice

In search examination of a consistent proxy
for sea ice variability in the northern Antarctic
Peninsula region, we compared the mean
annual ionic concentrations in core TG1 with
the measured and calculated wind speed, the
sea ice extent and area in the Amundsen-
Bellingshausen and Weddell Sea. For wind
speed, the data used were from the Argentinian
Esperanza weather station (63°24" S, 56°59" W),
the closest weather station to sampling point.
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The sea ice database acquisition was done using
satellite data, and the selection of Na+, Cl-, and
MSA for comparison was based on studies that
demonstrated they serve as proxies for sea ice
variability (e.g. Abram et al. 2013, 2011, Curran et
al. 2003, Thomas et al. 2019)

During the period of this study (1993-2005),
the mean annual sea ice extent for the Weddell
Sea was 42.3 + 2.3 x 10° km? while the Amundsen-
Bellignshausen Seas (ABS) showed a value of
13.9 + 0.6 x 10° km’. The annual mean sea ice
area in the Weddell and ABS had values of 33.7 +
1.9 x 10° km” and 9.9 + 0.5 x 10° km?, respectively.
The Pearson correlation coefficients (r) between
the Na’, Cl, MSA elements measured, sea ice
parameters, and local wind speed values for
the ions from core TG1 used in this correlation

TG2
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Figure 8. Vertical distribution of the Mg®*/Na’ ratio in cores TG1 and TG2 from Joinville Island. The dotted line

indicates the mean value of this ratio in seawater (0.12).
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analysis are presented in Table II. The mean
annual wind speed on Joinville Island (measured
and calculated) between 1993 and 2005 was 10.4
+105ms™.

In the database of both ice cores, the ionic
composition of Na+ and Cl- presented same
correlation levels between them (Pearson’s r =
0.94, a < 0.05, n = 66 and 50, respectively) (Figure
3 and 4). Despite the several reports on post-
depositional chemical processes taking part in
the snowpack effecting Cl- concentrations (e.g.
Legrand & Delmas 1988), in the case of Joinville
Island it does not seem to be a problem and
both ions were used for sea ice correlations.
The significant correlation value between these
elements reflect that they have the same origin,
seawater spray, and indicates that core TG1 is
well preserved. Meanwhile, their correlations
(r = 0.67 and r = 0.83, respectively) with MSA
suggest that these three ions may be subject to
the same local transport mechanisms.

Analyzing the correlation values of the sea
salt elements with MSA separately, a better
correlation is observed with Cl. This result may
be related to the fact that MSA is also an anion,

GLACIOCHEMICAL ANALYSIS OF JOINVILLE ISLAND FIRN

like Cl; therefore, it is subject to more similar
deposition processes when compared to Na'". On
the other hand, the strong correlations of sea
ice extent and area, both for the Weddell Sea
(r = 0.93) and the ABS (r = 0.94), were expected
since these are different ways for the satellite
to analyze the same environmental parameter
(seaice).

In a recent work by CLIVASH2k (CLimate
Variability in Antarctica and the Southern
Hemisphere over the past 2000 years) working
group (Thomas et al. 2023) a comprehensive Na*
database study was performed on Antarctic ice
cores. They mapped sites where Na" correlated
with the corresponding sea ice concentrations,
geopotential height (500hPa), the surface wind
strength and atmospheric circulation. They
reported that Na" at several places of Antarctica,
mostly at the West Antarctica, do respond to
wind strength. From this finding, we decided
also to investigate the relations of Na" with this
meteorological parameter for Joinville Island.
Two aspects were determined from our work: a)
wind and Na" do correlate, at the annual base, as
shown in Figure 9. However, we also observe that

Table II. Pearson correlation coefficients (r) between the Na*, Cl', MSA elements measured in core TG1, sea ice
parameters, and local wind speed, where: W (Weddell Sea), ABS (Amundsen-Bellingshausen Seas), ext. (sea ice
extent), area (sea ice area), WS Joinv. (wind speed on Joinville Island). The values in bold are statistically significant

(t-Student test) for a = 0.05 and n = 13.

Na’ cr MSA
Na’ 1
cl 0.94 1

MSA 0.67 0.83 1
W ext. 0.42 0.46 0.54
ABS ext. 0.36 0.39 0.21
W area 0.27 0.37 0.51
ABS area 0.44 0.46 0.30
WS Joinv. 0.59 0.51 012

An Acad Bras Cienc (2024) 96(Suppl. 2)

W ext. ABS ext. Warea A ABSarea WS Joinv.
1
0.15 1
0.93 0.24 1
0.23 0.94 0.26 1
0.05 0.44 -0.01 0.31 1
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most important changes in Na" are not captured
by the wind dataset; b) while integrating
the sea ice at Weddell Sea and Amundsen-
Bellingshausen sub-sectors, correlations with
MSA, Na" and Cl are considerably higher, as
shown in Figure 11. In summary, at Joinville
Island Na" correlates with both surface wind
and sea ice extent. In addition, Na" correlations
with sea ice are significatively higher and can
provide the total geographical extent where
both parameters are related.

Comparison of the concentrations of Na"and
Cl ions deposited in the TG1 core did not show a
statistically significant correlation (see Table I)
with the total sea ice data (extent and area) for
the Weddell and ABS during the analyzed period
(1993-2005). On the other hand, the annual
mean concentration of MSA shows a statistically
significant correlation (95% confidence; n = 13)
with the extent (r = 0.54) as well as the area (r =
0.51) of sea ice in the Weddell Sea.

25
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For several Antarctic sectors, as Victoria
Land and Law Dome, positive correlations were
found between MSA and sea ice extent (Welch
et al. 1993, Curran et al. 2003). In the Southern
Ocean, DMS producing organisms (precursors to
MSA) are predominantly represented by marine
algae, whose activity generates large quantities
of DMS in areas with decreased sea ice cover
during the summer (Curran et al. 2003). However,
the detailed mechanism of this relationship is
quite complex, as several factors may interfere
with this relationship depending on the
analyzed region. By applying the ice separation
methodology by sectors, adapted from Curran
et al. (2003), it was possible to analyze the
sea ice areas of the Weddell and ABS divided
into North and South sectors (BN and BS) and
further divided into sub-sectors (1, 2, 3, and
4), as proposed below at item 2.5. The result
of the correlation between the annual mean
sea ice area (km?) in the sub-sectors and the
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Figure 9. Variation of the
annual mean concentration
of Na" (uEq L") in TG1 and
wind speed (m s™), measured
(open circle) and calculated
(closed circle) for Joinville
Island in the 1993-2005
period. The dotted horizontal
bars represent the standard
deviation of each mean value.
The smaller graph shows

the correlation between the
two parameters, highlighting
Pearson’s r value (a < 0.05, n
o i =13).
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concentration of MSA deposited in the core from
Joinville Island is shown in Figure 10.

Figure 10a shows that sub-sector 3 of the
WS shows the strongest correlation of the
mean sea ice area with the MSA concentration
in the Joinville Island (TG1 core). The significant
correlation (r = 0.78) indicates that this sub-
sector of the Weddell Sea strongly influenced
the MSA concentrations deposited on Joinville
Island during the analyzed period (1993-2005).

These winds are believed to be the primary
drivers of MSA transport from the Weddell Sea
to the Joinville Island ice cap. The observed
strong correlations between the MSA and the
sea ice area in sectors and sub-sectors of the
Weddell and ABS led us to investigate further

GLACIOCHEMICAL ANALYSIS OF JOINVILLE ISLAND FIRN

their relationships with the seawater contents
(Na" and Cl), which are used as a proxy of
this environmental parameter. Initially, these
elements did not show statistically significant
correlations compared to the total sea ice data
from satellite analyses (see Table I1).

The results of this correlation analysis
between the annual mean concentrations of Na*
and Cl (uEg L") with the mean annual sea ice
area in the sub-sectors of the Weddell and ABS
are shown in Figure 11.

From Figure 11, it is clear that these news
correlations of the MSA content with sea ice
areas exhibited higher values (Pearson’s r)
than the initial ones (which used “raw” satellite
data of sea ice area and extent). Similar to the
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Figure 10. a) Correlation coefficients (Pearson’s r, a < 0.05, n = 13) of the annual mean sea ice area (km?) in the
Weddell Sea (North Weddell sector (WN) and South Weddell sector (WS) and North Amundsen-Bellingshausen
(BN) and Amundsen-Bellingshausen Southern sector (BS) versus the concentration of MSA (uEq L") in the Joinville
Island core. The sub-sectors are identified on the x-axis as 1, 2, 3, and 4. b) Partial map of Antarctica showing the
correlation coefficients distribution in the mask established for this analysis (corresponding to the 1993-2005

period).
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correlation analysis with MSA, Na“, and Cl' showed
the highest correlation values compared to the
annual mean sea ice area in the WSS sector,
sub-sector 3 (WS3), respectively, r = 0.59 and r
= 0.66. Demonstrating once again the significant
influence of winds from the South sector, the
primary driver of transporting these elements
produced in the Weddell Sea region.

Analyzing each ion separately (Na" and Cl),
differences can be observed in the correlation
values (Pearson’s r) for same radial distance,
depending on the sector. In the case of Figure

GLACIOCHEMICAL ANALYSIS OF JOINVILLE ISLAND FIRN

1a it shows that sea ice correlations with
Na“ exhibited significance only in three cases
(t-Student test, o = 0.05 and n = 13), two of these
with the South Weddell sectors (WS2: r = 0.5
and WS3: r = 0.59) and one in the North Weddell
sector (WN3: r = 0.53). For Cl” five statistically
significant positive values were found, one in
the South Weddell sector (WS3: r = 0.66), one
in the North Weddell sector (WN3: r = 0.53), and
three in the South Amundsen-Bellingshausen
sector (BS2: r = 0.58, BS3: r = 0.52, and BS4: r =
0.51) (Figure 11b).

60°W
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x Sea ice area

120°W

0500 1000 1500
km

L 1
150°W 180°

60°W

90°W

Cl- x Seaice area

120°W

0500 1000 1500
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Figure 11. Correlation coefficients (Pearson’s r, a < 0.05, n = 13) of the annual mean sea ice area (km?) in the Weddell
and Amundsen-Bellingshausen sub-sectors versus the concentration of Na+ (uEq L") in (a) and Cl- (uEq L") in (b) in
the core from Joinville Island for the period 1993 to 2005. The sectors with statistical significance were highlighted.
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Additionally, a correlation analysis was
conducted between the concentration data of
MSA, Na’, and Cl" measured on Joinville Island
and the sum of the annual mean sea ice area in
the following sectors: South Weddell (WS1, WS2,
WS3, and WS4), North Weddell (WN1, WN2, WN3,
and WN4), and South Amundsen-Bellingshausen
(BS1, BS2, BS3, and BS4), as shown in Table l1l. The
North Amundsen-Bellingshausen sector (BN)
was not included in this analysis as it exhibited
the lowest sea ice concentrations during the
analyzed period (1993-2005), consequently
resulting in the lowest correlation values
(Figures 9 and 10).

It can be noticed in Table Il that among the
summation configurations of annual mean sea
ice from the WS sub-sectors the configuration
represented by WS1, WS2, and WS3 showed the

GLACIOCHEMICAL ANALYSIS OF JOINVILLE ISLAND FIRN

strongest correlations with MSA (r = 0.75), Na“(r =
0.63), and Cl (r = 0.68). However, when observing
the correlation values of these elements with
the summations of sea ice from the WN + WS,
only the configuration represented by the
summation of WN3 + WS3 showed statistically
significant correlations with the ions in question
(MSA: r = 0.74, Na": r = 0.64, Cl: r = 0.69). This
indicates that the WN sector has little influence
on the MSA deposited on Joinville Island and
can be excluded from future analyses.

Instead, the summation configurations
between the WS+BS showed the highest
statistically significant correlations. The WS2+BS2
arrangement showed the highest correlation
values with MSA (r = 0.77), Na' (r = 0.64), and Cl (r
= 0.71), indicating that the BS sector also suffers

Table lll. Correlation coefficients (Pearson’s r) between the concentrations of MSA, Na’, and Cl" (uEq L") in the
core from Joinville Island and the sum of the annual means of sea ice area in sub-sectors (1, 2, 3, and 4) of the
Weddell (North - W.N., and South - W.S.) and Amundsen-Bellingshausen (South - B.S.) seas. The values in bold are
statistically significant at o = 0.05 and n = 13 (t-Student test).

MSA Na* cr
Sum of sub-sectors r-Pearson
Inside the WS sector

WS1+WS2 0.43 0.46 0.47
WS1+WS2+WS3 0.75 0.63 0.68
WST1+WS2+WS3+WS4 0.70 0.53 0.61

WN + WS
WN1+WS1 0.38 0.38 0.43
WN2+WS2 0.25 0.38 0.36
WN3+WS3 0.74 0.64 0.69
WN4+WS4 0.45 0.24 0.36

WS + BS
WS1+BS1 0.59 0.55 0.62
WS2+BS2 0.77 0.64 0.71
WS3+BS3 0.73 0.59 0.66
WS4+BS4 0.45 0.27 0.41
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a strong influence on the concentration of these
elements deposited on Joinville Island.

So, the strong influence of the sea ice
area from both the WS and BS sectors, another
correlation analysis was performed with the
outline of all arrangements (WS+BS) that
showed statistically significant correlation
values. The summary of these sub-sectors
(WS1+WS2+WS3+BS1+BS2+BS3) proved to be
the best configuration among the previously
analyzed ones, as it exhibited the highest
correlation values with the analyzed elements:
MSA (r = 0.80), Na' (r = 0.66), and Cl (r = 0.74).

Figure 12 compares variations in the mean
annual concentrations of MSA, Na’, and Cl
(WEg L"), with the mean annual sea ice area
corresponding to the summation of sub-sectors
WS1+WS2+WS3+BS1+BS2+BS3 (hatched area), for
the period 1993 -2005. The correlations between
sea ice and these concentrations are also shown,
highlighting Pearson’s r value (o < 0.05, n = 13).

The treatment of “raw” sea ice data from
the Weddell and ABS allowed for identifying
the area with the most significant potential to
influence the concentration of MSA, Cl, and Na’
elements in the Joinville Island ice cap during
the p1993-2005 period. The delimitation of this
area is essential to detailed analysis in the
search for a consistent proxy of sea ice variability
in the Antarctic Peninsula region. The sea ice
database (area and extent) of the Weddell and
Amundsen-Bellingshausen seas, established
through satellite analyses, relates to the total
area of these seas, whose boundaries are shown
in Figure 12b (dotted lines).

The positive correlations between the sea
salt elements (Na“ and Cl") and the sea ice area
differ from what was observed by Aristarain et
al. (2004). These authors presented an anti-
correlation between the extent of sea ice in
the Weddell Sea and the concentration of Cl
deposited in a core collected on James Ross

GLACIOCHEMICAL ANALYSIS OF JOINVILLE ISLAND FIRN

~ 280
(GY) ®
% L 240
9/ X;
, =
/ N - 200 %)
/ \ .
1404 © \® /O\\ - 160 g
120 o~ N S e F1205
/
= S N ° /R\ 3 R - 80
7y 100 H o Y\ e” "Two, , SISO
[3" %0 - \ ~e ® RN L 40
::.‘/ ] }? ® /l \O r2
2 60 % \\ ,&\ /, \\\ /I 16
40 - N R ene N
SN ¥ ¥ L1272
_ 204 \ * g
& 1450000 1 ¢ \ " 2
& o N SN LA r08<
~ - 1%
NEg 1400000 ’// . \\R " ; ¥ 04§
\ S ~ -
<o s \ w' w4 e
ST / . Y e -0
5 % 1300000 1 ¢ - o E
3 % 1250000 { --@-- Seaice Y e
gy <%~ MSA \ P
©F 1200000 1 --O-- NA+ o-
N --0-- Cl-
£ 1150000 +——————"——T—T—"—T—T——"T1—
93 94 95 96 97 98Y99 00 01 02 03 04 05
car
30W o 30°E
B) ) 0500 1000 1500
km
z .
¥
N Antarctica ~
2 20 p=+0,74 L T=40,66 w
8 3 i
Sea ice ar -:::(‘;n ) L S¢ 'L!tl )
150°W 180° 150°E

Figure 12. a) Variations of the mean annual
concentration of MSA, Na*, and Cl" (uEq L") on Joinville
Island and the annual mean sea ice area of sector
WS1+WS2+WS3+BS1+BS2+BS3 (km?) from 1993 to 2005.
b) Map of the Antarctic Continent showing the Weddell
and ABS (dotted lines) and the corresponding sector
WS1+WS2+WS3+BS1+BS2+BS3 (hatched area). The
correlations between the sea ice area of the hatched
region and the elements MSA, Cl, and Na" are also
shown, highlighting Pearson’s r value (n = 13, a < 0.05).

Island from 1973 to 1988. In this study, the
authors suggest that the extent of sea ice could
act as a barrier to marine aerosols. Despite the
low correlation value (r-Pearson = -0.43) found,
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according to the authors, it falls within the limit
of statistical significance (95% confidence level).

The use of Cl" as a consistent marker of
marine aerosols has been discussed in various
studies conducted mainly in the central Antarctic
region as depositional and post-depositional
processes, such as exchange reactions between
sulfuric acid and NaCl and re-emission of HCl,
are well known in this region (Benassai et al.
2005, Fattori et al. 2005, Rothlisberger et al.
2003, Wagenbach et al. 1998). However, there
is still a lack of studies addressing this issue
in the northern Antarctic Peninsula region.
Additionally, this debate should consider the
hypothesis of Rankin et al. (2002), suggesting
that, instead of open water, the sea ice surface
would be the main source term for elements
in local marine aerosols. This occurs due to
the formation of fragile ice crystals known as
frost flowers, which grow on the sea ice surface
and can represent the main source of marine
aerosols in polar areas (Kaleschke et al. 2004,
Wolff 2003), whereas the structures have high
salinity due to their high concentrations of Na’
and bromide (Br).

CONCLUSIONS

Glaciochemical analysis of two shallow snow/
firn cores from Joinville Island provided initial
insights into past sea ice variability and primary
productivity in the Northern Antarctic Peninsula
region. The TG1 core, the longer snow/firn
core, represented 13 years (1993-2005) of net
accumulation (0.4 m y" w.eq.). Its chronology
could only be achieved by the simultaneous
observations of near-seasonal variations of d
d”0, Na" and SO,”. Additionally, the use of the
ratio Mg*/ Ca® were critical to characterize
melting effects over the cores. The description
of multiple ice layers with a variety of firn grain
sizes, ice lenses, depth hoar crystals in the TG1
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core depicted a scenario of post-depositional
processes such as melting, percolation and
refreezing, leading to a partial loss of the original
snow chemistry. We attribute these observations
to the low elevation of the Joinville Island ice
cap, at a higher altitude of only 565 m inserted in
an environment that experiences temperatures
above the melting point every summer season.
The ionic composition of the snow/firn cores
were consist to major composition of seawater
and the regional biogenic activity: CI' (TG1 = 1274
HEg L' and TG2 = 87.6 pEq L"), Na* (TG1 = 73.9 pEq
L', TG2 = 52.4 pEq L"), K (TG1and TG2 = 2.7 pEq L),
Ca® (TG1=5.8 pEq L', TG2 = 4.5 pEq L"), MSA (TG1
=0.7 uEq L', TG2 = 0.3 yEq L") and F (TG1 and TG2
=01 pEq L.

Despite the of post-depositional processes
detected at both cores, MSA and Cl correlated
significatively with respect to sea ice,
considering both the Weddell and Amundsen-
Bellingshausen Sea sub-sectors (r=0.80 and
r=0.74, respectively). Na" also correlated with
both wind strength and sea ice extent (r=0.59
and r=0.66, respectively). Sectors of the Weddell
and Amundsen-Bellingshausen seas, south of
latitude 60°S, where correlations were higher,
are consistent with prevailing wind directions
obtained in situ by the research team. Therefore,
despite the challenging process of interpreting
the glaciochemical record of Joinville Island our
findings highlight the role of MSA as a regional
potential proxy for sea ice variability at the
North Antarctica Peninsula. Thus, we believe
that the results obtained here can contribute
to expanding the scientific debate on the using
MSA as an indirect indicator of sea ice variability
in the Antarctic Continent.
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